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Nanoengineering tools for biomedical applications: 
sustained drug-delivery and vascular biophysics 

 

1 Abstract 

 

Nanotechnology is a rapidly-expanding field dealing with the control, manipulation and 

understanding of matter at scale ranging approximately between 1 and 1000 nanometers 

[Ferrari 2005]. Nanomaterial is any object with a characteristic size falling within the above 

range, either naturally-occurring or man-made, presenting features that are uniquely related to 

its size. Nanotechnology has led to the development of a wide ensemble of structures and 

devices with relevant applications in a variety of fields including automotive, robotics, 

manufacturing, electronics, communication and medicine [Watson 2004, Lu et al 2007, 

Uskokovic 2007]. 

 Nanomedicine represents the branch of nanotechnology with immediate application to 

the biomedical sciences and healthcare system [Kim et al 2010, Sahoo et al 2007, Jain 2010]. 

It permits to finely tune the interaction between a man-created device and a biological 

system, for applications such as imaging, drug delivery and thermal ablation. Particularly 

interesting are the nanochannel systems and engineered nanoparticles, because of their 

versatility and tunability. The nanochannel systems are micro-fabricated molecular sieves 

bearing nano-sized channels with adjustable geometry and can be used for drug delivery and 

discovery, clinical diagnostics, biomolecules separation and analysis, cell immunoisolation 

and analysis [Adiga et al 2009, Huh et al 2007]. The engineered nanoparticles are nano-sized 

particles with adjustable composing material, particle shape and size and surface conjugation 

and can be used for therapeutic, diagnostic and imaging purposes [Service 2010, Fadeel et al 

2010]. 

 

This thesis presents two engineering tools falling in the realm of nanomedicine. The first tool 

is a nanochannel membrane for the long-term controlled release of drug molecules; the 
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second tool is the atomic force microscopy here used for mechano-biological cell 

characterization. 

 During the first year of my visiting scholarship in the Texas Medical Center, working 

in the laboratory of Dr. Mauro Ferrari, my research activity has focused on the in-vivo and in-

lab analysis of drug and small molecules release through a nanochanneled system. After that, 

in the last one year of activity, I turned my attention to the mechano-biological 

characterization of endothelial cells exposed to different external stimuli, such as pro-

inflammatory cytokines and gold nanoparticles. In this case, the cell properties have been 

assessed using several techniques, including conventional epifluorescent, confocal, darkfield 

and atomic force microscopy. 

 In the first project, the release of different molecules –drugs (interferon alpha, IFN-α) 

and a molecular probe (dextran)– was measured through a nano-channeled delivery system 

(nDS), obtained by photolithographic microfabrication. The IFN-α diffusion was studied both 

in-vivo (healthy rats) as well as in-lab (diffusion devices) condition; the IFN concentration 

was measured, in blood and in proper solvent respectively, by ELISA immunoassay. The in-

vivo studies have shown a linear and sustained release, which would be of interest from the 

clinical point of view. The release of a fluorescent dextran, evaluated only in-lab condition 

and measured by spectrophotometer, demonstrated a constant release for about 60 days, thus 

confirming literature already demonstrating such diffusive behavior for similar nDS 

membranes with other molecules under certain conditions. This activity has led to a 

manuscript on the IFN diffusion that will be shortly submitted [De Rosa et al 2011]. 

In the second project, the mechano-biological response of endothelial cells to external 

stimuli was evaluated. Two different stimuli were considered: a well-established pro-

inflammatory cytokine (TNF-α); and two differently-sized spherical gold nano-particles (30 

and 100 nm diameters). Upon stimulation, the mechanical properties such as cell stiffness and 

adhesion, cytoskeletal organization; and biological properties, such as cell inflammation and 

viability were assessed by atomic force microscopy (AFM), confocal microcopy, 

epifluorescent microscopy, darkfield microscopy, ELISA immunoassay, viability and 

proliferation testing. In particular, an AFM bearing a colloidal micrometric particle (colloidal 

probe) was used, which permits to probe the biomechanics of the cells with high sensitivity 

and specificity. Both external stimuli were shown to significantly affect cell response in terms 

of cell stiffness, adhesion and cytoskeletal organization. Stimulation with TNF-α led to cell 

stiffening, overall adhesion decreasing and actin cytoskeleton thickening; whereas 
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stimulation with gold nanoparticles led to an overall decrease in cell stiffness and increase in 

non-functional actin filaments formation. These findings would suggest a bio-active role for 

these nano-particles when internalized by endothelial cells in sufficient amount. This activity 

has led to two manuscripts: one, already published, focusing on the TNF-α stimulation [Lee 

et al 2011]; and one, in preparation, focusing on the gold nanoparticles stimulation 

[Novellino et al 201x].
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2 Nanochannel system for controlled drug release 

 

Classical diffusion theory establishes that the movement of solute molecules in a non-

homogeneous solution can be predicted, from a macroscopic point of view, by Fick‟s laws. 

The basic principle is that the flux vector is proportional to the concentration gradient. Fick‟s 

laws have been successfully applied to predict the diffusion kinetics of molecules through 

thin semi-permeable membranes. 

 Nevertheless, experiments have shown that, as the size of the membrane pores 

approaches the molecular hydrodynamic radius, unexpected effects, which cause substantial 

deviations from kinetics predicted by Fick‟s laws, can occur, as shown in [Martin et al 2005] 

for the case of silicon nano-porous membranes. In the latter, the membrane is made up of 

silicon and fabricated by photolithographic techniques; its pores are rectangular and 

nanometric in only one dimension (the other dimensions are in the µm range). The observable 

macroscopic effect consists of a prolonged linear release of several molecules (human 

recombinant interferon-α-2b, bovine serum albumin), which eventually switches to an 

exponential Fick‟s profile. 
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2.1 Diffusion and nanochanneled devices 

 

The molecular-diffusion dynamics in unconstrained cases has been studied thoroughly during 

the last two centuries, leading to the well-known Fick‟s diffusion laws and Stokes-Einstein 

equation. 

 More recently, a new impulse to the study of this topic has been provided by the 

necessity of understanding the behavior of solute particles in the presence of environmental 

constraints of size comparable to the molecular dimensions; for e.g., diffusion kinetics of 

biomolecules –such as bovine serum albumin, interferon, lysozyme– through micro-

fabricated silicon membranes, having pores of nanometric size (≈ 1†10 nm) in only one 

dimension (the other dimensions being in the µm range) have been experimentally studied 

and mathematically modeled [Cosentino et al 2005]. Their experimental results showed that 

the diffusion profiles, in some cases, deviated substantially from those predicted by Fick‟s 

laws; they proposed a new diffusion mathematical model, to reasonably explain that 

phenomenon and –at the same time–recover the classical diffusion laws in the unconstrained 

case. 
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2.1.1 Diffusion: fickian versus linear 

 

 When there is a chemical-potential gradient in a single-phase fluid mixture, which 

implies that a concentration gradient is present in the fluid mixture, each chemical species 

will diffuse in the direction of decreasing concentration. 

 The mathematical formula which describes this phenomenon is known as Fick’s law. 

Given a solute A in a solvent B, it represents a linear relationship between the mass (or molar) 

flux (with respect to the mass average velocity) of A in B, JAB, and the gradient of the 

concentration of A in B,  [Saatdjian 2000]. For a binary mixture, Fick's first law is: 

 

    (Equation 2.1.1) 

 

where DAB is the diffusion coefficient of A in B; the Einstein's relation expresses the DAB of 

spherical Brownian particles A in solution as 

 

    (Equation 2.1.2) 

 

where k is the Boltzmann constant, T is the temperature, r is the radius of the particles 

constituting A, η is the viscosity coefficient of B. 

 

Free (un-constrained) diffusion 

 The classical theory applied to a reservoir–sink diffusion system as in [Cosentino et al 

2005], neglecting the effect of the above-mentioned diffusion membrane, is subsequently 

described. 

 The considered system is composed of two diffusing chambers, a reservoir (where the 

solute is initially totally-concentrated) and a sink (which is initially constituted only by pure 

solvent without solute). A binary-mixture, consisting of a solvent –e.g. phosphate buffer 

saline (PBS)– and a certain solute, is placed in the diffusing system. The following 

hypotheses are assumed to hold: 
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a) The experimental volume, VT , containing a total mass of drug A, can be divided in 

two compartments of volume V1 (the reservoir) and V2 (the sink), with the respective 

initial mass concentrations cA1
0
 = cA1(0) and cA2

0
 = cA2(0), with cA1

0
 > cA2

0
; 

b) The concentration is homogeneous in each compartment, and the concentration 

variation is spatially defined in a thin boundary region of depth L; 

c) Given a Cartesian reference-system (x, y, z), the concentration gradient,  , has null 

components along the y and z axes. 

 In order to calculate the mass flux of drug through a generic surface, of area S, 

assumed to be perpendicular to the diffusion path, Equation 2.1.1 plus the hypotheses (b) 

and (c) can approximate the flux as 

 

   (Equation 2.1.3) 

 

 Elaborating Equation 2.1.3 together with the mass-conservation principle yields to 

[Cosentino et al 2005]: 

 

where  (Equation 2.1.4) 

 

Therefore, in the free (fickian) diffusion case, the release profile is exponential. 

 In the next section, the mathematical description of the membrane effect will be 

introduced, in order to compare this case with the free-diffusion case. 

 

Diffusion through nanochannels: constrained diffusion 

 The constrained diffusion model has been derived [Cosentino et al 2005] starting 

from the experimental results provided in [Martin et al 2005], which showed that the release-

profile remained linear for a certain period and then it switched to the Fickian exponential 

trend: they hypothesized that the effect of the membrane can be modeled by means of a 

saturation effect on the mass flux. Indicating with  , the mass flux now can be written as 

[Cosentino et al 2005]: 
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where (Equation 2.1.5) 

 

is the saturation function. 

 The hypothesis expressed in Equation 2.1.5 intuitively comes from thinking of each 

nanochannel as a bottleneck: over a certain concentration level, the molecular flux through 

the channel will remain the 

same regardless of the number of particles per unit volume in the reservoir compartment. 

 Moreover, this description coincides with the classical diffusion laws if the threshold-

value is very large (which means unconstrained diffusion). 

 The experimentally-observed switch between the linear and exponential diffusion 

[Martin et al 2005] can be explained by the fact that, over time, the concentration decreases 

in the reservoir, eventually yielding the concentration gradient (and therefore the flux) to 

return below the threshold value. 
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2.1.2 Nano-channeled devices: structure and experimental-set-up 

 

Devices micro-fabrication 

Photolithographic silicon-fabrication techniques allow the production of large numbers of 

precisely designed devices with high reproducibility. 

 Microfabricated devices are widely used for energy production [Mitrovski et al 2006] 

as well as in medical applications [Chin et al 2007]. Lab-on-a-chip, micro- and nano-fluidic 

devices [Whitesides 2006], nanochannel membranes and filters can potentially be applied in 

clinical diagnostics [Srinivasan et al 2004], DNA and protein separation and analysis [Fu et 

al 2007], cell immuno-isolation [Desai et al 2000], drug delivery [LaVan et al 2003], drug 

discovery [Dittrich et al 2005], immuno-assays and cell analysis [Sato et al 2003]. All these 

applications take advantage of processing small volumes of fluids in accurate and 

specifically-tailored small structures [Beebe et al 2002]. 

 Particularly, cell immuno-isolation, high-selectivity filtering, drug-delivery from 

implantable devices require superior precision of the device structure. More specifically, the 

micro- and nano-channel size in drug-delivery devices (membranes), as those in [Lesinski et 

al 2005] and those shown later in Figure 2.1.1, determines the drug release from the 

implanted reservoir [Amato et al 2006, Pricl et al 2006, Stone et al 2004]; since any 

accidental structural defect may translate into ineffective medical treatment or adverse 

overdosing effects, the large-scale production of these devices requires rapid and agile 

selection methods, as the one presented in [Grattoni et al 2009], in order to assure the 

superior quality of the final products and their conformity to specific standards. 
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Figure 2.1.1 Schematics and images of a type of nDS membrane [Grattoni et al 2009]. 

(A) 3D representation of the membrane; 

(B) inner structure of the device; 

(C) SEM image of the micro-channel cross section; 

(D) AFM image of a portion of the silicon substrate. 

Legend: membrane inlet (a), outlet (b), Pyrex layer (c), silicon layer (d), microchannels (e), 

nanochannels (f), anchor points (g). 

 

 

Figure 2.1.1 represents schematics and micrographs of an nDS membrane structure 

[Grattoni et al 2009], which consists of two sandwiched layers: a silicon structural layer and a 

Pyrex-glass cap. The silicon layer –which is bulk nano- and micro-machined– houses the 

mesh of micro- and nano-channels; the Pyrex layer –whose aim is having the unaccessible 

channels optically-inspectable– determines the top-surface of all the channels; the two layers 

are joined by anodic-bonding. The silicon wafer presents an inter-digitated finger geometry, 
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composed of parallel micro-channels connected to each other by a set of perpendicular nano-

channels (Figure 2.1.1B). Fluids enter the membrane inlet (a, Figure 2.1.1A), flow 

horizontally into a set of micro-channels (e, Figure 2.1.1B), turn into the mesh of nano-

channels (f, Figure 2.1.1B) and finally reach the outlet (b, Figure 2.1.1A) through another 

set of micro-channels. 

 

Devices quality-control 

Micro- and nano-fluidic devices are both commercially available and under development for 

a variety of applications, such as bio-molecular separation, drug-delivery, sensors, cell 

transplantation chips. Regulatory approval for the commercialization of these products 

requires the ability to fabricate large number of devices with high reproducibility and 

precision. For quality control and nano-features measurement of such devices, traditional 

microscopy and particle rejection characterization techniques, though extremely useful, are 

expensive and inadequate; instead, a fast and non-destructive device-selection method has 

been recently presented [Grattoni et al 2009], using convective nitrogen flow to detect 

structural defects in complex micro-/nano-channeled drug-delivery systems (nDSs), 

combining a predictive multi-scale theoretical mathematical model, which bridges the 

fluidics at micro- and nano-scales, with experimental analysis, consisting in gas flow through 

micro- and nano-channels of nDS devices, whose structure is inaccessible. This method 

presents advantages in terms of reducing both the operative cost and the testing time; its 

accuracy and reliability in detecting major and minor defects of various kinds was verified. 
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2.1.3 Experimental methods common to Sections 2.2 and 2.3 

 

nDS structure/functioning 

 In the present study, nDS membranes as that pictured in Figure 2.1.2 and internally-

represented in Figures 2.1.3÷5 were used; their structure and fabrication-process are 

described subsequently. 

 

 

 

 

Figure 2.1.2 Photograph of one of the nDS membrane used. 
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Figure 2.1.3 Schematic of used nDS membranes 

Legend: „MACROCH‟ macro-channel, „MicroCH‟ micro-channel. 

 

 

 

 

Figure 2.1.4 3D schematic of the nDS inner structure. 

Legend: „MACRO CH‟ macro-channel, „uCH‟ micro-channel. 
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Figure 2.1.5 3D schematic of the nDS microstructure. 

 

 

The nDS membrane depicted in Figures 2.1.2÷5, which has been used in all the 

experiments performed in the present thesis, consists –as its ancestor presented in Figure 

2.1.1– of a silicon structural layer, which is bulk nano- and micro-machined. It houses a mesh 

of macro-, micro- and nano-channels. 

The „diffusion path‟ can be idealized as follows. The inlet face (Figure 2.1.3) is wet 

by the reservoir solution (solute to be diffused + solvent); the solute molecules diffuse 

through the inlet macro-channels (Figures 2.1.3÷4); after that, they diffuse through the inlet 

micro-channels (Figures 2.1.4÷5); after that, they diffuse through the nano-channels (Figure 

2.1.5); after that, they diffuse through the outlet micro-channels (Figures 2.1.5÷3); 

eventually, they reach the outlet face (Figure 2.1.3), which was initially-wet by the sink 

solution (solvent only), but that over time starts containing solute. In order to re-establish the 

sink condition, the solution contained in the sink chamber is periodically substituted –with a 

pre-determined frequency– with fresh, new solvent. 

 The silicon substrate presents a mesh structure that grants the mechanical resistance to 

the membrane. The mesh is composed of 50µm-thick walls which create a regular pattern of 

inlet macro-channels (190x190 µm). Figure 2.1.3 shows a 3D schematic of the nDS 

membrane. 
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The macro-channels enter the bulk silicon with a depth of 470µm, leaving a 30µm-

thick solid silicon layer at their bottom. Figure 2.1.4 shows a deeper 3D schematic of the 

membrane structure.  

The inlet micro-channels are perpendicularly-etched through the silicon layer at the 

bottom of the macro-channels, presenting a length of 30µm. The outlet micro-channels are 

etched into the Pyrex glass perpendicularly to the glass surface. The nanochannels, parallel to 

the silicon surface, are fabricated in the silicon substrate facing the Pyrex glass. Figure 2.1.5 

shows the micro-structure of the nDS. 

As shown in Figures 2.1.2÷3, the surface of the nDS membrane is divided in square 

areas, corresponding in number, size, location to the inlet macro-channels. Each square 

presents 24 lines of inlet and outlet micro-channels connected by nano-channels. The lines 

are separated by supporting walls on which the Pyrex glass bond to the silicon substrate. 

Figure 2.1.6 shows a picture of one square area. 

 

 

 

 

Figure 2.1.6 Optical micrograph of a square area (macro-channel). 

The nanochannels –not visible because of the small color-contrast respect the anchor walls– 

connect the inlet and outlet microchannels in the drawn lines direction. 
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The nDS membranes can be fabricated with different nano-channel sizes, namely 

depth and length. Tables 2.1.1 and 2.1.2 list the size and numbers for some of the possible 

nDS configurations, respectively.  

 

 

 

 

Table 2.1.1 nDS nominal sizes. 

The nDS membranes are named with the following convention: nDS ‘D x L’, where D 

represents the depth of the nanochannels (in nm), L represents the length of the nanochannels 

(in micron).  

Legend: „CH‟ channel. 

 

 

 

 

Table 2.1.2 nDS in numbers. 

Legend: „CH‟ channel. 

 

 

 The nanometric dimension of the nanochannels is the height, which is obtained by 

using a sacrificial-oxide technique [Sinha et al 2005].  
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nDS devices microfabrication  

 The nDS membrane is composed of a silicon substrate and a thin Pyrex glass capping layer, 

which is anodically-bonded to the silicon substrate. The Pyrex glass creates the top surface of 

the nanochannels. The thickness of this sacrificial oxide determined the height of 

nanochannels, i.e. height of nanochannels = 0.46 * thickness of oxide. 

 More in details, the membranes were fabricated in an academic clean-room 

(Microelectronics Research Center, The University of Texas at Austin, TX, USA). 

 The major microfabrication steps –including silicon structural-wafer machining, 

glass-cap machining, anodic bonding– can be summarized as follows [Grattoni et al 2009]. 

 First, the nano-channels were formed on the double-side polished silicon wafer, using 

a sacrificial-layer technique. A thermal oxide film was thermally-grown on the nano-channel 

area, and subsequently removed. The thickness of the oxide film (l) determined the height of 

nanochannels (H), by the oxide-consumption equation: H = 0.46 ∙ l. 

 Then, micro-channels as well as the inlet and outlet chambers were etched to the 

specified depth by using inductively-coupled plasma (ICP) deep silicon etching process 

(Oxford Plasmalab 100). The rectangular through-holes were then etched into the silicon 

wafer using 45% KOH solution at 80oC to create the membrane outlets. The silicon wafers 

were then checked with a Scanning Electron Microscopy (SEM – LEO 1530) to verify the 

pattern regularity. The roughness of the surface of the channels and the actual heights of the 

nanochannels of all nDS configurations were measured by atomic force microscopy (AFM – 

Digital Instruments Nanoscope IIIa). 

The entry ports were processed in the glass cap using a dry etching process by an 

outside vendor (Sensor Prep Services Inc). 

 Finally, the glass and silicon structural layers were aligned and anodically-bonded. 

 At the end of the process, the nDSs were cleaned with Piranha solution (66%v/v 

H2SO4 in H2O2) for 12 hours at 120°C. The membranes were then soaked for 5 days in DI 

water, which was replaced every 12 hours. The water was then replaced by isopropanol for 3 

days by performing several rinsing. Finally, the membranes were dried in oven at 100°C 

under vacuum for 12 hours. 
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nDS devices characterization and selection 

 Before performing any concentration-driven transport experiment, a nDS membrane 

devices selection was done, in order to remove possibly-defective ones. This selection 

consisted in a qualitative optical microscope evaluation followed by a quantitative pressure-

driven gas test. The objective of this membrane characterization was the analysis of the 

fabrication process and the selection of membranes for subsequent passive diffusion testing. 

 

nDS devices characterization and selection: optical microscopy 

All nDS membranes were selected by using an optical microscope. All membranes 

presenting visible defects (micro-sized) were discarded. 

More in detail, after having being microfabricated and cleaned, the nDS membranes 

were selected by using an upright optical microscope (MTI Corporation XJM213). Due to 

their peculiar structure, the nDS membrane can be observed with reflecting or transmitted 

light. However, if observed from the silicon side, a light effect in the macro-channels does 

not allow focusing on the inlet micro-channels, resulting in a blurry image; thus, the 

membranes were observed from the Pyrex side, making all channels visible. Figure 2.1.7 

shows two images of the same sample which were captured with transmitted and reflected 

light. 
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Figure 2.1.7 Observation of the nDS membrane with transmitted (A) and reflected (B) light. 

 

 

The observation with transmitted light allows to quickly identifying major damages in 

the membrane structure, such as totally-through holes (Figure 2.1.8). It also allows 

evaluating the number of open inlet micro-channels (Figure 2.1.9).  
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Figure 2.1.8 Through-hole. 

 

 

 

 

Figure 2.1.9 Unfinished inlet-microchannels. 

 

 

 

The observation with reflected light is necessary to analyze the outlet micro-channels 

(Figure 2.1.10), the nano-channel pattern, the quality of the Pyrex glass (Figure 2.1.11). 
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Figure 2.1.10 Irregular shape of the outlet-microchannels. 

 

 

 

 

Figure 2.1.11 Broken Pyrex-glass. 
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Sometimes, macro-channels were also clogged (Figure 2.1.12). 

 

 

 

 

Figure 2.1.12 Clogged macrochannels. 

 

 

For the purpose of selecting the devices for further passive diffusion testing, all 

membranes presenting unetched microchannels or remaining metallic masks were discarded.  

  

nDS devices characterization and selection: gas testing 

 After optical observation, the gas-flow membrane characterization was performed, 

using a custom gas-testing system [Grattoni et al 2009], composed of (Figure 2.1.13): 

• a high purity nitrogen tank (Matheson Tri-Gas Research Purity Grade 99.9999%), 

• a dual stage pressure regulator (Matheson Tri-Gas 3120-580), 

• a membrane holder, 

• an electromagnetic clamping system, 

• a pressure transducer (Ashcroft Full Scale 60 psi, accuracy 1%), 

• a system of pipes and connections. 

Particularly, the membrane holder (Figure 2.1.13B,C) was designed to assure perfect sealing, 

housing one nDS and a silicon-rubber custom seal (molded by Apple Rubber, Lancaster, NY, 

USA). It was made of a stainless steel SS316 machined disk and an electromagnet that 

clamps the membrane between two o-rings. 
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Figure 2.1.13 Schematic of the used gas-testing system [Grattoni et al 2009]. 

(A) The system is composed of: a high-purity nitrogen tank, a dual-stage pressure regulator 

with gas filter, a pressure transducer, an electromagnetic clamping system, a membrane 

holder, a system of pipes and valves and connections.  

(B) and (C) show a zoom of the membrane and its clamping accessories, in parts and 

assembled (cross section), respectively. 

Legend: membrane holder (a), silicon-rubber seal (b), nDS membrane (c), holder lid (d), 

electromagnetic clamping system (e). 

 

 

A more detailed schematic of the gas testing system is given in Figure 2.1.14. 
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Figure 2.1.14 Gas-testing system details. 

 

 

The membrane holder/clamping system is shown in Figure 2.1.15. 

 

 

 

Figure 2.1.15 nDS membrane clamping system. 
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 The membrane clamping system is composed of: 

 a hollow shaft, 

  a clamping body, 

 a clamping base, 

 a clamping knob, 

 a spring, 

 two precision O-rings (Apple Rubber, Lancaster, NY, USA). 

The shaft can axially slide into a guiding hole machined into the clamping body. The 

clamping base houses a precision groove for an O-ring and for the nDS membrane. The shaft 

is pressed against the membrane through the clamping force operated by a spring, which 

compression can be tuned by adjusting the position of the clamping knob. By turning the 

knob to a specific position, the same clamping force can be applied on each nDS membrane 

during the gas testing: this minimizes the variability of the gas testing results. 

  

The gas-test system, which showed negligible leakage and unrepeatability, was used 

as described in [Grattoni et al 2009]. 

Practically, in order to generate a pressure-driven nitrogen flow across the nDS 

structure, the experimental apparatus [Grattoni et al 2009] shown in Figure 2.1.13 was used, 

which takes advantage of the sensitivity of the flow to structural and geometrical features and 

surface properties of the channels, in order to detect structural defects in nDS. 

The following gas testing procedure has been used. First, a membrane was placed 

inside the grooves in the clamping base. The shaft was then pressed against the membrane by 

loading the spring through the clamping knob. The knob was always turned to a position 

corresponding to a clamping force of 30N. After the membrane was secured, the vacuum 

valve was opened briefly to remove any air from the system (absolute pressure 15.6kPa). 

Once the vacuum valve was closed, the filtered N2 gas was allowed into the system until the 

hand-held multimeter read 1.134±0.005 V (corresponding to a pressure of about 0.31MPa). 

After the system had become saturated with N2 gas, all valves were closed and the system 

was insulated from the gas tank at t0 = 0 seconds. The system pressure drop due to the gas 

flow throughout the membrane was measured and the data were collected with a digital 
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multimeter (model 34410A, Agilent Technologies, Santa Clara, CA, USA) at 2 Hz for 300 

seconds. 

 The membrane was clamped in its holder and the system was filled with nitrogen at 

the relative pressure of 0.31 MPa, by previously vacuuming the air entrapped (absolute 

pressure 15.6 kPa). The system was then insulated from the nitrogen tank at t = 0 seconds. 

The system pressure-drop due to the gas flow throughout the membrane was measured, and 

the data were collected with a digital multimeter (model 34410A, Agilent Technologies, Santa 

Clara, CA, USA) at 0.1 Hz for 700 seconds. 

 The pressure drop is well described by a single exponential decay, consistent with the 

solution to a one-dimensional transient problem [Roy et al 2003]. The collected pressure-data 

were thus fitted with an exponential function (correlation coefficient Rc always > 0.999). The 

interpolation was performed to resample each curve and in a time range of 660s starting from 

a relative pressure of k = 0.31 MPa. The cumulative amount of nitrogen F(ti) [g] released 

through time ti was calculated through the relation: 

 

   (Equation 2.1.6) 

 

where Vsys is the testing system volume, MW = 28.02 g/mol is nitrogen molecular-weight, R is 

the ideal gas constant, T is the temperature of the gas in the reservoir (always 275 K ± 0.3 %), 

is the starting pressure and is the pressure at the ith instant. Finally, the mass-flow rate [g/s] 

was calculated as the derivative of the cumulative amount over the time: 

 

  (Equation 2.1.7) 

 

A statistical analysis was performed on the mass flow rate data obtained for each 

configuration. The mean and the 25th, 50
th

, 75th percentiles and the skewness –defined as the 

ratio between the third moment about the mean and the variance– were calculated. The mean 

of the data related to each configuration was verified to be significantly-different through 

one-way ANOVA test (OriginLab Corp Origin Pro) performed at a significance level of α = 

0.005. 
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  A standard characteristic fluidic curve was determined for each nDS configuration. A 

linear dependence of the mass flow rate on the inlet–outlet pressure difference is observed in 

the considered pressure range 0.3÷0.15 MPa. The deviation of the data from an ideal normal 

distribution (skewness) can be caused by errors encountered during the fabrication process; 

systematic defects can be reproduced during the simultaneous processing of several devices 

on the same wafer, consequently the deviation of the device structure from its nominal design 

may be non-random. 

 

nDS devices diffusion-test set-up 

 In order to perform the actual diffusion test in the so-called ‘in-lab’ condition 

(meaning in an abiological environment, as opposed to a biological environment as in the in-

vivo situation), the nDS were assembled into a customly-assembled testing-device. The 

testing-device was composed by: 

 two stainless steel SS316L bodies, 

 two silicon rubber O-rings (Apple Rubber, Lancaster, NY, USA), 

  two silicon rubber caps (Mocap Inc, St. Louis, MO), 

 two SS316L screws and nuts. 

 Figure 2.1.16 shows the picture of one such testing-device, both its parts and its 

assembled version. 
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Figure 2.1.16 Testing-device, parts (left) and assembled (right), used in all the ‘in-lab’ 

experiments. 

 

 

The testing-device bodies are hollow, designed to be the „reservoir‟ (chamber 

containing the solution to be tested) and the „sink‟ (chamber containing the solvent only). 

They present a groove which precisely fit the nDS membrane. A smaller inner groove is also 

machined to house the sealing O-rings. The nDS membrane is positioned in its groove on one 

device body. The membrane is then clamped in between the two bodies which are pressed 

together by tightening the screws. Figure 2.1.17 shows the testing-device assembling. 
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Figure 2.1.17 Testing-device assembling. 

 

 

Evaporation test 

In order to support the experimental analysis, a pre-evaluation consisting in an 

evaporation test of the testing-devices was performed. The amount of solvent evaporating 

form testing-devices was evaluated. 

The solvent evaporation test was performed determining the daily evaporation of fluid 

from  

two testing-devices, each clamping one solid silicon chip resembling the nDS membrane. The 

testing-device chambers were both filled with PBS (200µL in each chamber). The chambers 

were then capped. The devices were weighed on an electronic scale (Metter Toledo XP56 

DeltaRange Microbalance, resolution 10µg). The measurement was performed in triplicates, 

and repeated every 24 hours. 

Table 2.1.3 shows the results of the evaporation test, demonstrating that a negligible 

amount of fluid evaporated from each diffusion testing-device in each day. 
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Table 2.1.3 Evaporation-test results. 

 

 

nDS devices diffusion-test preparation 

 Before proceeding with the actual diffusion release test, the following chronological 

preparation procedure was performed: 

1) Testing-device cleaning 

The testing-devices parts (bodies, screws, o-rings, caps) were immersed in a bath of 

water and soap, and accurately cleaned. The devices were then rinsed multiple times and 

dried by compressed air. The parts were then autoclaved for 20min at 121°C.  

2) Testing-device assembly 

The O-rings were placed in the inner grooves of the device bodies. The screws were 

inserted in one of the bodies, in order to aid the alignment of the two bodies during the 

clamping procedure. The nDS membrane was placed on top of one O-ring in the housing 

groove (see Figure 2.1.17). The bodies were then clamped together and the screw fastened, 

guaranteeing the sealing of the two fluid chambers. 

3) nDS-membrane wetting 

After assembling the testing-device, ethanol was loaded into the fluid chamber facing 

the silicon side of the membrane and both chambers were plugged with the silicon rubber 

caps. Then, the nDS device was kept oriented such that the ethanol sat on top of the nDS, and 

the system was allowed to rest overnight.  

Ethanol was then added in the other chamber to create the continuity of fluid between 

the two chambers through the membrane. The ethanol was carefully removed from both sides 

not allowing the channel area to dry, and de-ionized water (DI-H2O) was promptly put into 

both chambers. The DI-H2O was replaced 3 times. Then the chambers were plugged, and the 

system was allowed to rest for 6 hours. 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 34 
 

After the resting period, the DI-H2O was replaced 3 more times with fresh DI-H2O, 

and the system was allowed to rest overnight again. 
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2.1.4 Personal contribution 

 

 My contribution to the project has been mainly related to the optical selection of the 

nDS chip in view of an accurate experimental analysis and the preparation, set-up of the 

diffusion testing. 
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2.2 Release of drug from nanochanneled devices implanted in rats 

 

This study, an in-vivo and „in-lab’ release study of human interferon alpha, was developed to 

possibly find a correlation between in vivo and the in lab nDS devices release data. 

Human interferon-alpha-2b (IFN) was chosen as molecular probe due to its long in 

vivo half-life and its in vivo detectability with good sensitivity. In vivo (inside rats) and in lab 

(i.e. inside testing-devices) experiments were performed with nDS devices („membranes‟) of 

the same configuration and batch. 

In vivo capsules were produced by NMS company. They were loaded with IFN and 

implanted in healthy rats subcutaneously; then, the human IFN content in the rats blood was 

measured, and so the release of IFN from nDS membranes assessed; it was also compared to 

IFN directly administered via subcutaneous injection. 

In lab testing-devices were those described in Section 2.2.2 (e.g. Figure 2.1.16). 
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2.2.1 Interferon 

 

Interferon functions 

 Interferons (IFNs) are proteins –belonging to the large class of glyco-proteins known 

as cytokines– made and released by lymphocytes in response to the presence of pathogens –

such as viruses, bacteria, parasites– or tumor cells. They allow communication between cells 

to trigger the protective defenses of the immune system that eradicate pathogens or tumors. 

 All interferons share several common effects; they are antiviral agents and can fight 

tumors. More in details, IFNs have a several functions: 

 interfere with viral replication within host cells; 

 activate immune cells, such as natural killer cells and macrophages; 

 increase recognition of infection or tumor cells by up-regulating antigen presentation 

to T lymphocytes; 

 increase the ability of uninfected host cells to resist new infection by virus.  

 

Interferon types 

 About ten distinct IFNs have been identified in mammals; seven of these have been 

described for humans. They are typically divided among three IFN classes: Type I IFN, Type 

II IFN, and Type III IFN. IFNs belonging to all IFN classes are very important for fighting 

viral infections. 

 Based on the type of receptor through which they signal, human interferons have been 

classified into three major types: 

 IFNs type I: they all bind to a specific cell surface receptor complex known as the 

IFN-α receptor (IFNAR); those present in humans are [Liu 2005]: 

o IFN-α 

o IFN-β 

o IFN-ω; 

 IFNs type II: bind to IFNGR; in humans, is IFN-γ; 

 IFNs type III: signal through a receptor complex consisting of IL10R2 (also called 

CRF2-4) and IFNLR1 (also called CRF2-12); type III classification is less universal 

than type I and type II [Vilcek 2003]. 
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Interferon alpha 

 The interferon-alpha (IFN-α) proteins are naturally produced by leukocytes. They are 

mainly involved in innate immune response against viral infection. They come in 14 subtypes 

that are called: IFNA1, IFNA2, IFNA4, IFNA5, IFNA6, IFNA7, IFNA8, IFNA10, IFNA13, 

IFNA14, IFNA16, IFNA17, IFNA21. 

 IFN-α can also be made synthetically (e.g. recombinant [Nagata et al 1980]) and used 

as medication; medically-used IFN-α types are: 

 Interferon alfa-2b (Figure 2.2.1): an anti-viral drug, marketed by Schering-Plough 

under the tradename Intron-A; used for a wide range of indications, including viral 

infections and cancers 

o approved around the world for the treatment of: chronic hepatitis C, chronic 

hepatitis B, hairy cell leukemia, chronic myelogenous leukemia, multiple 

myeloma, follicular lymphoma, carcinoid tumor, malignant melanoma; 

 Pegylated interferon alfa-2a: the polyethylene glycol (PEG) protects the IFN molecule 

from proteolytic breakdown and increases its biological half-life; 

 Pegylated interferon alfa-2b: developed by Schering-Plough, brand name is Peg 

Intron; is a treatment for hepatitis C (approved in 2001), and has also been shown to 

have optimistic effects in the treatment of malignant melanoma. 
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Figure 2.2.1 Molecular schematics of human interferon-alpha (recombinant human 

interferon-α-2b) [Wikipedia]. 

 

 

 Human interferon-alpha-2b, for its wide medical use, was chosen and used in all the 

in-vivo and in-lab release experiments. 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.

http://en.wikipedia.org/wiki/File:1RH2_Recombinant_Human_Interferon-Alpha_2b-01.png
http://en.wikipedia.org/wiki/File:1RH2_Recombinant_Human_Interferon-Alpha_2b-01.png


 40 
 

 

2.2.2 Experimental methods 

 

Recombinant human interferon-alpha-2b was purchased from Cell Sciences (Canton, MA, 

USA). 

 Its concentration was detected by commercial sandwiched immuno-assay (ELISA, 

Enzyme-Linked ImmunoSorbent Assay, Cell Sciences) which was specific to human IFN but 

was not cross-reactive to IFN of rat species. 

 

 

2.2.2.1 In lab study 

 

Preliminary IFN stability test 

In order to pre-emptively assess possible IFN in vivo degradation, two IFN stability 

test were performed at 37°C for over one month. 

In the 1
st
 test, 4 relatively-low concentrations (20, 17, 50, 42.5 µg/ml), similar to the 

one used in the in lab experiments, were evaluated for 35 days; in the 2
nd

 test, 2 high-

concentrations (1, 0.5 mg/ml), similar to the one used in the in vivo experiments, were 

measured for 32 days. In order to quantify the differences between actual concentrations and 

measured concentrations, standard curves were prepared with PBS (GIBCO) and „Diluent C‟ 

(a component –whose aim is to dilute unknown-samples– taken from the used ELISA kit). 

Different dilutions of the prepared samples with Diluent C or PBS were measured with the 

ELISA kit to find the solvent and range of dilution improving precision and accuracy the 

most. 

 

IFN release from nDS 

nDS membranes of two geometrical/structural configurations were used – namely, 

20x2 and 20x3 (i.e. nano-channel height = 20nm for both, nano-channel length = 2 and 3 µm 

respectively). 8 membranes were used for configuration 20x2; 11 membranes for 

configuration 20x3. 

The nDS membranes, micro-fabricated at the above-mentioned Austin facility, were 

firstly selected by optical observation to detect holes and broken glasses presence; eventual 
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membrane holes were plugged with epoxy. They were then gas-tested and considered good if 

the pressure-range was 2.7†3.05∙10
5
 Pa for configuration 20x2 and 2.45†2.68∙10

5
 Pa for 

configuration 20x3. The membranes chosen for the actual release-experiment were then 

processed as follows. 

Chosen membranes were assembled in cylindrical testing-devices as previously 

described. Then, they were wetted: first with ethanol, then with de-ionized water, finally with 

the test solvent (each step: 400µl, air-bubbles were checked and removed if present). More in 

detail, the wetting was performed as follows: the silicon sides of the membranes were wetted 

with ethanol, waiting 1h before capping with a silicon rubber; the Pyrex ones were then filled 

and capped; after waiting overnight, both sides were dried (not totally, to not dry the 

membrane) and filled with DI-water; after waiting 1h, DI-water was replaced, repeating this 5 

times in total; finally, DI-water was dried (always leaving a veil of liquid) and the solvent 

used in the diffusion test (PBS for 20x2 and Diluent C for 20x3) was inserted, and replaced 

after 1h. 

After wetting, the testing-devices were filled with the appropriate solutions as 

follows. Reservoir-chambers were filled with 300µl of 20 µg/ml solution of IFN-α-2b (Cell 

Sciences), either dissolved in PBS for configuration 20x2 or in Diluent C for configuration 

20x3. Sink-chambers, after being washed with the proper solvent (to remove eventual 

substance passed through the membrane during capping), were filled with 215µl of PBS 

(20x2) or Diluent C (20x3); a small stainless sphere was also added, to improve solution 

mixing. 

The experiment (started on 2/10/2009 for configuration 20x2 and on 2/24/2009 for 

configuration 20x3) was performed at 4°C to hinder interferon degradation. ELISA 

measurement frequency was: 

 during the 1
st
 week, 1 measurement per day; 

 during the 2
nd

 week, 1 measurement every 2 days; 

 then, twice per week. 

The 20x2 experiment was stopped on 4/2/2009 after about 2 months (58 days); the 20x3 on 

7/10/2009 after about 4 months (137 days). 

 In order to accelerate the evaluation of the diffusion of all the loaded IFN, reservoir 

solutions were diluted twice during the experiment, at day 72
th

 and 102
th

, using a dilution-

factor of 1:3 and 1:2, respectively. Each time, concentration (through ELISA) and volume 
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(through micro-pipette, estimated error ±5µl) of the reservoir solution were measured; the 

same has been done also after the end of the experiment. 

Before sampling, testing-devices were put on a rotator to increase sample uniformity. 

A needle was used to decrease pressure, both when de-capping and when re-capping them. A 

certain amount (200µl for 20x2 and 215µl for 20x3) of solution was taken from the sink 

chamber, and the same amount of fresh solvent (PBS for 20x2 and Diluent C for 20x3) was 

put back in it. 

The IFN-concentration in the collected samples was measured with a specific ELISA 

Kit (Cell Sciences CK2001). The ELISA protocol permits to choose between two different 

modalities, which lead to two different standard-curve ranges: „extended‟ (5000†0pg/ml) and 

„high-sensitivity‟ (500†0pg/ml). For the in lab experiments, the first one was used, to reduce 

the dilutions required for the samples to fall within the standard-curve range. 

ELISA micro-plates were read through a spectrophotometer; different 

spectrophotometer devices were used (Bio-Tek, Tecan, Molecular Devices), but their output 

data showed difference <10%. Used spectrophotometer settings are reported in Table 2.2.1. 

 

 

Modality Absorbance 

Type End-point 

Output Optical density (OD) 

Measurement wavelength 450nm 

Reference wavelength 660nm 

 

Table 2.2.1 Spectrophotometer settings. 

 

 

 Output data –optical densities (ODs)– were obtained measuring absorbance at 450nm. 

At each measurement, blank value (absorbance of pure Diluent C) was subtracted to all data 

and a new standard-curve was measured and used to convert OD in concentrations (c). Two 

fittings were used, which showed comparable results: a 4-parameter (A, B, C, D) fitting 

(Equation 2.2.1), reported in the ELISA protocol, 
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     (Equation 2.2.1) 

  

and quadratic-polynomial fitting (Equation 2.2.2) with three parameters (A, B1, B2): 

 

c = A + B1 OD + B2 (OD)
2
    (Equation 2.2.2) 

 

From the concentrations obtained from either Equation 2.2.1 or 2.2.2, the amount of 

IFN present in each well at each time (xi) was calculated using the testing-device chamber 

volume; the cumulative release profile over time was simply obtained as follows: 

 

xcum(ti) = x1 + x2 + … + xi   (Equation 2.2.3) 

 

 

2.2.2.2 In vivo study 

 

IFN titration in blood 

Blood standard-curve was built by adding known IFN quantity to rat blood before 

serum separation, and measuring the IFN concentration in the serum. Diluent C was used as 

solvent. 

 

Preliminary animal study 

nDS release in vivo was performed using nDS membranes from the same fabrication 

wafer as the in lab release experiment; those membranes were housed in assembled bio-

compatible implantable capsules, fabricated and processed by NanoMedical System (NMS – 

Austin, TX, USA) company. Those capsules can contain about a 1ml loading volume, are 

made of either titanium or polymeric (PEEK) material, and are cylindrically-shaped (Figure 

2.2.2). 
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Figure 2.2.2 NMS-capsules in PEEK –disassembled– (A) and titanium –assembled– (B). 

 

 

 Capsules present a top-cap facing nDS membrane with 5 holes, and a bottom cap with 

only one hole to be loaded using a needled-syringe. 

Experiment started on May 29
th

 2009 and lasted 31 days (until 6/30/2009). 

12 healthy Sprague-Dawley female rats were used for the animal study and divided in 

4 groups, as reported in Table 2.2.2. 

 

 

Group 

ID  

Treatment   Loading concentration  # Rats per 

group  

1  NO Capsule 

 NO IFN  

0 2 

2  Capsule with nDS 20x2 

loaded with IFN  

1 mg/ml 3 

3   NO Capsule 

 IFN-α administered 

intravenously  

Different amounts every 

week 

3 

4  Capsule with nDS 20x2 

filled of vehicle (water) 

 NO IFN 

0 2 

 

Table 2.2.2 Experimental set-up and rat grouping. 
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Capsules were inserted into sub-scapular region using aseptic technique in 

anesthetized (isoflurane) animals, according to Table 2.2.2. Before implanting the capsules, 

rats were anesthetized and, after having shaved the area, a cut –big enough to let the capsule 

enter– was performed by knife in the sub-scapular region. Incision was then closed with 3÷4 

metal stitches (staples). 

Properties of the 5 capsules implanted in the rats are reported in Table 2.2.3. 

 

 

Group # Rat # Material loading solution 

2 1 Ti IFN solution 

2 2 Ti IFN solution 

2 3 PEEK IFN solution 

4 1 PEEK Millipore water  

4 2 Ti Millipore water  

 

Table 2.2.3 Properties of each implanted capsule. 

 

 

The capsules were fabricated, assembled and sealed by NMS; upon arrival, they were 

autoclaved as delivered. Before implant surgery, capsules were filled according to Table 

2.2.3 under biological hood and then left submerged in Millipore water under UV light inside 

the hood for 30min to increase the sterilization of their surfaces. 

NMS capsules implanted in group 2 and group 4 were loaded with 0.9 mg/ml IFN 

(human IFN-α-2b, Cell Sciences) solution and vehicle only (Millipore water), respectively. 

The other two groups had no capsules: group 1 was a negative control (no IFN and no 

capsule), while rats belonging to group 3 were subcutaneously-injected with 200µl of IFN 

solution (in Millipore water) once a week. 

For group 3, a different concentration was injected every week, according to Table 

2.2.4. Injection was performed, through a 28G1/2 needle (13mm), in the sub-scapular region. 
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Draw/injection 
IFN injected: mass (concentration) 

Date Day # 

5/29/2009 1 – 

6/1/2009 4 5.7 µg (28.8µg/ml) 

6/4/2009 7 – 

6/11/2009 14 5 µg (25µg/ml) 

6/15/2009 18 2.5 µg (12.5µg/ml) 

6/18/2009 21 – 

6/22/2009 25 1.25 µg (6.25µg/ml) 

6/30/2009 33 1 µg (5µg/ml) 

 

Table 2.2.4 Blood-drawing and IFN-injection schedule. 

 

 

 Table 2.2.4 shows the overall experimental plan, where groups 1÷4 were drawn blood 

on all the reported days, while group 3 only was injected IFN only in some of them. 

Rat blood was drawn in order to measure its human IFN content. It was drawn from 

the venous plexus of the orbit 2 times per week according to Table 2.2.4. Each time, 500µl of 

blood from each rat were taken; for group 3, the blood drawing was performed 2h after IFN-

injection.  

IFN concentration was measured in serum using ELISA kit for in vivo samples (Cell 

Science CK2003) at the „high-sensitivity‟ range (500÷12.5 pg/ml). 

Experiment lasted 33 days (from 5/29/2009 to 6/30/2009). At the end of the 

experiment, the animals were sacrificed by carbon-dioxide asphyxiation. From the animals of 

group 2 and 4, the implanted capsules were explanted and visually-checked for eventual 

fibrous encapsulation. Several biopsies were also taken, both from the implantation region 

(wounded skin) and far from it (healthy skin). Harvested tissues were fixated in formalin and 

stained with Hematoxylin and Eosin (H&E) or Myeloperoxidase to perform histological 

analysis, particularly to quantify inflammation and immune response. Volume and 

concentration of solution contained in each capsule were measured. 

In order to determine if the age of the rat was significant, 2 more rats one month older 

were also treated as group 1 and group 2, respectively. Moreover, 8 more of these older rats 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 47 
 

were also injected with different IFN dose once to better assess the correlation between 

injected dose and blood content. 
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2.2.3 Main results and discussion 

 

 

2.2.3.1 In lab study 

 

Preliminary IFN stability test 

Standard curves prepared using PBS or Diluent C as solvent showed measured-

concentrations lower than nominal-ones. Using Diluent C as solvent, smaller difference and 

better correlation between nominal and measured data was found. Both stability tests showed 

that IFN variability at 37°C for over a month is much lower than the difference between 

measured and nominal concentration. 

The results of the low-concentration IFN stability test are shown in Figure 2.2.3. 

They present variation between all the measurements <30% and a good linear relationship (R 

= 0.99) between nominal and average measured concentrations. 
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Figure 2.2.3 IFN stability-test results at low concentration. 

 

 

The results of the high-concentration IFN stability test are presented in Figure 2.2.4, 

and their variability is <20%. As reported in the literature, IFN is more stable at higher 

concentration. 
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Figure 2.2.4 IFN stability-test results at high concentration. 

 

 

 According to these data, the reservoir solution is stable enough even at body 

temperature for the intended experiment duration (1 month). 

 

IFN release from nDS configuration 20x2 (PBS solution) 

Figure 2.2.5 shows cumulative releases of IFN from 20x2 nDS membranes. 
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Figure 2.2.5 Cumulative IFN release from nDS of configuration 20x2 (n = 8). 

 

 

 Data show a very high variability among the different membranes in terms of IFN 

release. The spread between the replicates is probably due to fabrication issues, but it is 

stressed even more by the use of PBS as solvent, that was shown to reduce IFN detectability 

and accuracy of ELISA kit measurements compared to Diluent C. 

 

IFN release from nDS configuration 20x3 (Diluent C) 

The cumulative mass (Xcum) of IFN released over time (4 months) from 20x3 nDS 

membranes are individually shown in Figure 2.2.6. 
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Figure 2.2.6 Cumulative release of IFN from nDS configuration 20x3, for each different 

membrane (indicated by an ID#). 

 

 

 The average of the data shown in Figure 2.2.6 is presented in Figure 2.2.7, where 

some outliers were removed. 
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Figure 2.2.7 Cumulative release of IFN from nDS configuration 20x3, averaging all 

the membranes in Figure 2.2.6 (‘84’ and ‘15’ excluded). 

 

 

The releases from the different membranes are quite similar, and the average shows a 

not large standard-deviation. A nice constant-release (14 ng/day) was observed until 

reservoir-solution was diluted the first time (day 72
th

). Linear fitting confidence improves 

significantly when removing first-week measurements, which are very low. After dilution of 

reservoir solution at day 72
th

 and 102
th

, data showed constant-release but with different 

release-rates (4 ng/day and 3 ng/d, respectively). The estimate released percent is 15% at day 

72
th

, 55% at day 102
th

 and 70% at day 133
th

. Even if these values are slightly underestimated 

due to the observed inaccuracy of detection method (ELISA kit), the change of release rate in 

this experiment reveals a fickian release. The non-constrained diffusion may also be due to 
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the solvent used (Diluent C) that is more viscous than water and slows down the diffusion of 

IFN molecules.  

Concentration and volume of all reservoirs measured during 1
st
 and 2

nd
 dilutions and 

at the end of the experiment are shown in Table 2.2.5; data variability is between 10÷30%. A 

remarkable reduction in the volume (compared to the initial 300µl) can be observed, probably 

due to evaporation. 

 

 

Membrane 

ID# 

Before 1
st
 dilution Before 2

nd
 dilution At the end 

c 

(µg/ml) 

SD V 

(µl) 

c 

(µg/ml) 

SD V 

(µl) 

c (µg/ml) SD V 

(µl) 

4 17.9 0.7 180 3.2 0.1 180 2.4 0.1 180 

14 15.7 0.1 190 6.4 0.2 190 3.5 0.1 190 

15 11.6 1.2 170 2.1 0.01 170 1.3 0.1 170 

16 18.2 0.05 205 5.1 0.1 205 3.2 0.004 205 

44 20.7 0.6 220 8.3 0.2 220 4.7 0.01 220 

55 20.2 0.3 220 5.6 0.4 220 3.4 0.1 220 

56 17.6 0.4 215 4.0 0.0 215 2.1 0.1 215 

63 17.1 0.6 180 4.7 0.1 180 3.5 0.1 180 

64 17.3 0.4 185 6.7 0.1 185 3.2 0.1 185 

66 15.7 0.2 190 6.3 0.3 190 2.6 0.04 190 

84 15.3 0.1 130 4.9 0.03 130 2.5 0.2 130 

 

Table 2.2.5 Measured concentration and volume of reservoir solutions. 

 

 

2.2.3.2 In vivo study 

 

IFN titration in blood 

IFN detection in blood using the ELISA kit specific for in vivo measurements resulted 

less effective than in aqueous solution, as in Figure 2.2.8. 
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Figure 2.2.8 Average of measurements of IFN content in blood from different rats. 

Legend: „c nom‟, nominal (known) concentration; „c meas‟, measured (by ELISA) 

concentration. 

 

 

The concentration measured in serum was always much lower than the nominal one, 

probably due to proteases and other factors present in the serum (serum effect). 

Measurements showed no differences among different rats (standard deviation smaller than 

15%). 

 

Animal response to implant 

 Implant surgery procedure was simple and rats looked fine since right after waking up 

from anesthesia. One week after implantation, the hair was already grown and stitches were 

removed. Some of the capsules stayed in place and others moved under the skin to reach leg 

or closer to abdominal region. 

 Rats were fine during the whole experiment and nicely supported also blood drawing 

twice a week; but rat #23 (group ID# 2, rat ID# 3) after 2÷3 weeks exhibited a swelling in the 

capsule region, probably due to an immune reaction. The probable cause of this problem was 

an individual sensitivity of the rat, because all the other 4 rats were fine and all the 5 capsules 
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were treated through the same procedure. The rat was treated with antibiotic, which didn‟t 

interfere with the experiment, and healed for a week. After another week (6/22/09), few days 

before the end of the experiment, the implant was totally rejected, the rat had to be sacrificed 

and the capsule removed.  

 The other capsules were removed after 31 days, on June 30
th

 2009. 

 Images taken during explants procedure are shown in Figure 2.2.9. 

 

 

 

 

Figure 2.2.9 Photographs of capsule explantation (from rat #21). 

 

 

IFN release 

 IFN content in the blood was measured with ELISA kit from rat serum. 

 All rats belonging to groups 1 and 4 (no IFN controls) showed negligible amount of 

IFN in their blood, as expected. Measures referred to rats of these groups were always below 

kit sensitivity (data not shown). 

 IFN detected in rats of group 3 nicely correlate with IFN amount injected (Figure 

2.2.10). 
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Figure 2.2.10 IFN measurements in rats of group 3 versus injected amount IFN. 

 

 

 Four days after injection, IFN presence in the blood was not detectable 

(measurements below detection-limit of the kit). All rats of group 3 showed complete IFN-

clearance from their blood after 3÷4 days for all doses, in accordance with IFN 

pharmacokinetic data reported in the literature [Badkar et al 2007]. 

 Among rats of group 2, with IFN-capsule implanted, only one rat (#21) showed a 

significant release, as shown in Figure 2.2.11. The other 2 rats of group 2 did not show a 

significant release (data not shown). 
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Figure 2.2.11 IFN detected in serum of rat #21. 

 

 

 IFN content in rat #21 decreases during the first week, then it stays constant for about 

10 days and after that it becomes very low, close to detection limit. This result is promising, 

since the constant IFN level in the blood may be due to a constant release from the capsule. 

Further experiments would be required to assess if this is the actual case. 

 

Capsules after explantation 

 Explanted capsules were analyzed, and concentration (c) and volume (V) of their 

content were measured, as reported in Table 2.2.6. 
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Capsule from rat ID c (µg/ml) V (µl) Solution color 

#21 18.6±0.01 300 clear 

#22 27.6±0.8 170 clear 

#23 53.1±0.3 630 clear 

#41 not detectable 1000 red 

#42 not detectable 950 red 

 

Table 2.2.6 Properties of solution found in the capsules after 

explantation. 

 

  

 Concentrations of group 2 are much lower than the initial one (0.9mg/ml), while IFN 

presence in group 4 are negligible, as expected. 

 IFN-containing capsules (group 2) showed large volume variability, always much 

lower than starting value (1÷1.2 ml). Solutions from capsules of group 4 had a larger volume 

and were more red-colored (Table 2.2.6). 

 The red color was probably due to the presence of few blood cells in the capsule, but 

since blood cells are too big to pass through the nanochannels then nDS membranes of this 

group may be broken; this could be occurred during the loading procedure, that in these 

capsules requested to break into the bottom hole which was sealed by extra glue. Another 

possibility is that it is correlated to the presence of fibrotic tissue around the capsules (Table 

2.2.7 and Figure 2.2.12). 
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Capsule from 

rat 

tissue-encapsulation Top cap – nDS membrane  

condition 

#21 clean – no tissue formation 3 holes almost closed and 2 partially 

closed – nDS with few tissue  

#22 clean – no tissue formation 4 holes closed and 1 half closed – nDS 

with few tissue  

#23 completely encapsulated – 

after swelling totally rejected  

2 holes closed – nDS covered of tissue 

#41 (control) almost totally encapsulated 

by fibrotic tissue 

1 hole closed and 1 half closed – nDS with 

tissue 

#42 (control) almost totally encapsulated 

by fibrotic tissue 

3 holes partially closed – nDS with a lot of 

tissue 

 

Table 2.2.7 Explanted-capsules condition. 

 

 

 

 

Figure 2.2.12 Capsule explanted from rat #41 with fibrotic tissue. 

 

 

 Capsules of group 4 were both partially covered by thin fibrotic-tissue as shown in 

Figure 2.2.12, while capsule from group 2 (rats #21 and #22) were clean. The capsule in 

titanium seemed to be more biocompatible and to induce less fibrotic-tissue formation. 

 Capsule cap facing nDS membrane (top) presented some holes occluded by fibrous 

material. Some representative pictures of occlusions are shown in Figure 2.2.13. 
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Figure 2.2.13 Pictures (microscope with objective 4x) of the titanium top-cap holes 

(A, C, E) and nDS membranes (B, D, F) of capsule explanted from rat #21 (A and B), 

#23 (C and D) and #42 (E and F). 

 

 

 Figure 2.2.13 shows the massive tissue formation in the holes and on the membranes 

of rat #23 that rejected the implant, and minor encapsulation of cap and membranes from rats 

#21 and #42. The amount of tissue in the holes and on the membranes nicely correlates with 

tissue encapsulation of the capsules. 
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Histological analysis 

 Tissues harvested from next to the capsule (wound) and far from it (normal) have 

been stained with Myeloperoxidase and Hematoxylin & Eosin. No evidence of inflammatory 

response in the normal tissue and the wounded one was observed in all the rats, except for the 

rat #23 that rejected the capsule. 

 Image of harvested tissue from rat #23 are shown in Figure 2.2.14. 

 

 

 

 

Figure 2.2.14 Myeloperoxidase (A, B) and Hematoxylin and Eosin (C, D) stained tissues 

(microscope with objective 10x) from rat #23 harvested next to the capsule (A, C) and 

far from it (B, D). 

 

 

 Images related to rat #23 in Figure 2.2.14 show high inflammation of the tissue next 

to the capsule, while tissue taken far from it looks fine. 
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 Sample images of normal (far from the capsule) and wounded (next to the capsule) 

tissue from the other rats are shown in Figure 2.2.15. 

 

 

Figure 2.2.15 Hematoxylin and Eosin (A, B) and Myeloperoxidase (C, D) stained tissues 

(microscope with objective 10x) of rat #21 and #22, respectively, harvested next to the 

capsule (A, C) and far from it (B, D). 

 

 

 Images of Figure 2.2.15 show no evidence of inflammation or abnormalities for both 

types of tissue and both animals. 
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2.2.4 Conclusions 

 

 In lab study of IFN release through nDS membranes showed that ELISA kit 

measurements of IFN concentration are strongly dependent on dilution ratio in a non-linear 

way and it was not possible to detect the actual concentration. Data are usually 

underestimated and released percent cannot be precisely quantified. Preliminary results using 

20nm-height nanochannel and a 20µg/ml reservoir solution in Diluent C showed that IFN 

release is fickian and the variability among the different membranes is not large. It is worth 

noting that during this experiment the measured release-rate was constantly equal to 14 

ng/day for more than 70 days, and hence it was anyway achieved a long-term constant-

release from nDS. 

 In vivo preliminary study performed on 10 rats showed that animals nicely tolerate the 

implant. Implantation and explantation surgery were quite simple and rats recovered 

immediately after capsule implantation. Capsules tissue encapsulation differs from animal to 

animal; the presence of tissue around the capsule probably depends on animal sensitivity and 

capsule handling during loading procedure. The concentration used for the release in vivo is 

high enough to detect IFN presence in the blood. Not all the implanted capsules loaded with 

IFN (n = 3) released drug, only one rat showed constant IFN level in the body for about 10 

days, but further study would be required to quantify IFN release in vivo. The study of IFN 

presence in rat blood after subcutaneous injections may drive to an estimate of the actual 

amount of IFN released in vivo from nDS. 

 Another in lab study with the same nDS membranes and reservoir concentration as 

the present in vivo experiment would be required in order to find in vivo – in lab correlation. 
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2.3 Release of probe from nanochanneled devices in laboratory 

condition 

 

In order to estimate the actual release profile of some nDS membranes with a molecular 

probe (dextran), particularly to check if it was linear, the following diffusion experiment has 

been performed. 
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2.3.1 Experimental methods 

 

 The membranes to test were selected again according to optical observation (no 

defects, clear outlets-opening and nice overall appearance) and gas testing. 16 membranes, of 

configurations 20x2 (n = 11) and 20x3 (n = 5) which were anyway shown to behave very 

similarly, were selected and used. 

 Experiment started on 1/27/2009, and lasted about 2 months. 

 

Test preparation 

 Commercial fluorescently-labeled 10kDa dextran (Molecular Probes), conjugated 

with fluorescein isothiocyanate (FITC), was used to prepare two solutions with pH 7.2 

Phosphate-Buffered Saline (PBS, GIBCO): 5mg/ml, used for diffusion test as reservoir 

solution; and 0.1mg/ml, used for the standard curve as calibration system. The standard curve 

was obtained serially-diluting (ratio 1:2) the 0.1mg/ml solution, putting 100µl/well in 

duplicates, in a 96 wells µ-plate (Greiner); pure PBS was used as blank. The same standard 

curve was used all over the experiment; its stability was monitored over the 2 months. 

 The chosen membranes were assembled in the specifically-designed cylindrical 

testing devices: o-rings were placed in the grooves of two stainless-steel bodies, screws were 

put in one body, then one selected nDS1 membrane was inserted in its outer groove (gently 

chopping membrane corners in case of non fitting), finally bodies were joined screwing in the 

nuts. 

 After assembling the testing devices, the following wetting procedure was performed 

on the membranes, to assure uniform and complete capillary-filling of liquid inside them. The 

Si sides of the membranes were filled with ethanol (400µl) and a check of air-bubbles was 

performed with optical microscope. Bubbles eventually present (especially inside the macro-

channels) were removed by cap-pressuring or by pipetting, in order to avoid hinder in the 

wetting and diffusion. After waiting 15min, to not have bubbles trapped inside the membrane, 

a cap (silicon rubber) was placed, and the Pyrex side was then filled with ethanol and capped. 

Ethanol was left both sides overnight. The Si sides were then partially dried –leaving a liquid 

veil to prevent un-wetting inside the membrane by evaporation– and checked again for 

bubbles, then filled immediately with de-ionized water (400µl) and capped; the same was 
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done for the Pyrex sides. After 1h, both sides were dried (always partially) and de-ionized 

water was inserted: this was repeated 4 more times, to completely remove ethanol from inside 

the membranes. Finally, both sides were washed 2 times using the test solvent (PBS). 

  After wetting, the Si sides were totally dried, and 300µl of the 5mg/ml dextran 

solution were inserted promptly (always to prevent evaporation of the internal liquid). The 

reservoir chamber was then capped inserting a needle in the center of the cap (to avoid over-

pressuring and to facilitate eventual liquid-spilling); the cap was then sealed with Gasket tape 

(chemically-inert and sealant) to limit liquid loss. After Si side filling and capping, the sink 

chamber was first washed with the solvent, to remove eventual dextran solution passed 

through the membrane during the last step; then, 250µl of PBS plus a stainless-steel sphere 

(to improve mixing) were inserted in it, which was then capped always with needle. 

 

Testing procedure 

 The testing devices were stored at room temperature and placed on a rotator. The 

measurements were performed daily during the first week than every 2÷3 days for the 

following two weeks. Two 100µl samples were collected from the sink chamber of each 

device and replaced with 200µl of PBS. The standard curve was incubated at 25°C. 

 All the collected samples were placed in 96-wells µ-plate and measured by a 

spectrophotometer (BMG Labtech), using reading-settings shown in Table 2.3.1. 

 

 

Parameter Utilized 

Modality Fluorescence 

Type End-point 

Excitation wavelength 485 nm 

Emission wavelength 520 nm 

Gain 735 

 

Table 2.3.1 Spectrophotometer settings used in the concentration measurements. 

 

 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 69 
 

Data Analysis 

 Spectrophotometrically-obtained fluorescence data were converted, through the 

standard curve (F = 626722∙c + 733.4), in concentrations. From the latter, dextran released 

masses were derived, introducing the sink volume (250μl) and correcting the PBS replacing: 

 

x(ti) = c(ti)*Vsink – x(ti–1)* Vleft/Vsink  (Equation 2.3.1) 

 

 The daily-released masses were then summed, to obtain the cumulative release 

profile: 

 

xtot(ti) = x1 + x2 + … + xi   (Equation 2.3.2) 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 70 
 

 

2.3.2 Main results and discussion 

 

The standard-curve stability results are shown in Figure 2.3.1, which demonstrates its 

stability over the period assessed (2 months). 

 

 

 

 

Figure 2.3.1 Standard curve fluorescence stability over time. 

 

 

The measured release results of the experiment are shown in Figure 2.3.2÷5. 

 Figure 2.3.2 shows the individual results for the configuration 20x2; an outlier (ID# 

„VII49‟) can be observed. 
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Figure 2.3.2 Individual mass-cumulative release of membranes with configuration 20x2. 

 

 

 Figure 2.3.3 shows the individual results for the configuration 20x3. 
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Figure 2.3.3 Individual mass-cumulative release of membranes with configuration 20x3. 

 

 

 Figure 2.3.4 shows the individual results for both the configurations 20x2 and 20x3: 

their release behavior is clearly undistinguishable, so they could be averaged together, giving 

data shown in Figure 2.3.5. 
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Figure 2.3.4 Individual mass-cumulative release of membranes with both configurations 

20x2 and 20x3. 

 

 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 74 
 

 

 

Figure 2.3.5 Experimental average cumulative-release. 

Results are presented as mean±SEM. 

 

 

 Figure 2.3.5 demonstrate that, for the membrane configurations utilized and the 

dextran molecular-weight chosen, the mass release is linear over a long period of time (2 

months). 
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2.3.3 Personal contribution 

 

 My contribution to the research presented here has been mainly related to the 

diffusion test-preparation, concentration measurement, data analysis and interpretation of the 

results. 
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3 The endothelial barrier and cell cytoskeleton 

 

 

3.1 Rationale of the study 

 

The vasculature, the body delivery system, can be both probed in-vitro by nanotechnology 

(AFM) and used to delivery nanotechnological-agents (vascular targeting, where 

nanoparticles are conjugated with moieties specific for endothelial cell membrane receptors). 

 The endothelial layer, lining all the blood vessels (arteries, veins, capillaries), acts as a 

barrier regulating the substance exchange between the blood compartment and the 

extravascular region; sometimes it protects the latter from the entry of dangerous chemicals 

or micro-organisms, while sometimes –as, for e.g., during an inflammation– it allows the 

transport of endogenous cells into the latter. The endothelium integrity is important both in 

patho-physiological processes as the inflammation, where it becomes more permeable (in 

order, for e.g., to permit the immune-cells diapedesis), and also in systemically-injected nano-

particles, which may interact with the endothelial mono-layer. 

 Two studies are presented here. Both are in-vitro works with live human vascular 

endothelial cells (ECs), which where probed by a micro-particle (5µm-diameter silica sphere) 

attached as tip of an atomic force microscope (AFM), a recent but already-established tool in 

biology as well as many other fields. 

 In the first study, cells were incubated with Tumor Necrosis Factor-alpha (TNF-α), a 

known pro-inflammatory cytokine, in order to evaluate possible effects in their mechanical 

properties (cell Young‟s modulus and non-specific, visco-elastic adhesion) and cytoskeletal 

structure. Blood vessel endothelial cells inflammation by TNF-α was induced in order to 

better understand its functioning and to characterize it in-vitro with a fast and agile 

methodology (AFM); this is, to the best of our knowledge, the first study analyzing the effect 

of pro-inflammatory cytokines on three different EC types and demonstrating that the 

response to TNF-α stimulation is independent of the vascular district. 

 In the second study, the possible dependence of ECs mechanics (stiffness) and 

cytoskeleton upon the incubation with gold nanoparticles was assessed. Two particle sizes (30 
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and 100 nm) and four different incubation-concentrations (0, 0.1, 0.2, 0.5 mg/ml) were used, 

in order to see the possible dependence of the cellular response on those experimental 

parameters. 

 The obtained results aimed to add a contribution towards the comprehension of the 

bio-physical mechanisms governing the cells and their functions, both in patho-physiological 

cases (inflammation) and when systemically-, intravenously-injecting nanoparticles inside the 

bloodstream (gold colloid). 
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3.2 Endothelial cells and cell cytoskeleton 

 

 

3.2.1 Endothelial structure and functions 

 

The endothelium is a tissue (a specialized type of epithelium tissue, more specifically a 

simple squamous epithelium) formed by a single-layer of endothelial cells (ECs mono-layer). 

It lines the blood vessels (Figure 3.2.1): the endothelial cells form a thin layer lining their 

interior surface, forming an interface between circulating blood in the lumen and the rest of 

the vessel wall as well as the extravascular space. 

 

 

 

 

Figure 3.2.1 Diagram showing the location of endothelial cells [Wikipedia]. 

It presents: the lumen (where the blood flows) and the three tunicas (intima, media, 
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adventitia) constituting the vessel wall. The ECs constitute the tunica intima. 

   

 Endothelial cells are involved in many aspects of vascular biology, both physiological 

and pathological. 

 

Physiology 

 Endothelial cells line the entire circulatory system, from the heart to the smallest 

capillary. Endothelium lining the interior surfaces of the heart chambers is called 

endocardium. Both blood and lymphatic capillaries are lined by the endothelial mono-layer. 

ECs reduce turbulence of the blood flow, allowing the fluid to be pumped farther. 

 The endothelium acts as a selective barrier between the vessel lumen and the 

surrounding tissue, controlling the passage of materials and white blood cells into and out of 

the bloodstream; it also plays a role in the formation of new blood vessels (angiogenesis), in 

vaso-constriction and vaso-dilation (blood-pressure control) and in blood clotting. 

 

Pathology 

 Endothelium-related pathological conditions are atherosclerosis and inflammation. 

 Endothelial dysfunction –the loss of proper endothelial function– is a hallmark for 

vascular diseases, and is often regarded as a key early event in the development of 

atherosclerosis. Endothelial dysfunction has also been shown to be predictive of future 

adverse cardiovascular events. The most prevailing mechanism of endothelial dysfunction is 

an increase in reactive oxygen species, which can impair nitric oxide production and activity 

via several mechanisms [Deanfield et al 2005]; nitric-oxide reduction is one of the main 

mechanisms for endothelial dysfunction. 

 In certain cases, as during chronic inflammation, an excessive or prolonged increase 

in permeability (hyper-permeability) of the endothelial monolayer may happen. 
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3.2.2 Cytoskeleton structure and functions 

 

The cytoskeleton is an intra-cellular structure, whose basic function is to both provide 

structure to the cell itself and intra-cellularly transport molecules of interest. 

 It is present in all cells (in eukaryotic –Figure 3.2.2– as well as in prokaryotic cells), 

is contained within the cytoplasm and is made out of proteins; it has structures such as 

flagella, cilia and lamellipodia. It plays important roles in both intracellular transport (the 

movement of vesicles and organelles, for example) and cellular division. It has been 

described as a „protein mosaic‟ that dynamically-coordinates the cytoplasmic biochemistry 

[Peters 1929]. 
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Figure 3.2.2 Fluorescent image of eukaryotic cell cytoskeleton [Wikipedia]. 

Actin filaments are shown in red, microtubules in green, nuclei in blue. 

 

 

The eukaryotic cytoskeleton 

 The cytoskeleton provides the cell with structure and shape. Cytoskeletal elements 

interact extensively with the cellular membranes [Doherty et al 2008]. 

 Eukaryotic –as the mammalian– cells contain three main kinds of cytoskeletal 

filaments: micro-filaments (or actin-filaments), intermediate-filaments, micro-tubules. 

 Microfilaments are the thinnest filaments of the cytoskeleton (6nm diameter), having 

a double-helix structure. They are composed of linear polymers of actin sub-units, generating 

force. They also act as tracks for the movement of myosin molecules. 
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 Intermediate filaments, which are around 10nm in diameter, are more stable than actin 

filaments; like the latter, their function is maintaining the cell shape. Intermediate filaments 

organize the internal tridimensional structure of the cell, anchoring organelles and serving as 

structural components of the nuclear lamina and sarcomeres. They also participate in some 

cell–cell and cell–matrix junctions. 

 Micro-tubules are hollow cylinders, about 23nm in diameter (lumen ≈ 15nm in 

diameter), made of tubulin sub-units. Microtubules have a very dynamic behavior, and their 

function can vary with their arrangement –with different shapes, they form either the 

centrioles or cilia and flagella. As both flagella and cilia are structural components of the cell, 

and are maintained by microtubules, they can be considered part of the cytoskeleton; they 

play a key role in the intracellular transport of organelles as mitochondria or vesicles. 
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3.3 Atomic force microscopy and colloidal probe 

 

Atomic force microscopy (AFM), or scanning force microscopy (SFM), is a relatively-recent 

scanning probe microscopy technique, versatile in terms of both measurable sample and 

possible output. It indeed permits to extract many features and information, e.g. topographical 

images and characterization of different chemico-physical forces, from a wide range of 

samples, including biological specimen, both in dry and in liquid environment. 

 A general introduction on the operating principle of the AFM will be presented, 

followed by a focus over the two classical and more established modalities of operation, 

height topography and force–displacement curves, and completed by a brief overview about 

the colloidal probe technique and some biological applications. 
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3.3.1 Near-field and far-field microscopy 

 

Microscopy permits to obtain information about a sample, particularly to image it. There are 

different microscopy techniques, exploiting different physical mechanisms: some irradiate the 

sample with electromagnetic waves (optical microscopy) or with electrons (electron 

microscopy), while others mechanically-probe the sample (scanning-probe, or near-field, 

microscopy – SPM). 

Optical and electron microscopies, collectively called far-field microscopy, are 

established techniques which use waves (such as light or electrons) plus suitable imaging 

optics in order create a two-dimensional projection of the sample, exploiting certain sample 

properties such as its local absorbency. 

SPM‟s principle consists in perturbing a surface of the sample with a small, sharp 

probe (tip) brought into its close proximity: by guiding the probe over the sample surface, a 

three-dimensional relief of that surface can be created. The SPM probe, which is the core of 

the SPM system, has geometrical dimensions ranging from the nano- to the micro-scale. The 

generated relief reflects the nature of the local interaction between the probe and the sample 

[Hansma et al 1988]. 

SPM is a family of tools, comprising for example the scanning-tunnel microscopy 

(STM) and the atomic-force microscopy (AFM), very useful in order to study the surface of 

an object, either relatively-rigid or soft. Surfaces and interfaces are obviously everywhere, 

and understanding their composition and properties has tremendous value for all scientific 

fields, both theoretical and practical, particularly e.g. in adhesion, biology, rheology, friction 

studies. A significant technological improvement in surface analysis was the invention of the 

SPMs, which allow studying surface properties of materials from the atomic to the micron 

level. Initially (1980s), SPM measurements were limited to morphological output only; then, 

over the past two decades, they have been proven to be a great asset in solid surface 

characterization; in more recent years, they have been applied also to studies on soft materials 

and fluids, such as organic specimens, colloidal dispersions, fibers, thin films, fluid 

interfaces. The use of forces has proved to be a general approach [Radmacher et al 1992], and 

has made the SPM relevant to a wide range of applications, leading also to the emergence of 
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new techniques. A list of some of the techniques currently available is reported in Table 

3.3.1. 
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Table 3.3.1 Overview of different SPM techniques [Friedbacher et al 1999]. 

 

Historically, optical microscopy has artificially-increased the discriminative capability 

of the human eye; the electron microscopy has then further enhanced the achievable 

resolution; the scanning-probe microscopy has eventually widened the possibilities in 

obtaining the output (3D images instead than 2D, physical quantities as forces besides 

images). The resolution of the unaided human eye is, under optimal conditions, 100 μm; the 

common optical microscope can resolve down to 0.1 μm; the electron microscopes, scanning 

electron microscope (SEM) and transmission electron microscope (TEM), are able to 

routinely image morphological features ranging from 10 μm to 1 nm (particularly, the TEM, 

under ideal circumstances, is capable of atomic resolution). SPMs have some very important 

advantages over the optical and electron microscopes: generally, SPMs are cheaper, smaller, 

operable in ambient conditions, and capable of real topographic probing (where optical and 

electron microscopes can directly give only two-dimensional measurements). The invention 

of the AFM, particularly, has enhanced the human capabilities to deal with the nano-scale, for 

at least three reasons: first, it extended the SPM applications to insulating substrates; second, 

the AFM is capable to both acquire three-dimensional topography ranging from microns to 

Angstroms and measure an ample variety of forces (as van der Waals, double-layer, 

electrostatic, magnetic, chemical, friction, hydration) with sensitivity below nanonewtons 

[DiNardo 2004, Strausser et al 1994]; third, numerous modes of operation are continuously 

being discovered, broadening the SPM applications to map surface properties such as 

adhesion, visco-elasticity, phase-transition temperatures, thermal expansivity, diffusivity, 

conductivity, capacitance, electric and electrochemical potentials, and more [Wiesendanger 

1994]. 
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3.3.2 Scanning-tunnel and Atomic-force microscopy 

 

The first and ancestor of all scanning-tunnel microscopes (SPMs) is the scanning tunneling 

microscope (STM), in which the probe is guided relatively to the sample such that the 

tunneling-current occurring between probe and the sample, separated by a distance of only 

few angstroms, remains constant [Binnig et al 1987]. In the atomic force microscope (AFM), 

historically derived from the former, the probe is guided over the sample surface instead by 

force-fields existing between probe and sample [Binnig et al 1986a]. Both STM and AFM 

have been invented by the same research group. 

The STM was invented in 1981 by Gerd Binnig and Heinrich Rohrer at IBM in 

Zurich, Switzerland; in 1986 they were awarded the Nobel Prize in Physics for this invention. 

The STM was the first instrument to generate real-space images of surfaces with atomic 

resolution [Binnig et al 1982]. It uses a sharpened, conducting tip; a bias-voltage is applied 

between the tip and the sample under study; when the tip is brought within about 10 Å of the 

sample, electrons begin to tunnel through the 10Å-gap, from the sample into the tip or vice 

versa (depending upon the sign of the applied voltage) [Binnig et al 1982]. In order for the 

tunneling phenomenon to occur, both the sample and the tip must be conductors or, at least, 

semi-conductors. The resulting tunneling current, which is the signal used to create an STM 

image, varies with the tip-to-sample separation distance. More particularly, the tunneling 

current is an exponential function of the distance [Binnig et al 1982], giving the STM its 

remarkable sensitivity. Indeed, while imaging the sample it features a sub-angstrom vertical-

resolution and an atomic lateral-resolution, measuring forces with the outstanding resolution 

of 10 aN [Binnig et al 1986a]. STM generates three-dimensional images, which are obtained 

by rastering (scanning) the probe over a defined region of the sample surface while at the 

same time recording the current of tunneling electrons. The rastering is accomplished by 

piezoelectric actuators, which can manipulate either the probe or the sample in all three 

spatial dimensions. 

AFM was invented by Binnig, Quate and Gerber as collaboration between IBM and 

Stanford University in 1986 [Binnig et al 1986a]. The AFM probing-tip is mounted at the end 

of a flexible, reflective cantilever, which is normally fabricated by silicon micro-

manufacturing [Akamine et al 1990]. The interaction between the AFM probe and the surface 
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of the sample can be exploited to perform a wide variety of tasks: imaging the sample itself 

[Binnig et al 1986a], measuring some of its significant properties [Maivald et al 1991, 

Radmacher et al 1992], manipulating it at the nano-scale [Sitti 2003]. In order to image the 

surface of the sample and to measure surface information, it is necessary to determine the 

forces of interaction occurring between the sample and the probe. This is accomplished by 

measuring the deformation of the cantilever, from which the force is then readily derived. 

From this force, a variety of information –as sample height (topography), surface mechanical 

and electro-magnetic properties– can be extracted. Indeed, „images‟ obtained through AFM 

are richer in information than images produced using a different methodology as optical 

microscopy: they reflect, in the widest sense, the local mechanical properties of the sample 

[Maivald et al 1991]. In the case of hard samples, the image is dominated by the sample 

topology and the tip geometry; while for soft samples, the viscoelastic properties of the 

sample contribute significantly to the image formation [Burnham et al 1991]. 

AFM, like all SPMs, historically evolved from the STM [Binnig et al 1987], but, 

because of their different working principle, while STM is limited to conductors only, the 

AFM can instead image also insulating materials. This fact opens the possibility to 

experimentally characterize a wider range of materials of interest, in both the industrial 

processes and the biomedical applications; particularly, since AFM allows sensing of non-

conducting materials under various ambient conditions, also such as physiological buffer 

solutions, it has become a very important and versatile tool in life sciences [Ludwig et al 

2008]. 

Besides their differences, AFM shares with the STM, from which again it 

conceptually stemmed, the following interesting features: 

 a very-high resolution, in the molecular scale [Binnig et al 1982, 1986a], which is manly 

allowed by the presence of piezo-electric elements, used as actuators to position, either 

the probe or the sample, with an accuracy of fractions of atomic diameters [Binnig et al 

1986b].; 

 the interaction between the probe and the sample, which produces the signal from which 

the image or other features are extracted, is limited to only the surface of the sample 

(though, recently, a new, innovative AFM mode has been proposed in the literature 

[Tetard et al 2010], which permits to obtain also sub-surface information); 

 the interaction force between the probe and the sample is a function of the distance 

between the probe and the sample surfaces. 
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As a historical note, in its first published version [Binnig et al 1986a], AFM used to 

comprise an STM, whose sample was the AFM cantilever itself (Figure 3.3.1). The tip was 

then made of diamond, while the cantilever of gold; currently, the tips are usually made either 

of silicon-nitride or of silicon, and they are integrated with the cantilever itself which is made 

of the same material than the tip. This integration, which is achieved through micro-

fabrication processes, provides also a better mechanical stability [Petersen et al 1982]. 

Silicon, historically used as an electronic material only, began –because of its excellent 

mechanical properties– in the last few decades to be used also as a mechanical material. This 

rose the possibility to obtain a broad range of inexpensive, batch-fabricated, high-

performance, easily-interfaced systems, the AFM cantilevers being amongst them. 

 

 

 

 

Figure 3.3.1 First AFM experimental-setup [Binnig et al 1986a]. 

(a) System comprises also STM component; lever is not to scale. 

(b) Geometrical dimensions of lever, bearing a diamond tip. 
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3.3.3 AFM functioning, imaging topography and force measurement 

 

As per the general principle, AFM, like all SPMs, uses a very sharp tip to image 

features and measure forces within the near field of a sample surface [Strausser et al 1994]: 

distances between probe tip and sample are below 1 μm, often less than 1 nm [DiNardo 

2004]. The mass and dimension of the probe are small enough that the weaker, surface 

interactions become dominant and, therefore, accessible for scrutiny. Various applications 

and experimental setups consent to acquire both qualitative and quantitative knowledge about 

morphology, material properties, and interaction forces of diverse systems. AFM can probe 

mechanical interactions real-time and with molecular resolution (< 1 Å in height [Binnig et al 

1986a] and 0.1 pN in force [Cappella et al 1999]). The maximum resolution that can be 

actually reached depends on the features of the tip (particularly its shape and sharpness) and 

on the experimental conditions (particularly the operating environment, i.e. either gas or 

vacuum or liquid); its molecular-scale is mainly due the outstanding precision of the piezo-

electric elements. This high force-sensitivity can be exploited both in inorganic systems, e.g. 

at the molecular level to measure the force necessary to break a single chemical-bond [Stuart 

et al 1995], and in organic systems, e.g. at the cellular level where an individual cell can be 

evaluated in quasi-physiological situations [Dufrene 2002].  

As the AFM tip is scanned over the sample surface, which can be either conductive or 

insulating, it experiences attractive and repulsive ultrasmall forces, which are on the atomic 

scale and that depend on the chemical and mechanical properties of the sample. A list of 

characteristic forces experienced while operating the AFM are presented in Table 3.3.2. 
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Table 3.3.2 Forces characteristically present during AFM measurements at different 

distances [Reich et al 2001].  

 

 

 Forces between the tip of the cantilever and the surface of the sample cause the 

cantilever (which acts as a spring, with an ultrasmall mass) to bend. This cantilever deflection 

is measured, through an appropriate detector, as either the tip is scanned over the sample or 

the sample is scanned under the tip; optical-lever and interferometry are most commonly used 

techniques to detect those deflections. In order to modulate the interaction between the probe 

and the sample, a physical quantity is chosen as feedback in the control of the movements 

operated by the piezo-electric actuators: this in virtue of the fact that the interaction depends 

on the tip–sample distance. While measuring the cantilever deflection, at the same time the 

AFM measures motion of the cantilever or of the sample (depending on the system, either 

one of the two can be moved). The raw data originally measured by the AFM are thus the 

relative position of the scanner and the deflection of the cantilever. The measured cantilever 

deflections, which are used as a measure of the interaction forces, are acquired by a computer 

and can be used to generate the final output(s), e.g., a map of the surface topography (in the 

so-called imaging mode), a profile of the force as a function of the distance (in the so-called 

force mode), or others (as in Table 3.3.1). Usually, only relatively small samples – few 

centimeters in any dimension – can be probed by AFM, depending on scanner size. 

Typically, square regions having side length in the order of microns may be measured 

without having to move the sample (either manually or with motors). Surface features 

varying more than several microns from-peak-to-valley are not accessible and may damage 

the probe tip. Another important feature, besides sample size and smoothness, is the vibration 
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isolation, which can be achieved in different manners; since the ultrasmall dimensions of 

interest, any acoustic, electrical, structural vibration can seriously hamper the AFM capability 

to resolve features, so it should be provided with reliable noise isolators (this is also true for 

other SPMs). Atomic resolution can be routinely achieved even under ambient conditions 

with good isolation and extremely flat samples. Because of the very low mass of the 

cantilever, permitted by micro-fabrication [Petersen et al 1982], the force to move the 

cantilever through measurable distances (10
-4

 Å) can be as small as 10 aN [Binnig et al 

1986a]. In air, the AFM exhibits a vertical resolution < 1 Å and a lateral resolution of 30 Å, 

depending also on the tip configuration; in optimal conditions, force sensitivity can be down 

to 1 fN at room temperature [Binnig et al 1986a]. Force sensitivity is limited by thermally-

induced vibrations of the cantilever, so it could be decreased by decreasing the operating 

temperature. This level of sensitivity, allowed by the fact that the mass is so small, permits 

the AFM also to detect inter-atomic forces between single atoms. Generally speaking, the 

AFM can measure not only interatomic forces, which range from 0.1 μN (ionic bonds) down 

to 10 pN (van der Waals bonds), but any type of force, including electro-magnetic [Binnig et 

al 1986a]. While having an appropriately-sized tip is important for acquiring real surface 

features with atomic resolutions, the most important advancement –which ultimately enabled 

the AFM, and more generally SPMs, to reach sub-Angstrom precision– is the presence of the 

piezoelectric transducers: with proper vibration isolation, they have typical planar (x, y) and 

height (z) resolutions around 20 Å and 1 Å, respectively [Strausser et al 1994], and even two 

orders of magnitude lower are possible under ideal conditions. 

 

 

3.3.3.1 AFM components 

 

AFM, and more generally SPM, setups have varied in a few important ways since their 

production, from homemade units to standard commercial models [Binnig et al 1982, 

Strausser et al 1994, Lieber 1994]. While designs for ambient and vacuum operating 

conditions are common, the SPM can be fitted also with a liquid cell under ambient or purged 

atmospheres (N2 or Ar). 
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Cantilever 

Commercial cantilevers are usually made of either silicon or silicon nitride (Si3N4), 

and can be also differently-shaped (Figure 3.3.2). Spring constants for commercial 

cantilevers span a few orders of magnitude, i.e. 0.01÷100 N/m. The hardness of the sample as 

well as the particular forces of interest, in general, dictate the desired stiffness of cantilever. 

Deflections corresponding to typical atomic interactions (such as van der Waals attraction 

and electrostatic repulsion) are usually of the order of nanometers, generating forces of less 

than 0.1 μN; but studies in friction, nanowear and nanoindentation often deal with force 

greater than 1 μN [Bhushan et al 1995]. 

 

 

 

 

Figure 3.3.2 Some of the different AFM cantilevers commercially-available. 

 

 

Probe 

On the apex of the free-end of the cantilever is placed the AFM probe (tip), which can 

be variously-shaped or even absent (tipless cantilever). A very common shape is the 

pyramidal one (Figure 3.3.3), which is atomically-sharp, having radius of curvature in the 

order of magnitude of the nanometers: typical radii of curvature are 5÷50 nm [Tykhoniuk et 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 96 
 

al 2007] or more broadly 10÷100 nm [Ott et al 1994]; another common shape is the conical 

one. While the previous tips are built as already-integrated with the cantilever structure, many 

other possibilities are offered by the so-called colloidal-probe technique, consisting in 

customly-attaching different materials with different shapes to a cantilever (usually tipless). 

This permits to partially-choose –at least on the AFM side, the sample is not always 

controllable or modifiable– the type and order-of-magnitude of the forces of interaction 

(choosing the material) and the geometry of the interaction (choosing the shape). Particularly, 

AFM can be used to explore adhesive interactions between cells and particles, as it has been 

done in the present work. A set of examples of different AFM “colloidal” probes (where, in 

the literature, the adjective „colloidal‟ is used for particles sizing also more than 1µm) is 

shown in Figures 3.3.4÷7, where the probe can be constituted not only by nano- or micro-

particles, but also by cells. 

 

 

 

 

Figure 3.3.3 Typical pyramidal AFM tip. 
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Figure 3.3.4 Micro-particle colloidal probe, mounted on a cantilever either tipped (A) 

[Berdyyeva et al 2005] or tipless (B) [Kappl et al 2002]. 

 

 

 

 

Figure 3.3.5 Nano-particle colloidal probe, made by ≈50nm ceria particles [Ong et al 2007]. 

 

 

 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 98 
 

 

 

Figure 3.3.6 Carbon-nanotube colloidal probe [Hafner et al 2001]. 

 

 

 

 

Figure 3.3.7 Bio-colloidal probe, where either a single-cell (A) or a cell-monolayer (B) has 

been attached to the cantilever [Benoit et al 2002]. 

 

 

Scanner 

Piezo-electric elements are an important AFM part and reason for its success. AFM, 

as SPM, movements are permitted by actuators which are made of piezo-electric transducers. 

A piezo-electric material, by definition, transduces an electrical voltage in a mechanical 

deformation and vice versa; in AFM, only the direct principle is exploited, where the 

actuators deform in dependence of the applied voltage. Whether they elongate or contract, 

depends upon the polarity of the voltage applied. The piezoelectric material expands 

preferentially with the application of a potential bias between the appropriate electrodes and 

ground: a difference of electric potential of 1 V gives a ≈ 10 Å displacement for the usual 
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ceramics [DiNardo 2004]. The AFM scanner is composed of several piezo-actuators, 

permitting to independently-operate the x, y and z directions (usually, one piezo-transducer is 

user for z movement and another for x-y movements). The actuators allow manipulating 

either the sample or the AFM probe with extreme precision in the three spatial dimensions, 

whether the scanner tube moves either the sample relative to the tip or the opposite depends 

on the AFM structure and model. AFM piezo-actuators show nonlinearity and hysteresis, 

which can cause feature distortion in AFM imaging but which can be corrected (e.g. by 

applying a proper nonlinear voltage to the piezo-electrodes as in [Elings et al 1991], shown in 

Figure 3.3.8). Another piezo-scanner property is aging: the sensitivity of piezoelectric 

materials decreases exponentially with operation time, so most of the change in their 

sensitivity occurs at the early beginning of their life, while after that they will need seldom 

recalibration. 

 

 

 

 

Figure 3.3.8 Waveforms used to control piezo-actuator movement [Elings et al 1991]. 

Non-linear waveform (solid line) applied to the piezo-electrodes to produce linear scanner-

movement; the unaltered triangular waveform (dashed line) is included for reference. 

 

 

3.3.3.2 AFM measurement 

 

Deflection sensor 

Three techniques for measuring the deflection of the cantilever are: electron tunneling to the 

back of the cantilever [Binnig et al 1987], interferometry [Erlandsson et al 1988], and 

detecting the angular deflection of a laser beam reflected from the back of the cantilever 
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[Meyer et al 1988a,b, Alexander et al 1989]. Although various ways are existing to measure 

the cantilever deflection [Wickramasinghe 1990, Amer et al 1988], all commercially-

available instruments do this optically, either by interferometry or with displacement sensors 

[Radmacher et al 1992]. 

The cantilever deflection is most typically measured through a laser beam (Figure 

3.3.9). The laser is emitted and focused over the cantilever‟s apex, which is located on the 

upper face of the cantilever (while the tip is located downwards facing the sample to be 

scanned) and which is usually covered by a reflective layer (e.g. gold) in order to increase the 

optical output and the resolution. The apex reflects the laser beam onto a sensor, a position-

sensitive photo-diode (PSPD), which converts it into an electric voltage; the latter is further 

elaborated and used to control, through the feedback and the electronics, the piezo-actuators. 

The deflection signal, i.e. the laser reflected from the apex onto the photo-diode, can be 

exploited in two different ways of reading, which are perpendicular one to the other: one 

(normal) for imaging and the other (lateral) for friction measurement, as shown in Figure 

3.3.9. 
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Figure 3.3.9 AFM typical set-up, showing two different possible modalities of interpreting 

the deflection signal [Sitti 2004]. 

 

 

 

Force derivation and interpretation 

The interaction force between the surfaces of the cantilever‟s tip and of the sample depends 

on both: 

 the current distance between the tip and the sample (distance which is not directly 

measured by the system, but which can be easily calculated), here indicated as D; 

 the history of pathway which has been followed up to that particular moment, which is 

reflected in phenomena as hysteresis of piezo-elements and of force–distance curves and 

as sample–tip adhesion. 

The cantilever deflection, which is determined by the interaction between the cantilever 

tip and the sample, also depends on those two aspects. In the range of displacements and 

forces where the AFM cantilever is usually operated, it can be assumed to behave like a 

linear spring, hence the cantilever deflection (d) is related to the force mutually-exerted 

between the tip of the cantilever and the sample (F) through the Hooke‟s law: 

 

     (Equation 3.3.1) 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 102 
 

 

where kCL indicated the spring-constant of the cantilever. 

There are two opposite requirements on the cantilever‟s spring constant (kCL): from 

one side, it is desired to be low, in order to increase sensitivity (maximum deflection for a 

given force) for the forces of interest; but, at the same time, it should be high, in order –by 

increasing the cantilever resonance-frequency– to minimize its sensitivity to vibrational noise 

(e.g. that, around 100Hz, normally present in buildings) [Binnig et al 1986a]. But, since the 

cantilever‟s resonance-frequency (fCL) is given by: 

 

      (Equation 3.3.2) 

 

where mCL,eff is the effective mass of the cantilever, it is then possible to simultaneously 

decrease both kCL and mCL,eff in order to augment the fCL value. Here becomes clearer the 

importance of microfabrication in reducing cantilever‟s mass. In order to obtain absolute 

values of the interaction force, it is clear of being the utmost importance a correct and reliable 

calibration. 

So the force of interaction can be simply calculated from the measured deflection and 

the knowledge of the cantilever spring-constant, which has to be calibrated prior to the actual 

experiment. Actually, that force is the total equilibrium force (acting between tip and sample 

at a given separation), but a challenging aspect of AFM is discriminating the different types 

of interactions included in that total force, which depend on the particular application. For 

e.g., between the several forces which typically contribute to the deflection of an AFM 

cantilever, the most common is the van der Waals interatomic force, whose dependence with 

the distance D between the tip and the sample is shown in Figure 3.3.10. Two distance 

regimes are shown in Figure 3.3.10: the so-called contact regime and non-contact regime. In 

the contact regime, the cantilever is held less than a few angstroms from the sample surface, 

and the interatomic force between the cantilever and the sample is repulsive. In the non-

contact regime, the cantilever is held on the order of tens to hundreds of angstroms from the 

sample surface, and the interatomic force between the cantilever and sample is attractive 

(largely as a result of the long-range van der Waals interactions). These different regimes are 

exploited in different imaging techniques, as detailed subsequently. 
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Figure 3.3.10 Van der Waals force as a function of the distance [Howland et al 2000]. 

 

 

 

3.3.3.3 AFM modalities 

 

The AFM can be operated in several different modes of operation, each permitting to obtain 

different quantities of interest, the choice of the most suitable mode usually depending on the 

application. AFM, as well as other SPMs, can image the topography of the sample, measure 

the interaction force between the sample itself and its tip as well as other physical properties 

–such as surface conductivity, static charge distribution, localized friction, magnetic fields, 

elastic moduli. This can result in very diverse applications. Those applications and the variety 

of different quantities which is possible to assess are supported by different operating 

modalities available. 

In each modality, there is usually a different physical quantity –as the deflection of 

the cantilever or the amplitude of the induced-oscillation of the cantilever– which is 

elaborated and used as electronic input in order to control the movements of the piezo-

scanner. More specifically, the piezo-scanner is controlled both in the z direction, in order to 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 104 
 

modulate the sample–tip separation distance, and in the xy directions, in order to move on 

specific point on the sample surface. The piezo-scanner typically needs to be guided in order 

not to damage both the AFM system and the sample, as well as to extract significant 

properties from the measurement. Thus, feedback is very often used; anyway, sometimes 

feedback is disabled, e.g. in the so-called constant height mode, where the deflection signal is 

only used to create the image and is only recommended for atomically-flat surfaces. The most 

basic modalities of operation are the imaging modality and the force modality. 

 

Imaging modality 

If used in the so-called imaging modality, the AFM can provide the topography of a sample, a 

map of its relative heights for each point of a defined surface area of the sample. For each 

point (x, y) in the chosen sample area, the corresponding height –better, the relative variation 

of the sample height– is recorded. Those acquired data can then be further elaborated as 

colors (each height corresponding to a certain color), which can produce a 2D colorimetric-

map of the sample or be plotted as a 3D-image. As the AFM image is obtained by from the 

force created on the sharp tip by the proximity with the surface of the sample, depending on 

the relative average distance between the tip and the sample, different imaging modes are 

available: the so-called contact, intermittent-contact (or Tapping®) and non-contact modes. 

The AFM was first used to image samples [Binnig et al 1986a]. The first way to 

image samples was the so-called contact mode, which is also one of the currently most 

utilized for its simplicity. In contact mode, the feedback quantity is the cantilever deflection 

d. The AFM system behaves in order, adjusting properly Z (i.e. the height, in the z direction) 

of its piezoelectric motors, to keep constant d (hence, because of the Hooke‟s law, also the 

interaction force F will be kept constant). The resulting image is an isoforce relief of the 

sample, depending also on the operating environment. E.g., when imaged in air, the meniscus 

force of a wetting water film may dominate the attraction [Radmacher et al 1992]; when 

scanning in liquids, the overall forces between the tip and the sample are typically –

depending on the size of the tip used– 10 pN ÷ 10 nN, lower than in ambient air. 

 

Force modality 

The AFM, as previously mentioned, first application was imaging the topography of surfaces 

with high resolution; however, soon after its invention, it was realized that it could also be 

used to directly measure forces, exploiting its core principle-mechanism, in the so-called 
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force modality, pioneered around 1989 [Meyer et al 1989, Weisenhorn et al 1989]. This 

modality permits to obtain a plot of the interaction force between AFM tip and sample 

surface as a function of their distance, the so-called force–distance (F–D) curve, or simply 

force curve; data from such force–distance curves are useful to study all kinds of surface 

forces or material properties like adhesion events or elasticity [Kappl et al 2002]. As in 3D 

images (topography), in force measurements (spectroscopy) the piezoelectric actuators 

(whose height is measured) permit to vary the tip–sample relative distance and so the force of 

their interaction, hence the cantilever deflection; the measured value of the latter can be used 

as feedback to electronically-control the actuators, in order to perform a controlled 

measurement and to not damage the sample. 

While topography is obtained by probing a certain area of the sample, force curves are 

instead obtained in a specific point of that area, ramping the probe over the sample while 

measuring the cantilever deflection; since again Hooke‟s law holds, the interaction force can 

be calculated. The ramping movement consists in one or more cycles of two phases: the 

approach or extension phase, where the probe and the sample decrease their relative distance; 

and the retraction phase, where the probe gets further from the sample. In this way, fixing the 

(x, y) coordinates, an entire force-profile, in a pre-defined z-range of ramping (which is 

referred to as ramp size), can be obtained for a specific sample-point. The typical AFM cycle 

–consisting in the approach-to-contact before and retraction-to-starting-point then, both along 

the z axis– is controlled by variables input before acquisition, e.g., the maximum deflection 

permitted (setpoint) or force exerted on the sample (trigger mode), the cantilever approaching 

and retracting velocity, the delay time of residency of the probe over the sample once in 

contact, etc. 

Cantilever deflection versus z-displacement gives a force curve. Using Equation 

3.3.1, it is possible to obtain, from the AFM raw data (d–Z curves), F–Z curves. 
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3.3.4 AFM applications 

 

Although its relatively-recent invention, AFM has been widely used to study the physical 

properties of inorganic and also organic samples at the nanoscale: it can, for e.g., quantify 

forces in the range of a single antibody–antigen interaction [Ludwig et al 2008]. A 

representative gallery of AFM outputs spanning different samples from the atomic to the 

cellular scale is provided in Figure 3.3.11 [Reich et al 2001]. 

 

 

 

 

Figure 3.3.11 AFM images showing from atoms to cells: (A) mica, (B) plasmid DNA, (C) 

RecA–DNA complex, (D) nuclear pore complex channel, (E) intact thylakoid, (F) 

Tetrahymena cell [Reich et al 2001]. 

 

 

 The following AFM features allow it to follow dynamics and processes on the 

molecular and cellular scale directly: its non-invasive nature (if applied force does not 
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damage the sample), its possibility to operate under wet condition, its high force-sensitivity 

(≈ 0.1 pN), its possibility to investigate biological samples under physiological conditions 

without fixation or other invasive sample preparation [Dufrene 2002]. 

 Particularly, AFM has a unique advantage in studying mechanics, particularly in cells: 

the AFM-tip lateral position as well as the load force can be controlled with extremely high 

precision [Sokolov 2007]. An overview of a specific mechanical property –the Young's 

modulus– of many biological as well as abiological materials is presented in Table 3.3.3. 

More particularly, cytoskeletal actin de-polymerization produces a decrease in cell Young's 

modulus [Sugitate et al 2009]. 

 

 

 

 

Table 3.3.3 Young’s moduli of different materials, showing a spectrum from very hard to 

very soft [Sokolov 2007].  

Steel > bone > collagen > protein crystal > gelatin, rubber > cells; a considerable variation of 

rigidity even within cells can be observed. 

 

 

Inorganic samples 

 As per abiological applications, AFM has been proven useful particularly in material 

science as it has been used to study, for e.g.: the interaction between different couples of 

materials (polystyrene–silicon, polystyrene–mica, polystyrene–polyurethane, polystyrene–

gold, silica–silicon, etc.), particularly exploiting the colloidal-probe technique [Kappl et al 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 108 
 

2002]l; the direct interaction between a single nanoparticle and surfaces, attaching 

nanoparticles to the AFM tip [Ong et al 2007]. 

 

Organic samples 

 As per biological applications, AFM has been used, for e.g., for imaging of various 

samples of biological origin (DNA, DNA–protein interaction, proteins, lipid membranes, 

cells) and also for measuring forces in several contexts (force mapping on living cells, force 

curves in single-molecule inter- and intra-molecular interactions) [Alessandrini et al 2005]. 

Both cellular and acellular/subcellular have been measured by AFM. 

 As per acellular samples, the following ones were, for e.g., studied: cell membranes 

with bound proteins and gap junctions [Radmacher et al 1992]; frequency-dependent 

microrheology of polymer gels [Mahaffy et al 2000]. 

 As per whole cellular samples, whole-cell imaging by AFM is a complicated process 

due to a complex mixing between topography and mechanical and frictional forces; 

moreover, if the cells are imaged under native, hydrated conditions, then additional 

complications –associated with surface compliance, lateral displacements, surface instability– 

come into play. Consequently, spatial-resolution drops considerably, typically reaching 

10÷50 nm [Reich et al 2001]. Despite these obstacles, cells were amongst the first biological 

substances to be imaged by AFM, first under fixation conditions [Butt et al 1990] and later 

under living, native, hydrated conditions [Haberle et al 1991], using micropipettes to hold the 

cells during scanning. Later on, AFM has been applied to study a wide range of cellular 

phenomena. More specifically, AFM has been applied to evaluate: adhesion forces between 

live cells or between live cells and surfaces, particularly attaching cells on the AFM 

cantilever (what can be called 'cell probe') [Benoit et al 2002]; frequency-dependent complex 

shear modulus (elastic and dissipative behaviors) of live cells [Alcaraz et al 2003]; uptake 

rate and adhesion force between micro-sized particles (positively- and negatively-charged 

polymer micro-capsules) and cells [Munoz Javier et al 2006]; nanomechanical properties, 

surface and molecular-recognition forces of microbial cells [Gaboriaud et al 2007]; force of 

nanoparticle–cell membrane interactions and its influence on intracellular trafficking of 

nanoparticles [Vasir et al 2008]; differences in mechanical modulus between normal and 

cancerous cells, and also the ECMs produced by them [Pernodet et al 2008]; differences in 

the surface-brush of normal and cancerous cells [Iyer et al 2009].
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3.4 Influence of pro-inflammatory cytokine on cytoskeleton 

organization 

 

 

In this study [Lee et al 2011], the mechanical properties of TNF-α–stimulated endothelial 

cells were probed by atomic force microscopy (AFM) in order to evaluate their possible 

dependence on such patho-physiological biochemical substance. 

 Tumor Necrosis Factor-α (TNF-α) is a potent pro-inflammatory cytokine that 

regulates the permeability of blood and lymphatic vessels. The plasma concentration of TNF-

α is elevated (>> 1 pg/ml) in several pathologies, including arthritis rheumatoid, 

atherosclerosis, cancer, pre-eclampsia, obesity and trauma. To test whether circulating TNF-α 

could induce similar alterations in different districts along the vascular system, three human 

endothelial cell lines –namely HUVEC, HPMEC and HCAEC– were characterized in terms 

of: 

 mechanical properties, employing atomic force microscopy; 

 cytoskeletal organization, through fluorescent optical microscopy; 

 membrane over-expression of adhesion molecules, by sandwich immuno-assay 

(ELISA) and fluorescent immuno-staining. 

 

As it will be shown later in greater detail, upon stimulation with TNF-α (10 ng/ml for 20h), 

for all three endothelial cell-lines: 

 the mechanical stiffness increased by about 50%, with a mean apparent elastic 

modulus of E ~ 5 ± 0.5 kPa (~ 3.3 ± 0.35 kPa for the control cells); 

 the density of F-actin filaments increased in the apical and median planes; 

 the ICAM-1 receptors were over-expressed as compared to controls. 

 Collectively, these results demonstrate that sufficiently-high levels of circulating 

TNF-α have similar effects on different human endothelial districts, and provide additional 

information for unraveling the possible correlations between circulating pro-inflammatory 

cytokines and systemic vascular dysfunction. 
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3.4.1 Inflammation and surface adhesion molecules 

 

Along the circulatory system, endothelial cells (ECs) line the walls of blood and lymphatic 

vessels and finely regulate the exchange of nutrients and waste products between the vascular 

compartment and the surrounding tissue. 

 The solute exchange is accomplished through two pathways: transcellular and 

paracellular [Komarova et al 2001]. The first pathway is associated with the active transport 

of macromolecules (plasma proteins) and particulate-agents across the endothelial layer, 

mediated by cellular vesicles, following a process known as transcytotis. The second pathway 

is associated with the convective and diffusive transport across the inter-endothelial gaps 

within adjacent cells. 

 Depending on the organ and vascular district, the proportion of paracellular to 

transcellular transport varies. In organs of the reticulo-endothelial system (RES) –such as the 

liver, spleen and bone marrow– the discontinuous and highly-fenestrated endothelium favors 

the paracellular transport across vascular openings, which can be as large as several hundreds 

of nanometers [Michiels 2003]. Differently, the vasculature in non-RES organs is 

characterized, under physiological conditions, by a continuous endothelium, which does not 

allow the extravasation of solute molecules larger than 3÷5 nm [Michiels 2003]. 

 The integrity of the vessel walls and the regulation of the para- and trans-vascular 

transport are of fundamental importance in preserving tissue–fluid homeostasis. Several 

factors are known to alter the paracellular and transcellular transport, eventually leading to 

unbalanced homeostasis and major vascular dysfunctions. These include physical factors –as 

the trans-endothelial hydrostatic fluid pressure [Tokuda et al 2009]– and biochemical factors 

–as: 

 the pro-angiogenic cytokine VEGF (Vascular Endothelial Growth Factor) [Dvorak 

2006]; 

 the pro-inflammatory cytokines TNF-α (Tumor Necrosis Factor -α) [Worral et al 

1997], histamine [Pober et al 2007] and thrombin [Komarova et al 2007]; 

 bacterial toxins, as lipopolysaccharide (LPS) [Wu et al 2005]. 

All these circulating molecules and agents can recognize counter-molecules (receptors) 

expressed on the ECs and trigger an increase in vessel permeability, favoring the paracellular 
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transport. 

 The continuum endothelium in healthy vessels can become hyperpermeable during an 

inflammatory process. This is a normal response to external injury and pathogens in which 

TNF-α plays a major role, being involved in the activation and maturation of leukocyte and in 

the over-expression of specific adhesion molecules on the endothelium (E-selectin, ICAM-1, 

VCAM-1), which eventually favor the local recruitment of circulating leukocytes. A large 

number of diseases, not associated with any external stimuli or injury, are known to induce 

high plasma-levels of several cytokines, including TNF-α. 

 In healthy patients, the plasma level of TNF-α is generally smaller than 1 pg/ml, but 

its concentration can be abnormally high: 

 in the presence of atherosclerosis [Bozkurt et al 2009, Feldman et al 2000, Libby et al 

2006, McKellar et al 2009]; 

 during tumorigenesis and tumor growth [Kim et al 2006]; 

 in patients with rheumatoid arthritis [McInnes et al 2007]; 

 in women undergoing pre-eclamptic pregnancies [Laskowska et al 2006]; 

 in obese individuals [Rocha et al 2009]; 

 in incidences of acute trauma, including –but not limited to– traumatic brain injury 

[Harting et al 2008] and hemorrhagic shock [Roumen et al 1993, Suter et al 1992]. 

Also, others have reported that soluble forms of membrane receptors (TNFR) rather than 

TNF-α are initially released following trauma (based on serum levels one hour after arrival at 

a trauma center) and may serve as an indirect indicator that TNF-α associates with trauma 

[Tan et al 1993]. Significantly elevated TNF-α levels have also been linked to the onset of 

multiple organ failure (MOF) in trauma patients, where elevated cytokine levels, as early as 

one hour post admission to a trauma center, are indicative of risk of developing MOF 

[Roumen et al 1993]. 

 

In this study, three human ECs originating from different vascular districts –namely coronary 

(HCAECs), pulmonary (HPMECs) and umbilical (HUVECs)– were analyzed upon 

stimulation with TNF-α in terms of mechanical properties and cytoskeletal re-organization. 

 In particular, the apparent elastic modulus, the viscoelastic response and the non-

specific adhesion force for the three ECs were estimated using atomic force microscopy 

(AFM). This technique has been successfully used in characterizing the mechanical response 

of several cell types in different species [Iyer et al 2009, Mahaffy et al 2004, Mathur et al 
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2001]. 

 In addition, the biological response of the three ECs to the pro-inflammatory stimulus 

was characterized by observing the re-organization of the F-actin filaments within the 

cytoskeleton, through fluorescence microscopy, and by quantifying the level of membrane 

expression of adhesion molecules, as ICAM-1, through ELISA and immunostaining. The 

main objective of the present analysis is understanding how and if the response to TNF-α 

would depend on the vascular district. 
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3.4.2 Experimental methods 

 

Cell culture and TNF-α treatment 

Supplies were purchased from the following sources: 

 Human Coronary Artery Endothelial Cells (HCAECs; Cat# CC-2585, Lot# 

EN000307), Endothelial-cell Basal Medium-2 (EBM-2), Endothelial-cell Growth 

Medium (EGM-2) BulletKit (SingleQuots) were purchased from Lonza (Walkersville, 

MD, USA); 

 Human Pulmonary Microvascular Endothelial Cells (HPMECs; Cat# C-12281, Lot# 

9030501) were ordered from PromoCell (Heidelberg, Germany); 

 Human Umbilical-Vein Endothelial Cells (HUVECs; Lot# EN000307) were 

purchased from GlycoTech (Gaithersburg, MD, USA); 

 Tumor Necrosis Factor-alpha (TNF-α) and Anti-ICAM-1 fluorescein isothiocyanate 

(anti-ICAM-1-FITC) were purchased from Biosource (Camarillo, MD, USA); 

 Treated cell culture dishes (60 x 15mm) were provided by Corning (Corning, NY, 

USA); 

 Pre-cleaned glass microscope slides (3”x 1”x 1.0mm) and Tween 20 were obtained 

from Fisher Scientific (Pittsburgh, PA, USA); 

 Triton X-100 was ordered from ICN Biomedicals (Aurora, OH, USA); 

 Anti-ICAM antibody was purchased from NeoMarkers (Fremont, CA, USA); 

 Anti-mouse IgG 2b (γ-2b)-peroxidase and 2,2'-αzino-bis(3-ethylbenzthiazoline-6-

sulphonic acid) (ABTS) were purchased from Roche (Indianapolis, IN, USA); 

 AlexaFluor555–Phalloidin was obtained from Molecular Probes, Invitrogen.  

 

In order to investigate the influence of TNF-α on the cell membrane elasticity, HCAEC, 

HUVEC and HPMEC were seeded in a 60mm culture dish to 80% confluence, with EBM-2 

medium supplemented with an EGM-2 BulletKit and incubated 24h at 37°C in a 5% CO2 

atmosphere. The cells were then treated with 3ml of TNF-α, reaching a final concentration of 

10ng/ml, for 20h [Danila et al 2009] to promote an inflammatory response. Culture dishes 

were later rinsed with EBM-2 media to wash out the TNF-α solution. Data were all taken at 
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room temperature in a liquid environment (cell medium). 

 

ELISA and Immunofluorescence Analysis 

Cells (2.5∙104 cells/well) were grown in EBM media supplemented with an EGM-2 Bullet 

Kit (Cambrex) at 37 °C in 5% CO2. ICAM-1 was expressed on the surface of the HCAEC, 

HUVEC and HPMEC by activating them with 10 ng/ml TNF-α for 20 hours, and the extent 

of ICAM-1 expression was assessed by ELISA. The same cell density was used for both 

ELISA and fluorescence microscopy assays. 

 For ELISA, the cells were incubated with TNF-α (10 ng/ml) for 20 hours at 37 °C and 

5% CO2 in a 96-well plate. The next day, the cells were washed with PBS, fixed with 

Formalin for 20 minutes at room temperature, incubated with 3% BSA and 0.1% Tween 20 

for 1 hour and then incubated with anti-ICAM antibody (1:1000 dilution in PBS, v/v) for 2 

hours at 25 °C. The unbound anti-ICAM antibody was removed from the activated cells by 

washing with PBS, and the cells were incubated with anti-mouse IgG 2b (γ-2b)-peroxidase 

(1:2000 dilution in PBS, v/v) for 1 hour at room temperature. The excess of secondary 

antibody was washed away with PBS and then ABTS substrate (100μl) was added. After 30 

minutes of incubation, the absorbance at 405 nm was measured with a plate reader (Tecan). 

Non-activated cells were also subjected to ELISA as controls. 

 For fluorescence microscopy measurements, cells (2.5∙104 cells/chamber) were 

incubated in 8-chamber tissue culture slides overnight at 37 °C in 5% CO2. The next day, the 

cells were activated with TNF-α (10 ng/ml in EBM-2 media) for 20 hours at 37 °C in 5% 

CO2. Next, the cells were washed with PBS and fixed with 4% paraformaldehyde for 15 

minutes at room temperature. The cells were then washed two more times with PBS, and 

incubated with a solution of 0.1% Triton X-100 in PBS for 5 minutes. The unreacted sites 

were blocked with 1% BSA for 20 minutes. To stain actin filaments, the cells were then 

incubated with Alexa Fluor 555–phalloidin (5 units/ml [0.16 µM]) for 30 minutes at room 

temperature, and washed two times with PBS before the chamber partitions were removed 

and the slides were dried in air. The cells‟ nuclei were labeled with DAPI and then the images 

were captured with an Olympus IX71 inverted microscope equipped with TRITC and DAPI 

filters for epi-fluorescence measurements. 

 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 115 
 

Atomic force microscopy experimental set-up 

A Bioscope-II atomic force microscope (Veeco, Santa Barbara, CA, USA), combined with an 

inverted fluorescence microscope (Nikon TE-2000, Melville, NY), was used for testing and 

imaging the cells. 

 The AFM probe consisted of a 5μm-diameter silica particle (colloidal probe), attached 

(Novascan, Ames, IA, USA) at the edge of a silicon nitride V-shaped cantilever (Veeco), as 

depicted in Figure 3.4.1c, where the geometrical features of the colloidal probe are shown. 
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Figure 3.4.1 Atomic force microscopy for the mechanical characterization of live cells [Lee 

et al 2011]. 

(a) Schematic of the colloidal probe (spherical particle attached at the tip of a cantilever 

beam) interacting with the cell membrane adhering over a rigid substrate; 

(b) A representative force–displacement curve, with a measurable force of adhesion Fa and 

area ratio Av; 

(c) Microscopy image and geometrical data, for the V-shaped cantilever (length „H‟, width 

„W‟ and base „W‟) with on its apex attached the colloidal probe (diameter „d‟); 

(d) AFM-obtained image of a single HCAEC, highlighting its different locations (N: nucleus; 

C: cytoplasm; E: edge), scanned alive in EBM-2 medium at room temperature (contact mode 

in liquid, area XY = 120x120 µm
2
, with pyramidal probe DNP-S [Veeco] having fo=12÷24 

kHz and k=0.06 N/m). 
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 A schematic representation of the cantilever tip interacting with a cell membrane is 

shown in Figure 3.4.1a. The relatively-large particle-size leads to larger contact-areas and 

more-evenly distributed contact-pressures, which limit the penetration-depth upon contact 

and provides average information [Iyer et al 2009]. 

 The cantilever spring constant (nominal value of 0.32 N/m) was calibrated, before 

each experiment, using the thermal-tuning method [Butt et al 1995] in EBM-2 cell-culture 

medium, and resulted in values from 0.1 to 0.3 N/m. 

 For each experimental group, not less than 50 measurements were done for 

determining the F–Z curves. Data were acquired with the Bioscope-II software (Research 

NanoScope software version 7.30) and analyzed as follows. 

 

Atomic force microscopy data analysis: Young’s modulus 

The force F applied over the cell membrane by the colloidal probe is expressed as 

 

     (Equation 3.4.1) 

 

where k and d are, respectively, the spring constant and the deflection of the cantilever 

(Figure 3.4.1). 

  Following the Hertzian theory [Shigley 1983], the contact radius a at the interface 

between the cell and the colloidal probe is expressed as 

 

    (Equation 3.4.2) 

 

where E is the effective elastic modulus of the system (cell membrane–colloidal probe), 

defined as 

 

    (Equation 3.4.3) 

 

depending on the elastic moduli and Poisson‟s ratios of the cell membrane (E1, ν1) and 

colloidal probe (E2, ν2); R is the effective radius of the system, defined as 
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    (Equation 3.4.4) 

 

depending on the radii R1 and R2 of the cell membrane and colloidal probe, respectively. 

 Introducing the penetration depth δ (Figure 3.4.1), Equation 3.4.2 can be rephrased 

as: 

 

     (Equation 3.4.5) 

 

  Combining Equations 3.4.1 and 3.4.2, the relationship between the deflection of the 

cantilever d and the indentation depth δ of the probe is derived as 

 

 with     (Equation 3.4.6) 

 

 The parameters directly-measured by operating the AFM are the cantilever beam 

deflection d (or, equivalently, the force F = kd) and the relative vertical scanner-position Z. 

Using simple geometrical considerations (Figure 3.4.1), the parameter Z is related to the 

penetration depth δ as 

 

    (Equation 3.4.7) 

 

where Z0 is defined as the vertical scanner-position where the slope of the F–Z curves change 

abruptly and do is the corresponding cantilever deflection [Touhami et al 2003]. By using 

Equations 3.4.1 and 3.4.7, the force–displacement curves F–Z, directly acquired through the 

AFM, were turned into deflection–penetration depth curves (d–δ). Through Equation 3.4.6, 

the parameter η was derived by fitting the d–δ curves. 

 Since the spring constant k of the cantilever, the radius R2 of the colloidal probe and 

the Poisson‟s ratio ν1 of the cell (ν1 = 0.5) were fixed, the elastic modulus E1 was readily 

derived from η. 

 For the measurement of the elastic modulus, three different approaching/retracting 
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velocities (va = vr = 0.25, 0.5 and 1 μm/s) and three different applied forces (Fmax = 0.5, 1 

and 2 nN) were used. The approaching curves (solid line in Figure 3.4.1b) were considered 

for calculating the elastic modulus of the cell membrane. The maximum force applied was 

determined by the trigger mode of the Bioscope-II. 

 The relatively large colloidal-probe size leads to larger contact-area and more evenly 

distributed contact-pressures, limiting the probe penetration-depth inside the cell (≈ 200†300 

nm in the present study) and providing averaged information, which is beneficial because of 

the heterogeneous nature of the cells [Iyer et al 2009]. 

 

Atomic force microscopy data analysis: force of adhesion 

 The adhesion force (Fa) at the interface between the cell membrane and the colloidal 

probe was also measured using the Bioscope-II, fixing the approaching velocity to va = 

1μm/s and using two different retracting velocities (vr = 1 and 40μm/s). The energy losses 

associated with the viscoelastic deformation of the cell membrane were estimated by dividing 

the area comprised between the approaching and retracting curves by the area associated with 

the approaching curve, giving the area ratio Av. 

 

Statistical Analysis 

The Student's t-test was used to compare two groups. One-way ANOVA with repeated 

measurements was used for multiple comparisons. Significance was assumed for p < 0.01. 

The data and errors are expressed as means ± SD. 
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3.4.3 Main results and discussion 

 

Effects of TNF-α stimulation on the apparent elastic modulus 

The apparent compressive elastic moduli were calculated by analyzing the force–

displacement curves obtained through AFM following the Hertzian contact theory, as 

described in Section 3.4.2. The same procedures were applied to all three ECs in both the un-

stimulated (control) and stimulated conditions. 

 A typical force–displacement curve is shown in Figure 3.4.1b, where the dashed line 

corresponds to the approaching curve and the solid line to the retracting curve. The curves 

were measured over relatively-flat regions of the cell membrane (point C in Figure 3.4.1d) 

[Iyer et al 2009], always sufficiently far from the cell nucleus (point N in Figure 3.4.1d) and 

edge (point E in Figure 3.4.1d). The force–displacement curves were recorded in the same 

location of the cell, and the apparent elastic modulus were very consistent, exhibiting small 

standard deviations over multiple measurements. All the force–displacement curves were 

obtained for an indentation force of 0.5 nN and an approaching/retracting probe velocity of 

0.25 μm/s. For such small values of force and velocity, the assumptions of the Hertzian 

theory are fully satisfied [Mathur et al 2001]: the indentation depth was always smaller than 

200nm (sufficiently smaller than the thickness of the cell), and the visco-elastic response of 

the cell membrane was negligible. The presence and the morphology of the cell under the 

probe were monitored in situ through an optical inverted microscope. 

 

The apparent elastic moduli for the three cell lines are presented in the bar chart of Figure 

3.4.2, for both un-stimulated (white bars) and stimulated (dark bars) conditions. 
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Figure 3.4.2 Apparent elastic modulus for three different endothelial cell lines [Lee et al 

2011]. 

Bar chart presenting the apparent elastic modulus E for HUVEC, HCAEC and HPMEC under 

un-stimulated (control) and stimulated (20h with 10 ng/ml TNF-α) conditions. * means P < 

0.05. 

Operating parameters used: Fmax = 0.5 nN; va = vr = 0.25 μm/s; number of cells n = 3; 

repetitions per cell N > 30. 

 

 

 The apparent elastic modulus E for the three ECs presented in the bar chart of Figure 

3.4.2 is explicitly listed in Table 3.4.1. 

 

Tesi di dottorato in Ingegneria Biomedica, di Tommaso Novellino, 
discussa presso l’Università Campus Bio-Medico di Roma in data 10/03/2011. 
La disseminazione e la riproduzione di questo documento sono consentite per scopi di didattica e ricerca, 
a condizione che ne venga citata la fonte.



 122 
 

 

 

Table 3.4.1 Data in tabular form of Figure 3.4.2 [Lee et al 2011]. 

Results are presented as mean ± SD, and the number of repetitions n is also listed. 

 

 

 It was measured E = 3.44 ± 0.64 kPa for the HUVECs, E = 3.07 ± 0.36 kPa for the 

HCAECs and E = 3.42 ± 0.77 kPa for the HPMECs in the un-stimulated condition. There was 

no statistically-significant difference between the apparent elastic moduli of the three ECs (p 

> 0.1), which give an average of E = 3.31 ± 0.35 kPa. These results are in good agreement 

with other analysis available in the literature, conducted on human ECs following the same 

procedures used here [Kataoka et al 2002, Mathur et al 2001, Mathur et al 2000]. Slightly 

larger values for E were measured by Kang and colleagues [Kang et al 2008]. Also, these 

results confirm that cells performing similar functions (endothelial cells) but located in 

different organs do exhibit the same apparent elastic modulus and, consequently, similar 

cytoskeletal organization. 

 About 20 hours after stimulation with TNF-α, force–displacement curves were 

recorded and analyzed to derive the following apparent elastic moduli: E = 5.39 ± 0.63 kPa 

for the HUVECs, 4.72 ± 1.15 kPa for the HCAECs and 4.84 ± 0.89 kPa for the HPMECs. 

Compared to the un-stimulated cells, a statistically-significant (p < 0.01) increase in the 

apparent modulus was observed for all cell lines, with a ratio (Es/Eu) between stimulated (Es) 

and un-stimulated (Eu) cells of 1.54, 1.42 and 1.56 respectively for HCAECs, HPMECs and 

HUVECs. In other words, an increase in cell stiffness of about 50% was observed upon 

stimulation with 10 ng/ml of TNF-α over 20 hours, leading to an average E = 4.98 ± 0.53 

kPa. 

 The measurement of the apparent elastic modulus is influenced by the force applied 

over the cell membrane, the velocity of the probe and, consequently, the depth of penetration 
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of the probe. Therefore, a sensitivity analysis was performed on E by varying the indentation 

force Fmax between 0.5 and 2 nN and the indentation velocity (va = vr) between 0.25 and 0.1 

μm/s. The results of such analysis, summarized in Figure 3.4.3, confirmed the importance of 

reducing Fmax and v for accurately estimating the compressive modulus. The penetration 

depth in all the experiments was smaller than 200 nm. 
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Figure 3.4.3 Effect of the indenting force and velocity on the apparent elastic modulus [Lee 

et al 2011]. 

Operating parameters used: Fmax= 0.5 and 1.0 nN; va = vr = 0.25, 0.5, 1 µm/s. 
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 Different methods have been proposed, in addition to atomic force microscopy, to 

extract the mechanical properties of cells, such as magnetic [Bausch et al 1999] and optical 

[Wei et al 2008] tweezers, micropipettes [Sato et al 1990]. Generally, the methods and the 

procedures affect the final measure, giving different values for the mechanical stiffness for 

even the same cell. Nonetheless, it is here important to emphasize that the present work aims 

at a comparative analysis rather than to an absolute measurement of the cellular mechanical 

properties. 

 

The response to TNF-α stimulation was also documented by analyzing the reorganization of 

the actin filaments within the cytoskeleton and the over-expression of the adhesive molecules 

ICAM-1. The staining of the actin filaments with Alexa Fluor 488 phalloidin was 

observed over three different planes –namely apical, median and basal– using confocal 

fluorescent microscopy. Figures 3.4.4÷6 show the results for the HPMECs, HUVECs and 

HCAECs respectively, in the un-stimulated (left columns) and TNF-α–stimulated (right 

columns) conditions. Upon stimulation with TNF-α, the fluorescence intensity associated 

with the actin filaments increases over the median and apical cell planes. 

 More in detail, for the un-stimulated HPMECs, dense and thick actin filaments were 

observed on the basal and median plane transversing the whole cell, whereas on the apical 

plane the filaments were mostly located at the edge of the cell (Figure 3.4.4 – left column). 

Upon stimulation with TNF-α, the fluorescence intensity associated with the actin filaments 

increased over the median and mostly over the apical plane, where dense and thick filaments 

crossing the whole cells were clearly visible (Figure 3.4.4 – right column). Similar results 

were observed in the case of the HCAEC and HUVEC, as shown in Figures 3.4.5 and 3.4.6 

respectively. The same exposure time and acquisition settings were used for all the images. 
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Figure 3.4.4 Fluorescent microscopy of F-actin organization of HPMECs [Lee et al 2011]. 

The left column shows the un-stimulated HPMECs (control) and the right column the 

HPMECs stimulated with 10 ng/ml TNF-α for 20 h, over three different confocal planes, 

namely apical, median and basal. In green are the actin filaments (Alexa Fluor 488–phallodin 

staining) and in blue the cell nuclei (TO-PRO-3 staining). All scale bars are 50μm. 
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Figure 3.4.5 Actin staining of HUVECs, equivalent of Figure 3.4.4 [Lee et al 2011]. 
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Figure 3.4.6 Actin staining of HCAECs, equivalent of Figure 3.4.4 [Lee et al 2011]. 
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 The actin filaments are known to form a network under the cell membrane, providing 

mechanical strength, and to undergo extensive remodeling and reorganization upon TNF-α 

stimulation [Campos et al 2009, Petrache et al 2003, Wójciak-Stothard et al 1998]. The 

observed increase in filament density could explain the higher stiffness of the stimulated cells 

as compared with the controls. 

 Also, the level of expression of ICAM-1 was measured through ELISA, 

demonstrating a statistically-significant increase in the surface density for these adhesive 

molecules (Figure 3.4.7), normally over-expressed on the inflamed endothelium [Danila et al 

2009]. The increased expression of ICAM-1 molecules was also shown through 

immunostaining: Figure 3.4.8 shows the immunostaining for ICAM-1 for the three ECs 

considered. 

 

 

 

 

Figure 3.4.7 Expression of adhesive molecules ICAM-1 measured through ELISA test [Lee et 

al 2011]. 

Bar chart presenting the expression of ICAM-1 molecules in un-stimulated cells (white bars) 

and cells stimulated with 10 ng/ml TNF-α for 20 h (grey bars). * means P < 0.01. 
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Figure 3.4.8 Immuno-staining for the ICAM-1 receptors [Lee et al 2011]. 

 

 

Effects of TNF-α stimulation on the force of adhesion and viscoelastic response 

In addition to the apparent elastic modulus, the adhesive force at the interface between the 
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colloidal probe and the cell membrane and the viscoelastic response of the cell were 

recorded, following [Attard 2007]. The force of adhesion Fa was estimated as the maximum 

force measured along the retracting curve (Figure 3.4.1b); whereas the viscoelastic response 

was quantified as the ratio (Av) between the energy dissipated due to viscoelastic losses (area 

between the approaching and retracting curves – dashed area in Figure 3.4.1b) and the 

overall mechanical work performed (area under the approaching curve). 

 Since the AFM probe was not decorated with any ligand molecule, interfacial 

adhesion was only associated with weak non-specific interactions. This was reflected by the 

negligibly small values of Fa (<< 1 nN) measured with low indentation forces Fmax (= 0.5 

nN) and velocities va = vr (= 0.25 μm/s). In all experiments, the retracting curves appeared as 

continuous, with no noticeable abrupt jumps generally associated with the breakage of 

specific molecular bonds, thus confirming the non-specific nature of the forces at the probe–

cell interface. Therefore, in order to generate appreciable adhesive forces and viscoelastic 

losses, the indentation force and the retracting velocity were increased up to Fmax = 5 nN 

and vr = 40 μm/s, respectively. The results obtained with those new experimental parameters 

are presented in Figure 3.4.9. 
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a)  

 

b) 

 

 

Figure 3.4.9 Adhesion force and viscoelastic response of the three different endothelial cell 

lines [Lee et al 2011]. 

The force of adhesion Fa (a) and the area ratio Av (b) for three different cell lines (HUVEC, 

HCAEC and HPMEC) under un-stimulated (control) and stimulated (20h with 10 ng/ml 

TNF-α) conditions. * means P < 0.05. 

Operating parameters used: Fmax = 5 nN; vr = 40 μm/s; number of cells n = 3; repetitions per 

cell N > 30. 
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 Figure 3.4.9 shows the force of adhesion Fa and the area ratio Av, defined as above, 

for the three ECs under un-stimulated (white bars) and stimulated (grey bars) conditions. 

 The data of Figure 3.4.9 are explicitly listed in Table 3.4.3. 

 

 

 

 

Table 3.4.3 The force of adhesion (Fa) and the area ratio (Av) data for the three ECs [Lee et 

al 2011]. 

Results are presented as mean ± SD and the number of repetitions n is also listed. 

 

 

 For the un-stimulated HUVECs and HCAECs, an adhesion force (area ratio Av) of 

1.32 ± 0.30 nN (1.50 ± 0.14) and 1.26 ± 0.31 nN (1.47 ± 0.37) were measured, respectively. 

For these two cell-lines there was no statistically-significant difference (p > 0.03) and their 

values were significantly larger than the adhesion force (area ratio) estimated for the un-

stimulated HPMECs, having a value of 0.24 ± 0.10 nN (0.74 ± 0.13). It is interesting to 

observe that, under physiological conditions, the viscoelastic losses associated with the 

endothelial cells of the pulmonary microvasculature are about 50% smaller than those 

associated with the umbilical and coronary endothelial cells. Indeed, the lung 

microvasculature is continuously subjected to compressions and expansions, following the 

respiratory cycle, and a smaller area ratio Av would imply lower viscoelastic losses.  

 More interestingly, for the stimulated ECs, the force of adhesion Fa (area ratio Av) 

was similar for all cell lines (p > 0.01) being, respectively, 0.55 ± 0.22 nN (1.08 ± 0.22) for 
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the HUVECs, 0.54 ± 0.17 nN (1.02 ± 0.13) for the HCAECs and 0.46 ± 0.09 nN (0.74 ± 

0.13) for the HPMECs. The force of adhesion and viscoelastic losses for the HUVECs and 

HCAECs decreased significantly (50%) upon stimulation with TNF-α, whereas an opposite 

trend was observed for the HPMECs. In Figure 3.4.10, a sensitivity analysis is presented 

elucidating the effect of the retracting velocity on the force of adhesion and viscoelastic 

losses. It is confirmed that the viscoelastic response of the cell membrane decreases as the 

retracting velocity reduces. 
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Figure 3.4.10 Effect of the retracting velocity (vr) on the force of adhesion [Lee et al 2011]. 

Operating parameters used: Fmax = 5 nN; va = 1 µm/s; vr = 1 µm/s and 40 µm/s. 
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3.4.4 Conclusions 

 

TNF-α is a pro-inflammatory cytokine secreted primarily by macrophages and endothelial 

cells during an inflammatory response [Old 1985]. However, it is becoming clear that other 

cells can as well release in the tissue and eventually in the circulation large amounts of TNF-

α, including: lymphoid cells, mast cells, cardiac myocytes, adipose tissue, fibroblasts and 

neuronal tissue [Old 1985, Pennica et al 1984]. 

 The physiological plasma concentration of TNF-α is smaller than 1 pg/ml. However 

under pathological conditions, a substantial increase was documented depending on the 

patient, type and stage of the pathology. In Table 3.4.4, the TNF-α plasma concentrations are 

listed for several different pathologies. Indeed, high plasma level of TNF-α are known to be 

toxic [Lejeune et al 2006] and could lead to vascular dysfunction. 
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Table 3.4.4 List of the most common pathologies presenting higher levels of circulating TNF-

α and corresponding concentration [Lee et al 2011]. 

 

 

 Based on the presented AFM characterization and cytokine response of three different 

ECs, it is tempting to speculate that relatively-low, non-physiological concentrations of 

circulating TNF-α (< 1†10 ng/ml, much smaller than the maximum tolerable dose) over a 

sufficiently long time (from months to years) could be responsible for a progressive systemic 

alteration of the endothelium with an increase in cell stiffness and vascular permeability. 

Systemic vascular dysfunction could be the minimum common denominator for several 

apparently unrelated diseases, as rheumatoid arthritis, atherosclerosis, tumor progression and 

metastatization, pre-eclampsia, obesity and trauma, which are associated with high 

circulating levels of TNF-α. 

 Additional studies are needed to better characterize the response of the endothelial 

cells to TNF-α, including, in particular, the contribution of continuous blood flow. ECs 

exposed to continuous hydrodynamic shear stresses increase their stiffness over time [Mathur 

et al 2007], and this has been associated with an increase in actin fiber density primarily on 
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the basal plane. Differently, TNF-α stimulation was here observed to alter the actin density 

mainly at the apical and median planes. These observations would support a cooperative 

contribution of hydrodynamic shear stresses and TNF-α in cell stiffening. However, specific 

experiments should be designed to better analyze this issue. 

 In conclusion, the mechanical properties of three different cell lines (HUVECs, 

HCAECs and HPMECs) were analyzed before and after stimulation with the pro-

inflammatory cytokine TNF-α. The analysis revealed that: (i) before stimulation with TNF-α, 

no significant difference exists in terms of apparent compressive modulus among the three 

vascular districts tested, with an average E = 3.30 ± 0.35 kPa; (ii) upon stimulation with 

TNF-α, the stiffness of the ECs increases by about 50%, reaching an average E = 5 ± 0.5 kPa; 

(iii) before stimulation with TNF-α, the viscoelastic losses in the pulmonary microvasculature 

are about 50% lower than in the other two districts considered, for which no statistically-

significant difference was observed; (iv) upon stimulation with TNF-α, the viscoelastic losses 

become statistically similar in all three vascular districts. This study demonstrates that the in-

vitro response to TNF-α stimulation is independent of the vascular district. The observed 

increase in mechanical stiffness could be related to the larger density and thickness of the 

actin fibers observed mainly on the apical and median cell planes. These results provide 

additional information for unraveling the possible correlations between circulating pro-

inflammatory cytokines, as TNF-α, and systemic vascular dysfunction. 
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3.5 Influence of internalized nanoparticles on cytoskeleton 

organization 

 

 

3.5.1 Gold nanoparticles 

 

Biological applications/interactions 

Functional nanomaterials have recently attracted strong interest from the biology community, 

not only as potential drug delivery vehicles or diagnostic tools but also as optical 

nanomaterials. Particular interest have gained the intracellular delivery of nanoparticles in 

order to attain proper cellular applications, a field where rigorous and quantitative 

characterization of the uptake and the fate of the nanoparticles are critical variables of the 

cells–nanoparticles interacting system [Levy et al 2010]. 

 One intensively-studied functional nanomaterial are the gold nanoparticles, which 

have emerged as nano-scaled systems attractive for biological and biomedical applications 

because of their physical and chemical properties [Jain et al 2008], as depicted in Figure 

3.5.1. 

 

 

 

 

Figure 3.5.1 Properties and potential-applications of gold nanoparticles in biology and 

medicine [Levy et al 2010]. 
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 Gold has been long-considered inert and essentially non-toxic to cells [Connor et al 

2005]; anyway, as it will be discussed later on, this is controversial in the recent literature.  

 

Optical properties 

 The gold nanoparticles absorb and resonantly-scatter visible and near-infrared light 

upon excitation of their surface plasmon oscillation. The plasmon resonance band can be 

tuned over a wide spectral range by changing intrinsic parameters such as the material (bi-

metallic or hybrid particles), the size, the shape (sphere, rod, cube, triangle, cage, etc.) 

[Sonnichsen et al 2002].  

 The light-scattering signal is intense and much brighter than chemical fluorophores 

and does not photo-bleach or blink [Yguerabide et al 1998]. This constitutes an advantage for 

their applications in single molecule imaging, where the use of dyes, fluorophores, or 

quantum dots is limited by low signal intensities, complex blinking phenomena, and photo-

bleaching. 

  For particles below 30 nm, the absorption becomes dominant over scattering and can 

be used for detection by photo-thermal microscopy [Boyer et al 2002]. 

 

Particles synthesis 

 Gold nano-particles with varying core size are prepared by the reduction of gold salts 

in the presence of stabilizing agents to prevent nanoparticle agglomeration and control 

growth [Goubet et al 2009]. Particle suspensions are also commercially available. 

 Furthermore, gold nanoparticles can be easily functionalized by anchoring thiol-

linkers in their monolayers. A wide variety of functional bionanoconjugates has been 

obtained, including nanoparticles modified with peptides, proteins, antibodies, 

oligosaccharides, nucleic-acids [Boisselier et al 2009, Sperling et al 2008]. This allows the 

nanomaterials to act as multifunctional platforms for both therapeutic and diagnostic 

purposes. 

 

Biomedical applications 

 The use of functionalized gold nanoparticles for biological and biomedical 

applications includes bio-imaging, single-molecule tracking, biosensing, drug delivery, 

transfection, diagnostic [Levy et al 2010]. 
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 For example, through proper functionalization, the particles can be engineered to 

accumulate-preferentially in tumor cells using targeting ligands, providing a tool for cancer 

diagnosis and gene therapy [El-Sayed et al 2005]. 

 Sensor arrays have been developed to differentiate normal, cancerous, and metastatic 

cells using the fluorescence quenching properties of gold nanoparticles [Bajaj et al 2009]. 

 The interactions and fate of a broad range of functionalized nanoparticles is currently 

under investigation in a wide diversity of biological models, ranging from whole organisms 

to tissues to cells in culture, and also to yeast [Maheshwari et al 2010] and prokaryote 

bacteria [Amin et al 2009]. 

 The needs of intracellular delivery depend on the applications. For cancer-cell 

targeting and killing, the requirement is proper cell recognition and uptake independently of 

the ultimate localization (e.g. vesicular localization is not a problem in this context). 

However, for intracellular imaging and sensing, cell recognition is less important, whereas 

the ultimate intracellular localization of the nanomaterial is crucial and needs to be fully 

addressed. Many biomedical applications will ultimately necessitate a targeted intracellular 

delivery and availability of the nanomaterial, not only to specific cells, but also to specific 

subcellular compartments. Currently, the main challenge is to avoid endosomal localization 

and to control the stability of the functional capping after cellular uptake [Levy et al 2010]. 

 

Non-specific cellular uptake 

 The cell plasma-membrane defines the separation between the interior of the cell and 

its outside environment. It is semi-permeable, and allows free-diffusion of small and non-

polar molecules. However, bigger objects such as nanomaterials are incapable of crossing the 

plasma-membrane and require uptake mechanisms such as endocytosis [Doherty et al 2009, 

Conner et al 2003]. 

 Most gold nanoparticle bioconjugates are easily taken up by the cells through 

endocytotic mechanisms. Although endocytotic uptake is the norm for a broad range of 

nanomaterials, its efficiency is dependent on the nanoparticle surface chemistry and the 

physical properties (size and shape) of the material [Levy et al 2010]. Particularly, positively-

charged nanoparticles are known to have a favored endocytic entry into the cells. Indeed, 

anionic molecules and structures bind less efficiently to cell surfaces than neutral or cationic 

molecules because of the electrostatic repulsion between the negatively-charged surface 
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membrane and cellular environment; that is the reason why, for e.g., positively-charged 

liposomes are commonly used for transfecting molecules into cells [Chithrani et al 2006]. 

 In spite of the increasing number of published papers, controlling the intracellular 

delivery, fate, localization of nanoparticles remains a major challenge; even simple questions 

such as the effect of nanoparticle surface (charge, chemical-functionalization), shape, size are 

still controversial [Levy et al 2010]. This may be related to the complex and powerful 

mechanisms that cells use to protect themselves from foreign materials and organisms. 

 

Bio-toxicity 

 Regarding the biological toxicity of nanoparticles in general, both in-vivo and in-vitro 

experiments demonstrate that exposure to small nanoparticles is associated with 

inflammation, with particle size and composition being the most important factors [Buzea et 

al 2007]. 

 Anyway, there are many contradictory results related to the toxic effects of 

nanoparticles at different concentrations. Some studies show that certain materials are not as 

toxic as was observed by other studies. 

 One explication for the above phenomenon is that, when comparing the results of 

different studies, one must take into account that there are differences in the aggregation 

properties of nanoparticles in air and water, resulting in inherent discrepancies between 

inhalation studies and instillation or in vitro experiments. The aggregation may depend on 

surface-charge, material-type, size among others. Nanoparticles aggregation is essential in 

determining their toxicity, due to a more effective macrophage-clearance for larger particles 

compared to smaller ones (that seem to evade easier this defense mechanism), leading to 

reduced toxicity of nanoparticle-aggregates larger than 100÷200 nm [Oberdorster et al 2005, 

Takenaka et al 2001]. It has been demonstrated that a high concentration of nanoparticles 

would promote particle aggregation [Gurr et al 2005, Churg et al 1998], and therefore reduce 

toxic effects compared to lower concentrations [Takenaka et al 2001]. Most aggregates are 

observed to be larger than 100 nm, a size that seems to be a threshold for many of the adverse 

health effects of small particles. Therefore, experiments performed with high concentrations 

of nanoparticles will lead to the formation of nanoparticle aggregates that may not be as toxic 

as lower concentrations of the same nanoparticles [Buzea et al 2007]. 
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3.5.2 Experimental methods 

 

Human cells and gold nanoparticles 

 Human pulmonary microvascular endothelial cells (HPMECs) were purchased 

(Promocell) and cultivated with standard protocols. Nano-sized spherical particles, of 

different diameters (namely, 100 and 30 nm), were commercially purchased (Nanopartz and 

Nanocs, respectively). Relatively-young cells (passage 2÷5) were subcultivated for at least 

few days before being seeded in 8-well slide chambers (ThermoFisher Scientific) at a number 

(16000 cells/well) in order to obtain 80% confluency. After 24h from seeding, the cells were 

incubated for 24h (37C, 5% CO2) with different particle sizes and concentrations (0, 0.1, 0.2, 

0.5 mg/ml). Cells without particles were taken as controls. After incubation, cells were 

probed by Atomic Force Microscopy (AFM), imaged by optical microscopy (confocal and 

dark-field microscopes) and evaluated for their functionality (viability and proliferation) by 

Trypan-blue exclusion assay (Beckman Coulter VI-Cell). All measurements were performed 

at room temperature (25C). 

 

Atomic force microscope 

 In order to probe cytoskeleton organization, HPMECs stiffness was measured with 

AFM (Veeco BioscopeII) combined with an optical microscope (Nikon TE-2000) at room 

temperature in liquid environment. The seeding medium was washed twice with PBS and 

then replaced with new cell culture medium, where AFM was performed (within 1h from 

incubator removal). 

 A triangular, tipless, silicon-nitride AFM cantilever (Veeco) was used, with a nominal 

spring constant of 0.32 N/m, which was calibrated each time before measuring by thermal-

noise method, after photodetector-sensitivity calibration over a glass slide within cell 

medium. The AFM tip was a colloidal probe, a 5µm-diameter silica particle, attached at the 

apex of the V-shaped cantilever (Novascan), which was cleaned each time before the 

experiment leaving it in ethanol overnight. 

 The AFM probe was engaged in contact mode, and then continuously-ramped (force 

mode) over the cell in order to obtain significant force–displacement curves. The following 

parameters were used during measurement: maximum applied-force of 1 nN (relative trigger 

mode), ramp-size of 300 nm, ramping velocity of 250 nm/s (for both the approach and 

retraction portions of the force curve). For each experimental condition (particle size and 
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concentration), 4÷6 cells were measured, acquiring approximately 30 force-curves/cell. The 

AFM was controlled and the force data were m by the AFM software (Veeco NanoScope 

v7.30). 

 The force curves obtained as described above were then analyzed through the Hertz 

model as already presented in Section 3.4.2. 

 

Cells fluorescent staining 

 In order to investigate cytoskeleton structure, HPMECs were fluorescently stained for 

microscope observation with commercial dyes: their actin with phalloidin conjugated with 

AlexaFluor 488 (Invitrogen) and their nuclei with TO-PRO-3 (Invitrogen). The following 

staining protocol was used. 

 Cells were washed (with PBS, 5 minutes twice), fixed in 3.7% methanol-free 

paraformaldehyde (EMS) for 15 minutes at room temperature, washed, permeabilized in 0.1% 

Triton X-100 (MP Bio, diluted in PBS) for 5 minutes, washed, incubate with Image-iT FX 

Signal Enhancer (Invitrogen) for 30 minutes at room temperature in a humid environment, 

washed, incubated with the staining fluorescent phallotoxin solution (7% methanolic stock-

solution diluted in PBS + 1% BSA to reduce nonspecific staining) for 30 minutes at room 

temperature, washed, incubated with 2μM TO-PRO-3 solution (diluted in PBS) for 30 

minutes at room temperature, washed, mounted with ProLong Gold (without DAPI, 

Invitrogen) and carefully-sealed with Cytoseal 280 (EMS) to ensure long-term stability. 

 

Confocal scanning protocol 

 Cells stained as described above were scanned with an upright confocal microscope 

(Leica DM6000B), using a 63x objective with oil-immersion (n > 1.5). The same acquisition 

settings were used for all the confocal micrographs. Z-stacks were acquired with a fixed 

number of planes (13) at 100 Hz velocity, with pinhole at 1 PAU (95.5 μm). For actin 

fluorescence and bright-field, excitation laser was at 488 nm; for nuclei fluorescence, at 633 

nm. 

 

Statistical analysis 

 In order to compare two or more groups, one-way ANOVA was used, assuming that 

the difference between their means was statistically-significant for P < 0.05. 
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3.5.3 Main results and discussion 

 

As explained in the Materials & Methods section, live cells were incubated with positively-

charged gold nanoparticles (in order to enhance particle endocytosis from cells) for 24h, and 

were subsequently studied with several techniques, mostly microscopies (both near- and far-

field). 

 

Perinuclear distribution of gold nanoparticles 

 The first result was the confirmation of the peri-nuclear accumulation of the gold 

nanoparticles inside the cells. As expected [Uboldi et al 2009, Chen et al 2008], both 30 

(Figure 3.5.2A) and 100 (Figure 3.5.2B) nm particles showed to accumulate in the 

perinuclear region of the HPMECs, as qualitatively demonstrated by dark-field microscopy 

and confocal fluorescent microscopy respectively. So, at least in this case, the intra-cellular 

distribution of the particles does not seem to depend on their size. 
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B) 100nm 

 

 

 

Figure 3.5.2 Gold nanoparticles distribution inside HPMECs as imaged by microscopy. 

(A) 30nm particles, imaged with dark-field microscopy (concentration 0.5 mg/ml) 

(B) 100nm particles, imaged by confocal microscopy: merge between fluorescence showing 

actin (green) and bright-field showing particles (concentration 0.1 mg/ml) 

 

 

 Figure 3.5.2A shows cell dark-field micrographs after 24h incubation with 30nm 

spherical particles, incubated at concentration 0.5 mg/ml. The two images (100x), 

representing two different portions of the same sample, show the scattering of the particles 

and particularly their presence inside the cells. The intra-cellular distribution is clearly 

perinuclear. 
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 Figure 3.5.2B shows cell confocal micrographs after 24h incubation with 100nm 

spherical particles, incubated at concentration 0.1 mg/ml. The two images show the presence 

of the particles, which again tend to accumulate perinuclearly inside the cells. 

 

Cell softening associated with gold nanoparticles 

 The second result (Figure 3.5.3) was related to the Young‟s moduli of the cells, 

whose cell membrane stiffness was measured by AFM in force mode. Since the membrane is 

mainly supported by the cytoskeletal network, its stiffness likely estimates that of the 

underlining cytoskeleton. 
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A) 30 nm 

 

 

B) 100 nm 

 

 

Figure 3.5.2 Gold nanoparticles distribution inside HPMECs as imaged by microscopy. 

(A) 30nm particles, imaged with dark-field microscopy (concentration 0.5 mg/ml) 

(B) 100nm particles, imaged by confocal microscopy: merge between fluorescence showing 

actin (green) and bright-field showing particles (concentration 0.1 mg/ml). 
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 Figures 3.5.3A and B show cell stiffness results after 24h incubation with 30 and 100 

nm spherical particles respectively, for different incubation concentrations and cell locations. 

The same results are reported in tabular form as follows: 
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A) 30 nm 

Concentration 

(mg/ml) 

Cell 

location Young's modulus (Pa) 

SEM 

(Pa) n =  

0 N 3234.1 47.6 108 

0 C 3162.7 56.0 119 

0.1 N 3347.8 57.9 115 

0.1 C 3118.6 47.4 112 

0.1 P 2848.7 46.7 114 

0.2 N 3019.3 53.3 87 

0.2 C 2695.3 39.9 101 

0.2 P 2740.5 45.9 96 

0.5 N 2980.6 53.1 78 

0.5 C 2582.9 40.7 98 

0.5 P 2811.2 42.3 111 

 

B) 100 nm 

Concentration 

(mg/ml) 

Cell 

location 

Young's modulus 

(Pa) 

SEM 

(Pa) n =  

0 N 3234.1 47.6 108 

0 C 3162.7 56.0 119 

0.1 N 3250.6 91.5 155 

0.1 C 3327.8 127.7 167 

0.1 P 2806.8 52.6 122 

0.2 N 2900.0 73.6 154 

0.2 C 2804.2 50.6 126 

0.2 P 2620.5 34.1 114 

0.5 N 2809.3 51.9 156 

0.5 C 2831.4 59.1 157 

0.5 P 2579.9 38.9 96 

 

Table 3.5.1 Data plotted in Figure 3.5.3. 
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 In Figure 3.5.3, it can be noted that the measured Young‟s modulus depends, within 

the same probed-cell and particle-concentration, on the cell-location. This fact is expected, as 

per the cell well-known heterogeneity [Shroff et al 1995]. 

 More interestingly, a consistent decrease of stiffness of location P compared to both 

locations N and C is shown for each non-control concentration (0.1÷0.5 mg/ml). This local 

softening is even more evident in the 100nm incubation: in this case, for each concentration 

there is no statistically-significant difference between the nucleus and the cytoplasm, while 

there is always a statistically-significant difference between both the nucleus & the 

perinuclear region and the cytoplasm & the perinuclear region. The perinuclear softening 

correlates with the literature, where the Cytochalasin B (a myco-toxin which blocks the 

formation of contractile microfilaments, or actin filaments) is reported to substantially 

diminish the force required for indentation in perinuclear regions of the cell but has no 

apparent effect on the nucleus [Elson 1988]; Cytochalasin B provides a depolymerization 

effect, since it shortens the actin filaments (by blocking monomer addition at the fast-growing 

end of polymers) [Theodoropoulos et al 1994]. Hence, taking together our data with the 

previous literatures, a local actin depolymerization is seemingly caused by the internalized 

gold nanoparticles. 

 Furthermore, for both particle sizes, for increasing non-control concentrations (0.1 → 

0.5 mg/ml), the Young‟s modulus decreases for each location. This stiffness reduction may 

be interpreted as a progressive cytoplasm degradation, where its disruption is increased by the 

particles intra-cellular presence. 

 

Gold nanoparticles are associated with cytoskeletal disorganization 

 By staining actin filaments, using confocal microscope is possible to obtain 

meaningful and beautiful representations of cells internal mechanical status. 

 Particularly, Figure 3.5.4 shows qualitatively –for a given cell plane (the median 

one)– the variation of the internal cytoskeletal organization of the cells incubated with 

different particles concentration; more specifically, a larger actin disorganization can be 

observed with increasing concentrations. 
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A) 30nm 

Concentration 0 mg/ml 

  

  

Concentration 0.1 mg/ml 
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Concentration 0.2 mg/ml 

 

 

 

 

 

 

 

Concentration 0.5 mg/ml 
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B) 100nm 

Concentration 0 mg/ml 

 

Concentration 0.1 mg/ml 
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Concentration 0.5 mg/ml 

  

 

 

 

 

Figure 3.5.4 Cytoskeleton disorganization as imaged by confocal microscope, for both 30 

(A) and 100 (B) nm particles. 

Shown micrographs are frames –extracted from the acquired Z-stacks– corresponding to the 

cell median planes. 

 

 

 Figures 3.5.4A and B show cell confocal micrographs after 24h incubation with 30 

and 100 nm spherical particles respectively, for different concentrations. These results show 

qualitatively that, as particles incubation concentration increases, the cytoskeleton appears 

more disorganized and fluorescently bright at the same time. Thus, a differential organization 

of the actin cytoskeleton for the same plane of the same is obtained by changing quantity of 

the particles internalized by the cell. 

 

Actin distribution 

 In order to quantitatively evaluate and to better interpret Figure 3.5.4, the 

fluorescence intensity (Relative Fluorescence Intensity, RFI) of the actin on different planes 

has been calculated, for the different concentrations of both particle sizes. 
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 The fluorescence calculation, done by the confocal microscope‟s software Leica 

Application Suite – Advanced Fluorescence, consisted in averaging –for a given plane (frame 

of the Z-stack)– the actin fluorescence in the region of interest (ROI) chosen as the cell 

border. 

 The results are shown in Figure 3.5.5. 
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A) 30nm 

 

 

B) 100nm 

 

 

Figure 3.5.5 Actin fluorescence distribution in cell confocal micrographs after 24h 

incubation with 30nm (A) and 100nm (B) spherical particles respectively, for different 

concentrations. 

Distributions are plotted inside the cell from its basal (Z = 0) to its apical planes. Results are 

presented as mean±SEM. 

 

 

 As can be seen from Figure 3.5.5, intra-cellular actin fluorescence intensities increase 

with particles concentration pretty monotonically, the only exception being represented by 
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0.2 mg/ml concentration for the 100nm particles. These results, given together the images 

presented in Figure 3.5.4, show an overall increase of actin quantity inside the cell as the 

incubated, and hence internalized (as also confirmed by optical bright-field microscopy), 

particle concentration increases. 

 

Cell overall functionality is essentially unchanged 

 While the cytoskeletal/mechanical functionality of the HPMECs appears altered by 

the presence of the internalized gold nanoparticles (Figures 3.5.3÷5), the overall 

functionality of the cells does not seem to change significantly as from Figure 3.5.6. 
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A) 30nm 

Cell viability 

 

 

Compared groups P-value 

0 vs 0.1 0.06 

0 vs 0.2 0.70 

0 vs 0.5 0.29 

All 0.04 

 

Cell proliferation 

 

 

Compared groups P-value 

0 vs 0.1 0.50 

0 vs 0.2 0.50 

0 vs 0.5 0.68 

All 0.72 
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B) 100nm 

Cell viability 

 

 

Compared groups P-value 

0 vs 0.1 0.99 

0 vs 0.2 0.93 

0 vs 0.5 0.50 

All 0.96 

Cell proliferation 

 

Compared groups P-value 

0 vs 0.1 0.16 

0 vs 0.2 0.79 

0 vs 0.5 0.78 

All 0.91 
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Figure 3.5.6 Cells viability and proliferation, as both measured by Trypan-blue exclusion 

assay, for all particle sizes –(A) 30nm and (B) 100nm– and concentrations. 

Both quantities are normalized relatively to controls (concentration 0 mg/ml). Results are 

plotted as mean±SEM. 

 

 

 The vital status of a cell (viability) and its propensity to grow and proliferate 

(proliferation) can be seen as indicators of its overall functionality. For this reason, they have 

been both measured –by an automatized reading (Beckman Coulter VI-Cell) of the Trypan-

blue exclusion assay (where dead/unviable cells, having become permeable, are blue-colored 

because of the intracellular entrance of the Trypan inside their membrane)– in order to assess 

a possible change in their values due to the presence of the gold nanoparticles at different 

concentrations. 

 Viability is simply defined as: 

 

   (Equation 3.5.1) 

 

 Proliferation, instead, simply refers to the current number of viable cells measured 

over time, in order to give a trend of their growth (if the cell population is increasing or 

decreasing in number). 

  

 The VI-Cell instrument automatically processes and measures the number of both the 

viable cells and all the cells, from which the two above quantities are derived. 

 Figure 3.5.6A shows cell functionality results after 24h incubation with 30nm 

spherical particles, including viability and proliferation normalized relatively to controls, for 

different concentrations. Results plotted as mean±SEM (N = 4). No significant difference is 

observed between controls and non-controls as per proliferation. 

 Figure 3.5.6B shows cell functionality results after 24h incubation with 100nm 

spherical particles, including viability and proliferation normalized relatively to controls, for 
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different concentrations. Results plotted as mean±SEM (N = 3). No significant difference is 

observed between controls and non-controls as per both viability and proliferation. 
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3.5.4 Conclusions 

 

With increasing particles concentration, actin quantity increases (Figure 3.5.4 and 3.5.5) but 

at the same time both cell Young‟s modulus (Figure 3.5.3) and actin cytoskeletal 

organization (Figure 3.5.5) decrease: it is then tempted to speculate that the overall 

cytoskeleton functionality decreases, as it was also indirectly confirmed by a visible decrease 

of cells adhesion to culturing Petri-dish with increasing particles concentration. 

 Hence, gold nanoparticles internalized by human endothelial cells (HPMECs) seem to 

produce in them a progressive cytoskeleton disruption, while no apparent global functional 

cytotoxicity –in terms of decreasing either viability or proliferation– is shown (Figure 3.5.6). 

For this reason, when intravascularly-injecting them, in order to avoid some systemic 

endothelial cytoskeletal alteration, could be recommendable to conjugate them with moieties 

which specifically bind them to the target of interest, avoiding a potential unwanted bio-

modification. 
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4 Conclusions 

 

 

The present work is constituted of several nanomedical studies, which can be regrouped in a 

nanoparticle and in a nanochanneled-device areas; the first had more a biophysical aim, the 

second was oriented towards drug-delivery. 

 In the nanoparticle area, in-vitro effect of two biochemical/physical agents –TNF-α 

and gold nanoparticles– on live human endothelial cells, of several cell-lines, was assessed; 

AFM probed the mechanical properties (stiffness, adhesion) of the cells, while confocal 

microscopy revealed their cytoskeletal organization. For the TNF-α study, cells inflamed by 

that pro-inflammatory cytokine shown a change in their mechanics (increase in stiffness for 

all three cell-lines evaluated, decrease in non-specific adhesion and visco-elasticity except for 

cell-line HPMECs), in their cytoskeleton structure (increase in actin filaments, both density 

and thickness) and in their receptor expression (over-expression of ICAM-1 compared to 

controls, as expected): overall, the in-vitro response to TNF-α–stimulation was demonstrated 

to not depend on the vascular district. For the gold-nanoparticles study, cells which had 

internalized them –mainly in their perinuclear region– shown a local change in their 

mechanics (differential stiffness between within-cell locations and between within-location 

concentrations) and in their cytoskeleton structure (increase in actin filaments but decrease in 

actin organization, for the same cell-plane), while no substantial variation in overall cell-

functionality (viability and proliferation) was observed: overall, the in-vitro response to gold-

nanoparticles–stimulation was demonstrated to significantly though locally affect the 

mechanical and cytoskeletal properties of the studied cell-line (HPMECs), suggesting that 

targeted-version of gold nanoparticles be used when intravascularly injected. 

 In the nanochanneled-device area, in-vivo and in-lab release of two biomolecules –

IFN-α and a dextran– through academically-microfabricated delivery devices was monitored; 

the concentration of those solutes was measured over months, in order to assess the long-term 

aspect of the devices release properties, which were already demonstrated to be linear under 

certain conditions. For the IFN-α study, delivery devices loaded with that drug (human IFN-

α-2b, tradename Intron-A) were inserted inside both bio-compatible company-fabricated 
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capsules implanted in healthy rats for in-vivo and custom testing-devices for in-lab release 

evaluation, IFN concentration was measured by ELISA, histological analysis was also 

performed: in-vivo results showed a potential constant-release within one rat for 10 days, in-

lab results showed an average constant-release (14 ng/d, n = 9) for 70 days. For the dextran 

study, delivery devices loaded with that probe (MW = 10kDa, fluorescently-labeled) were 

inserted inside custom testing-devices for in-lab release evaluation, dextran concentration 

was measured by spectrofluorimeter: in-lab results showed an average constant-release (n = 

16) for 60 days. 

 In conclusion, nanomedicine –a very rapidly-growing research field– potentially 

provides unprecedented engineerable tools to deal with many biomedical applications and 

mechanisms, as in the cases here presented of in-vitro inflammation, in-vitro nanoparticles-

internalization and in-vivo drug-delivery. 
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