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Abstract 

The T4 bacteriophage is one of the model organisms for virus research and for quantitative 

biology in general1. A typical phage life cycle consists of: adsorption; penetration; genome 

replication; protein synthesis;  self-assembly of  new virions; and lysis of the bacterial cell2. 

Understanding the different forces and energetic barriers in the specific bonds governing 

adhesion in the adsorption process (the initial interaction between the phage and its host1) 

may represent a key element to explain many of the phenomena that are developed in this 

mechanism; among these, the number of long tail fibers attached to the host membrane 

involved in the penetration process or the potential diffusion of the phage along the bacterial 

surface. In order to accomplish this, the following study employs the methods developed by 

Beaussart et. al.3 on single-cell force spectroscopy using the Atomic Force Microscope to 

characterize the mechanics and energetics of the specific initial interaction between a single 

bacterium and a (probably) single virion.  

 

Resumen 

El bacteriófago T4 es uno de los organismos modelo para el estudio de virus y la biología 

cuantitativa en general1. El ciclo de vida de este fago consiste en: adsorción; penetración; 

replicación genómica; síntesis de proteínas; ensamblaje de nuevos viriones; y lisis 

bacteriana2. Entender cómo las fuerzas y barreras energéticas presentes de los diferentes 

enlaces específicos rigen la adhesión en el proceso de adsorción (interacción inicial entre el 

fago y su hospedero1) puede representar un elemento clave para explicar muchos de los 

fenómenos que se desarrollan en este mecanismo; entre estos el número de fibras caudales 

largas ancladas en la membrana del hospedero necesarias para el proceso de penetración o la 

posible difusión del fago sobre la superficie bacteriana . Con el fin de lograr esto, el siguiente 

estudio emplea el método utilizado en espectroscopía de fuerzas para células individuales 

desarrollado por Beaussart et. al.3 con Microscopía de Fuerza Atómica (AFM) para 

caracterizar mecánica y energéticamente el contacto inicial en la interacción específica de 

una bacteria individual con un fago(probablemente). 
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1. Introduction. 

The field of microbiology has traditionally been concerned on quantifying different processes 

related to the way cells respond to their environment, interact with each other, or undergo 

complex processes such as cellular differentiation or gene expression at the population level4. 

However, individual microorganisms in a population may widely differ in aspects such as 

their genetic composition, physiology, biochemistry, or behavior5–8 and this variability has 

important practical consequences9. On the other hand, the T4 bacteriophage as a model 

organism represents an important element for the quantitative study of biological systems, 

therefore, a lot of research has been developed in order to understand the different processes 

performed by an isolated individual virion2,10.  

 

This study will be focused on the adsorption mechanism of a single T4 mature isolated virion 

onto its host, which consists of the initial step of the infection process that ensures the 

continuation of the virus´ life cycle1. Understanding the forces and energies that govern the 

specific molecular interactions may result in a better understanding of the infection process. 

Here we adapt an assay developed by Beaussart et. al.3 to study the interaction between 

bacteria and a substrate in order to use AFM (Atomic Force Microscopy) force spectroscopy 

to study the interaction of a single bacterium with a (probably) single virion. 
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2. Background and previous work on T4 bacteriophages. 

a. General issues and structure of T4 bacteriophage 

T4 bacteriophage (fig.1) belongs to the Myoviridae family including viruses with a large and 

contractile tail, infects E. coli and contains a dsDNA coding for more than 40 structural 

proteins11. A mature virus consists of a prolate head with hemicosahedral ends (1150Å long, 

850 Å wide) encapsidating a 167kbp DNA genome12; a cocylindrical contractile tail (1000 

Å long, 210 Å –diameter)13 able to penetrate the host cytoplasm via a “syringe-like” 

mechanism14; a baseplate that harbors short tail fibers (STFs)14 and six long fibers (LTFs) 

attached to the baseplate (1450 Å long) 15 that recognizes and attaches the bacterial surface 

for posterior infection; and a collar region (located between the head and the tail of the phage) 

that displays short whiskers called whisker antigen control (Wac) with the capacity to bind 

the LTFs thus regulating their spatial disposition14. The general structure of the virion is 

sketched in fig. 1. 

 

Figure 1. T4 general structure. The proteins comprising the virion are labeled with their 

corresponding gene number or name11.  

b. Long tail fibers (LTFs). 

As this study will be focused on dynamical aspects of the long tail fibers (see fig. 2), that are 

crucial for the adsorption mechanism, it is worthwhile to mention some of their properties. 

LTFs are adsorption devices and environmental sensors11 and can be divided into proximal 

(~700 Å) and distal (~700 Å) half-fibers15 angled 20° and are displayed in two conformations: 

retracted (the proximal half-fiber is wrapped around and bound to the tail sheath interacting 

with Wac fibritin protein and the capsid) or extended states14. Jun et. al.14 used cryo-ET data 

to demonstrate that, on average, two or three fibers are in the extended position at normal 
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conditions. The proximal part of the fibers is conformed by a gp34 trimer domain while the 

distal part by the trimeric gp36 and gp 37 and the monomeric gp35 domain15, where the N-

terminal region of the gp34 trimer forms the baseplate-binding bulge11 and the C-terminal 

region of the gp37 trimer corresponds to an adhesin that binds E. coli receptors16. 

 

 

Figure 2. Domain organization of the T4 LTFs as indicated by Leiman et. al.11 on the 

STEM visualization elaborated by Cerritelli et. al.15 The bar indicates 20 nm. 

 

c. Life cycle 

A typical phage life cycle consists of: adsorption; penetration; genome replication;  protein 

synthesis;  self-assembly of the new virions; and lysis of the bacterial cell2. Figure 3 shows 

a scheme of this processes and their time lapse. Infection begins with the host receptors 

recognition, attachment of the phage to the cell envelope, penetration and ejection of its 

genetic material into the host cell (adsorption and penetration processes). After this, the virus 

arrests the bacterial gene expression, this means, the DNA replication, transcription and 

protein synthesis. On the other hand, large part of the infection process is mediated by 

temporal regulation of transcription, therefore, T4 protein synthesis is classified in early, 

middle and late transcription depending on the temporary stage of the mechanism. The phage 

DNA replication is performed by the host RNA polymerase which will occur at rates 10-fold 

higher than those seen in uninfected E. coli. Finally, the morphogenesis of new virions is 

carried out completing the cycle with cell lysis1.  
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Figure 3. T4 life cycle1. A) Schematic representation of the processes carried out during 

the phage life cycle. B) Time lapse of the different stages in the infection mechanism. 

 

d. Adsorption and penetration processes 

The following study is intended to characterize adhesion properties of the T4 and E. coli B 

interaction within a temporal range of less than 10 seconds, this corresponds to the adsorption  

and maybe penetration regime. With this in mind a more detailed description of this 

mechanisms is necessary: The adsorption and penetration processes (see fig. 4) beggins with 

the molecular recognition between the tips of the LTFs (mainly the C-terminal region of the 

gp37 trimmer which adhesion is strongly dependent on its primary structure16),  and receptors 

in the outer layer of the bacterial cell surface; lipopolysaccharides (LPS) for E. coli B and 

Ompc for E. coli K strains1. In the case the B strain of E. coli, LTFs specifically binds to the 

highly conserved inner core of the LPS via a reversible bond17; studies in other phages18,19 

and T4 preference for infection at cell poles20 suggests that this reversible bonds may be used 

for the movilization of the virion allong the bacterial surface to specific infection sites14. 

Binding of at least three LTFs to the bacterial surface derives in a recognition signal sent to 

the baseplate attachment protein, gp9, and then to the baseplate which suffers a 

conformational change that triggers the STFs irreversible binding to the host and the tail 

A 

B 
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sheath contraction that allows penetration of the bacterial outer membrane11. After this, 

lysozimic activity in the tail tip allows the peptidoglycan layer degradadion and posterior 

ejection of DNA via an invagination on the inner membrane14. 

 

 

 

Figure 4. Schematics of the adsorption and penetration processes11. 
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3. Background and previous work on the employed 

methodology. 

a. Dynamic Force Spectroscopy (DFS) 

Understanding the forces governing specific molecular interactions represents an important 

task for molecular and structural biology21. That is why various techniques have been 

employed to directly probe such interactions as pipette suction22, magnetic beads23, flow 

chambers24, optical traps and tweezers25,26, among others21.  DFS consists on measuring the 

behavior of single complexes under stretching mechanical forces, specially bond rupture 

forces27. It is important to mention that a bond, in the context of DFS, arises from the sum of 

all non-covalent interactions between two entities. 

 

Theoretically, a paper authored by George Bell28 may be considered as a starting point for 

all recent work on DFS as it reexamined frameworks using conventional kinetic constants in 

order to characterize the specificity and affinity of single bonds27. Here is where a simple 

model taking into account the effect of disruptive forces on dissociation rates is proposed 

leading to the Bell’s model for non-covalent adhesion (eq. 1)27 justified by Evans and 

Ritchie29 following smoluchowski’s equation. 

 

:𝑘𝑜𝑓𝑓(𝐹) = 𝑘𝑜𝑓𝑓(0) exp (
𝐹𝑥𝛽

𝑘𝑏𝑇
)            (1) 

𝑘𝑜𝑓𝑓(0) = 𝐴𝑒𝑥𝑝 (
−∆𝑈

𝑘𝑏𝑇
)                        (2) 

𝑘𝑜𝑓𝑓  represents the dissociation rate ( 𝑘𝑜𝑓𝑓 = 𝑡𝑜𝑓𝑓
−1 , with 𝑡𝑜𝑓𝑓 the mean dissociation 

time30)  of a bond subjected to a force F along a distance 𝑥𝛽 and T represents the thermal 

energy. 𝑘𝑜𝑓𝑓(0)  is the bond dissociation rate at 0 force and can be found using the Kramers 

relation (eq. 2)  for the rate of scape of an overdamped particle (as proteins are) where A 

represents the Arrhenius constant and ∆𝑈 the bond dissociation energy under cero force. This 

law allow us to characterize a bond using its energy landscape; namely, the energy barriers 

along its rupture pathways (see figure 5). The shape of an energy landscape can be described 

with two parameters; the height of energy barriers (∆𝑈) and the width between the valley 

and the summit of the mountain (𝑥𝛽)27.   
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Figure 5. Bell’s model representation. Here a bond can be described with and 

unidimensional energy landscape. The probability of crossing the barrier by a particle was 

estimated at exp(Ea/kbT) where Ea is the activation energy. The energy curve is lowered in 

proportion to the distance by an effected force28. 

 

Furthermore, one of the ways to build an energy landscape was proposed by Evans and 

Ritchie29 using constant velocity pulling experiments and the mean rupture force linear 

dependence on the logarithm of the loading rate (i.e. ln(𝑑𝐹/𝑑𝑡)). Given this, the slope on a 

mean force versus logarithm of the loading rate plot offered an estimate of  𝑥𝛽 while the value 

of the loading rate at cero force an estimate of the energy barrier height (see fig. 6)27. 

 

Figure 6. Bell Evans plot to estimate 𝑥𝛽 and ∆𝑈 of an energy landscape. 
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b. Atomic Force Microscopy (AFM) for DFS experiments quantifying microbial cell 

adhesion. 

AFM uses a sharp tip at the end of a flexible cantilever to probe topological and mechanical 

characteristics of a sample21. This is achieved using a laser that reflects in the cantilever that 

can change the reflection angle depending on its deflection (see fig. 7A). This signal is then 

traduced with a photodiode that converts the deflection distance into a voltage signal. One of 

the modes at which the AFM can be operated is the “force-measuring” mode. This system 

uses the deflection of the cantilever and its elastic constant to measure forces between two 

entities and has been used to measure binding forces of complementary DNA strands31, 

receptor-ligand systems29 and forces maintaining folded domains in modular proteins32 

among others. A typical force-distance curve is sketched in figure 7B where the rupture force 

of the bond is titled “Fadh”. 

 

  

 

 

Figure 7. A) Modified version of the general AFM performance scheme presented by 

Bizarri et. al.27 B) Schematics of a typical foce-distance curve at the force measuring mode 

in the AFM. 

The AFM force measuring mode has an enormous variety of applications, however, in this 

study we are interested in Single-Cell Force Spectroscopy (SCFS), a special case of DFS. 

SCFS of bacterial cell adhesion involves functionalization of AFM cantilevers with a single 

live bacteria (usually using poly-L-lysine, electrostatic interactions or hydrophobic 

interactions), preparation of the target substrates and recording force-distance curves 

between the cellular probe and the substrates3. Among the different procedures that had been 

used for the proper attachment of cells to a cantilever, Beaussart et. al.3developed a method 

with two main advantages: It allows the integrity of the bacteria avoiding chemicals that can 

denaturate the cell surface and allows the proper attachment of a single cell. The protocol 

involves cell attachment to a colloidal particle coated with a wet adhesive photopolymer at 

the end of a tipless cantilever in order to develop force measurements with a substrate (in 

their case, a lectin monolayer)(see fig. 9). The following study will use this SCFS method in 

order to study the interaction between a single bacterium and a single virus at the substrate. 

 

A B 
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Figure 9. Scheme of the method developed by Beaussart et. al. to study the interaction of a 

single bacteria with a substrate3. 
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4.  Objectives 

a. General objective 

 
Study the mechanical and adhesion properties of the initial stage of T4 bacteriophage infection using 

AFM force spectroscopy. 

 

b. Specific objectives. 
 

 Achieve an effective T4 functionalization and visualization with epifluorescence 

microscopy. 

 Adhere a single bacterium to a colloidal AFM probe. 

 Using dynamic force spectroscopy, elaborate a mechanical and energetical 
characterization of the adhesion process during T4-E. Coli B interaction. 
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5. Methods 

a. Bacteria and bacteriophages. 

The E. coli strain used was wild type B, ATCC 11303 and the bacteriophage T4 strain used 

T4D ATCC 11303-B4 (both from the evergreen state college, Olympia, Washington).  

 

b. Coverslip T4 functionalization and visualization with epifluorescence microscopy. 

A modified version of the essay proposed by Shao et. al.33 for epifluorescence bacteriophages 

visualization was used. We mixed 10 𝜇𝑙 of a 108 PFU/𝜇𝑙 T4 sample and 10 𝜇𝑙 of 4’,6-

diamidino-2-phenyl-indole (DAPI, Sigma) 57𝜇M, and incubated the mixture at room 
temperature for 10 minutes. Then, according to the methodology used by Rangel-Forero34,  

the coverslip was functionalized with 40 𝜇𝑙 of the T4-DAPI mixture and bicarbonate 0.02M 

during 1 hour at 37°C. In order to avoid subsequent unspecific interactions of the bacteria 

with the coverslip, the slides were then rinsed three times in a phosphate buffered saline  

(PBS) solution with BSA 0.2% and incubated with 40 𝜇𝑙 of this solution 2 hours. Finally, 
localization of T4 virions prior AFM measurements where done with an Olympus IX51 

optical microscope; the images where taken using two different emission filters, one in the 

DAPI emission spectrum (now along will be called blue filter) (barrier filter BA420, 

Olympus) and the other out of it (now along will be called red filter) (barrier filter BA570-

625HQ, Olympus) thus preventing force-distance diagrams on non-virion autofluorescent 

particles.  

 

c. Fabrication of the colloidal probes. 

A drop of UV NOA 62 (Norland, Edmund Optics)(this is an adhesive photopolymer) and 6.1 

𝜇𝑚 diameter silica microspheres (bang laboratories)  are added to a microscope slide (the 
last using a sterile stick to carry and spread the microspheres) and mounted on a Zeiss 

Axiovert 40CFL microscope coupled to a Newport 460A Series XYZ micro-manipulator 

(Newport Corporation) 

  (see fig. 10). Now with this, an AFM probe is held with the micromanipulator and used to 

spread the photopolymer (generating a thin layer of glue) and then replaced with a tipless 

cantilever probe (NP010, Microlevers, Veeco). The new cantilever is then submerged into 

the film of glue and then brought into contact with a silica microsphere by shaking the 

cantilever with a tap to the microscope. The arrangement is then cured under a UV lamp of 

a laminar flow hood for 30 minutes. Colloidal probes were stored at room temperature and 

used 1 week (or earlier) after their elaboration. 
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Figure 10. Scheme of the system used to adhere silica microspheres to AFM tipless 

probes.  

d. Cell adhesion to the colloidal probes. 

According to the method proposed by Beaussart et. al.3 a colloidal probe is first submerged 

1 hour in a Tris-HCL 10 mM (pH 8.5) buffer solution containing 4 mg/ml dopamine 

hydrochloride (as polydopamine has a fast polymerization, the cantilever is immediately 

immersed in the dopamine solution after its preparation )(se fig. 11).  After positioning the 

chip inside an MFP-3D-BIO™ AFM, the usual calibration protocol for virtual deflection, 

deflection inVols (cantilever sensitivity) and spring constant (using the thermal noise 

method) was carried out. Then, the system was used to bring into contact the tip with a single 

bacterium during ~1 minute (see fig. 12 for more details on the contact mechanism used for 

this procedure). In order to confirm the adhesion of a single-cell to the probe, force-distance 

curves where taken verifying two conditions: 1) a significant reduction of the young modulus 

of the sample, 2) pili-like bond rupture events in the retraction segment of the curve. 
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Figure 11. Scheme of the method used to incubate AFM probes in liquid environments. 

The form of this capillary can be obtained by exposing a normal capillary tube to fire. 

 

Figure 12. Sphere and bacterium contact details. In order to gather an effective adhesion 
of the bacterium to the colloidal probe, the tip was engaged to the bacterium (I and II) and 

then translated using the microscope micrometric screws (III and IV). 

 

e. AFM force spectroscopy measurements. 

After adhering a single bacterium to the probe, the sample chamber is changed for the 

treatment of interest. After approaching the cell probe to the substrate (in this case a T4 

functionalized coverslip) and positioning the tip over a fluorescent phage (see fig. 13), 100 
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force-distance (or more) curves where recorded for different sets of parameters (see table 1), 

three sets of parameters for subsequent analysis (the process whole standardization process 

of this parameters will be explained in more detail in the “Standardization of the force 

spectroscopy parameters” section). 

 

 

Figure 13. Scheme of the proposed experiment. A) Baterium attached to a colloidal probe 

and a surface with T4 and BSA. B) Negative control; Bacterium attached to a colloidal 

probe and a surface with BSA. 

 
Table 1. Force spectroscopy parameters. 

 

f. Force-distance curves data analysis. 

The force-distance curves where analyzed with igor pro 6.32A using a home-made code in 

the Igor programming language (see appendix c). For each force-distance curve, three 

elements were measured: the number of bond rupture events (I will refer to these as peaks), 

their rupture length, rupture force and elastic constant (see fig. 14). In order to count peaks, 

a trigger on the first two derivatives along with a first order smooth process for both using 

the diferenciate and smooth functions from Igor were used. The initial deflection and its 

derivative were used in conjunction with a test where the parameters affecting the sensibility 

of the test where varied (a total of 1000 combinations of the derivatives triggers and smooth 

numbers where proved) and compared (using least mean squares) with a user-made expected 

value matrix with 13 different and representative force curves with an additional visual 

confirmation of the code robustness. 
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Figure 14. Elements measured on a typical force-distance curve. 
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6. Results 

As was mentioned in the methods section, in order to acquire the force spectroscopy data it 

is necessary to standardize the parameters on the force curves, that is why this section will 

be organized in three blocks: a. Standardization of the assays prior to DFS experiments, b. 

Standardization of the parameters for force spectroscopy , and c. Mechanic and energetic 

characterization of the initial interaction between T4 and E. coli B. 

  

a. Standardization of the assays prior to Dynamic Force Spectroscopy experiments. 

i. Functionalization of coverslips with T4 and visualization with epifluorescence 

microscopy. 

After adhering the virions as detailed in the methods section, virions were visualized with a 

40X oil immersion objective. Under the microscope, the DAPI-containing phage particles 

appeared as bright spots presenting, or not (depending on their adhesion to coverslip), 

brownian movement (see fig. 15). Different T4 concentrations were used in order to establish 

the lowest concentration at which measurements could be taken (therefore, reducing the 

probability of having multiple phages or phage clusters), 107 PFU/𝜇𝑙. 
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Figure 15. Epifluorescence visualization of T4 bacteriophages. A) Image of the 

sample using the red emission filter  B). Image of the sample using the blue 

emission filter. 

ii. Preparation of the colloidal probes. 

The assembly of the colloidal probes was verified with a 40x objective immediately after 

their preparation (see fig. 16) and  during AFM experiments (as mentioned before, the AFM 

was equipped with an Olympus IX51 optical microscope allowing constant monitoring of the 

probe and sample conditions). The diameter of the microspheres was measured with imageJ 

thus verifying its agreement with the nominal value (6.1 𝜇𝑚). 

 

A A 

B 
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Figure 16. Colloidal probe attached to an AFM cantilever. Different silica microspheres 

can be seen at a different focal plane from the probe. 

 

iii. Adhesion of single-cells to colloidal probes. 

Phage absorption mechanism can be carried out in non-living bacteria35, then, a procedure to 

verify the membrane integrity of the bacteria was not considered. Now with this, the first step 

on adhering a single cell to the probe is performing the calibration protocol for the probe. A 

representative force-distance curve on the hard substrate can be seen at fig. 17A (the adhesive 

behavior of the retraction curve can be explained by the presence of the dopamine solution 

in the tip). After fitting the Hertz model to calibration curves, a young modulus of the order 

of 100-1000 MPa was measured. On the other hand, after adhering a cell to the tip (see a 

representative force-distance curve at fig 17B), a young modulus of 0.5-10kPa was measured 

(at figure 18 a zoom-in of both force-distance curves can be seen in order to elucidate the 

young module difference between them). In addition, pili-like bond rupture events are 

evidenced in the force retraction curve. 
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Figure 17. Representative Force-distance diagrams of the hard substrate without (A) and 

with (B) a bacterium adhered to the colloidal probe. 

A 

B 
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Figure 18. Representative Force-distance extension diagrams of the hard substrate without 

(B) and with (A) a bacteria adhered to the colloidal probe. 

 

b. Standardization of the force spectroscopy parameters. 

 

The amount of unspecific adhesion forces intervening the elaboration of force spectrums is 

highly dependent on three aspects: the contact force (or trigger force in an AFM), the initial 

ligand-receptor (phage-bacterium) interaction time (or dwell time toward the surface) and the 

sample preparation. With this in mind, the initial process was to find the optimal parameters 

allowing a significant difference between the negative control and the proposed experiment. 

It is important to clarify that in this context, we took as a negative control, a treatment with 

the buffer in which the phages in the original experiment are diluted (PBS), but, without 

phages. The negative control experiments will be denoted by “Bac+BSA” (Bacteria+BSA) 

while the proposed test by “T4+Bac+BSA” (T4 phage+Bacteria+BSA). 

 

The first element we varied for this process was the dwell time towards the surface. This time 

is the lapse between the extension and retraction of the piezo. On average, 120 force-distance 

curves were taken for each experiment in presence of T4 and 50 without it (for a single dwell 

time).  
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We took three criteria in order to choose an optimal set of parameters: First, Unspecific 

adhesion frequencies (see fig. 19A); Second, initial qualitative differences between the 

treatments in terms of the number of bond rupture peaks (see fig. 19B); and third, clear 

differences between the adhesion histograms of the T4+Bac+BSA treatment and the control 

(see fig. 20). 

 

  

 

Figure 19. A) Adhesion events as a function of the dwell time. B) Frequency of single-

peak adhesion events as a function of dwell time. For each experiment a trigger force of 

200 pN and a retract velocity of 500 nm/s was used. 

 

 

A 

B 
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Figure 20. Adhesion histograms for different values on the dwell time: 0 s (A), 1 s (B), 5s 

(C) and 10 s (D). 

Two conclusions were taken from this initial set of parameters: the dwell time, in order to 

maintain a significant unspecific adhesion in the control, was needed in a range between 0-1 

s, and second, as most of the T4+Bac+BSA data still had a significant amount of unspecific 

adhesion interference on the adhesion force curves, more sets of parameters needed to be 

tested. With this in mind, the next step was to vary the trigger force which is also involved 

in the unspecific adhesion frequency; a total of three different sets of parameters where tested 

varying the trigger force (100, 200 and 300pN). Approximately 120 and 150 force-distance 

curves where taken for each Bac+BSA and T4+Bac+BSA treatment respectively. As can be 

seen in figure 21, this experiment presented difficulties as the Bac+BSA and T4+Bac+BSA 

treatments had similar adhesion frequencies, however, there were some force-distance curves 

at the T4+Bac+BSA qualitatively different from those presented in the control at 200 and 

300 pN (as an example, see figure 9), this suggested that these forces could be optimal for 

the following measurements.  Finally, the following changes where proposed: Using the same 

bacteria for Bac+BSA and T4+Bac+BSA treatments, prolonging the incubation time with 

BSA (from one to two hours), reducing the dwell time (from 1 to 0.5 seconds)  and focusing 

only in 200 and 300 pN trigger forces; the results of these experiments will be exposed at the 

next section. 

A B 

C D 
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Figure 21. Frequency of adhesion events as a function of the trigger force.[MF3] The main 

difference between these and posterior experiments was the BSA incubation time. 

c. Mechanic and energetic characterization of the T4-E. coli B initial interaction. 

Taking into account the process described in the previous section, 100 force curves (or more) 

where taken for each T4+Bac+BSA and Bac+BSA treatment using three different sets of 

parameters (a summary of trigger force, retraction velocity and dwell time values for each 

set and their adhesion events frequency can be found at table 2). Both treatments, 

T4+Bac+BSA and Bac+BSA for each set of parameters, were studied using the same cell 

and phage. From now on, the graphs in this section will correspond to the second set of 

parameters in the table (300 pN of trigger force and 0.5 s of dwell time), though the rest of 

the figures will be attached at Appendixes A and B. 

 

 
Table 2. Force spectroscopy parameters and their adhesion events frequencies. These 

experiments where done using a 2 hours BSA incubation time. 

 

Now with these, the first insight on the mechanical characterization of the process was 

developing a histogram of the frequencies at which each adhesion force (the maximal 

adhesion force amount on a given force-distance curve) was obtained. As can be seen in 

figure 22, the T4+Bac+BSA treatment presents a multinomial distribution which may relay 

on the presence of multiple bonds (as well as the reversible binding of the LTFs).  

 

Trigger force [pN]
retract velocity 

[nm/s]
Dwell time [s] T4+Bac+BSA Bac+BSA

200 500 0.5 0.71 0.22

300 500 0.5 0.67 0.19

300 500 1 0.79 0.26

Force spectroscopy parameters
Adhesion events 

normalized frequency
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Figura 22. Adhesion force histograms for the T4+Bac+BSA (A) and Bac+BSA (B) 

treatments. 

Comparing T4+Bac+BSA adhesion histograms with those of the Bac+BSA treatment, well 

defined T4-E.coli B adhesion peaks where fitted to a Gaussian distribution (see fig. 23) in 

order to find the different most probable forces for each set of parameters (see table 3).It is 

important to mention that groups of rupture forces with an small number of force-distance 

curves (10 or less)  where not taken into account for this initial analysis as more data would 

be needed in order to assure that those are likely forces of the interaction.  

T4+Bac+BSA 

A 

B 

T4+Bac+BSA 

Bac+BSA 
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Figure 23. Example of a Gaussian fit to determine most probable adhesion forces. 

 

Table 3. Most probable adhesion forces in terms for each set of parameters (the error terms 

were taken from the standard deviation of the Gaussian fit). 

Although there were significant differences between the T4+Bac+BSA and Bac+BSA 

adhesion histograms, the unspecific adhesion in the control was still considerable, that is why 

more methods to characterize the two treatments where needed in order to ensure a significant 

difference between them as well as finding patterns that may direct future work (for example, 

the possibility of proving that the number of peaks in a force-distance curve is directly related 

to the number of LTFs attached to the bacterial surface).  

Taking this into account, the first feature we focused on was the number of peaks per force-

distance curve (see fig. 24). Significant differences could be seen in these histograms as the 

maximum number of peaks in the Bac+BSA force-distance curves was 2, while in the 

T4+Bac+BSA relied between 4 and 5 depending on the set of parameters used. 

Trigger force [pN]
retract velocity 

[nm/s]
Dwell time [s]

200 500 0.5 98±4 153±7 242±7

300 500 0.5 89±4 143±8 -

300 500 1 90±2 161±10 232±4

Force spectroscopy parameters

Most probable adhesion forces [pN]
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Figure 24. Number of peaks per force-distance curve normalized frequencies. 

Now with this, the rupture length for each peak was measured. Taking into account the 

dimensions of a T4 mature virion, an expected maximum rupture length for our system relies 

on a value lower than 400 nm (without considering the potential bacterial deformation). As 

can be seen in figure 25 and 26, the rupture length for the Bac+BSA treatment presented a 

considerable amount of force rupture events at distances higher than 500 nm (this occurred 

for all sets of data) while T4+Bac+BSA measurements did not exceeded this value. 
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Figure 25. Adhesion forces as a function of the rupture length for each peak (labeled with 

colors depending on its position in the force-curve).[MF4] 

 

Figure 26. Boxplots with the rupture lengths for each measurement in terms of the peak 
number. The solid line in the boxes represents the median of the data. 

On the other hand, the characteristic that gave the best mechanism to distinguish both 

treatments was the elastic constant measured for each peak. This elastic constant is still an 

approximation as we used the slope of the final segment of each peak (instead of fitting our 

results to a Worm Like Chain or a Freely Jointed Chain model) as well as it represents a 

global elastic constant (including the cantilever, bacterial and T4 elastic constants). As can 

be seen in figure 27, the elastic constants associated to the Bac+BSA treatment were found 

to be in a range between 0 and 1 pN/nm while in the T4+Bac+BSA treatment, between 0[MF5] 

and 20pN/nm. 
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Figure 27. Distribution of the elastic constants for the system with phages and the control. 

The final step on the mechanic and energetic characterization of the process was to make an 

estimative of the parameters relevant for an energy landscape. As was mentioned in the 

“Dynamic force spectroscopy (DFS)” section, normally in a Bell-Evans plot the most 

probable forces are plotted as a function of the loading rate of the system (normally, a 
variation of various orders of magnitude is needed). As this represents a lot of data and 

retraction velocities that the employed AFM cannot reach, as an approximation, we  did the 

Bell-Evans plot using the effective loading rate instead of the nominal loading rate and every 

rupture force in the system (with some restrictions). The main difference between the 

effective and the nominal loading rate is that the nominal loading rate is estimaded from the 

cantilever elastic constant, while the second takes into account the contribution of the 

different components present in the interaction that affect the system elastic constant (e.g. 

the phage, bacterium, polimers, microsphere, etc) thus generating a variable loading rate 

along the different force-distance curves. This method is less accurate from that proposed 

by Evans but still gives an initial approximation of the. With this in mind, and taking into 

account the possibility of having more than one LTF attached to the bacterial surface, the 

following conditions were used in order to select the force-distance curves of interest in this 

analysis: 1) A peak rupture length lower than 500 nm and an elastic constant greater than 

1pN/nm; this lead us to discard unspecific force-distance curves. 2) An adhesion force 

belonging to the first peak on the respective adhesion histogram; this lead us to increase the 

probability on making a bond energy estimate with  a single LTF attached to the bacterial 

surface. An example of the Bell-Evans plot for this procedure and the estimated 𝑥𝛽 and ∆𝑈 

can be found in figure 28 and table 4 respectively. 
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Figure 28. Bell-Evans plot for estimating the parameters associated with the construction 

of an energy landscape. 

 

 

Table 4. Estimated 𝑥𝛽 and ∆𝑈 for each set of parameters. The maximum and minimum 

values for the range of possible values of 𝑥𝛽 and ∆𝑈 were estimated from the standard error 

on the slope and x-intercept of the linear regressions. 

 

 

 

 

 

 

 

 

 

Trigger force [pN]
retract velocity 

[nm/s]
Dwell time [s]

200 500 0.5 0.3-0.8 nm 20.6-28.2 0.5nm 23.0

300 500 0.5 0.6-3.3 nm 24.4-75.3 1.0nm 31.7

300 500 1 0.8-409 nm 21.1-7322 1.6nm 41.1

Force spectroscopy parameters
Best fit with least mean 

squares
Range of posible values 

𝑥𝛽
∆𝑈

𝑘  
𝑥𝛽

∆𝑈

𝑘  
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7. Conclusions. 

Understanding the mechanics and energetics of the T4 adsorption process may contribute on 

different questions as the reason why three LTFs are required for the adsorption process or 

the expected phage behavior in a hypothetical random walk. The results presented here are a 

starting point for posterior studies with this approach as they contain an overall 

characterization of the T4-E. coli B interaction as well as elements to differentiate unspecific 

and specific interactions. Mechanically, the force spectra shown here present well-defined 

adhesion peaks for the initial phage-bacteria interaction. There is a high correspondence in 

the adhesion patterns among different sets of experimental parameters suggesting that the 

methodology is robust. Besides, the difference in the patters for the rupture lengths and elastic 

constants in the force-distance curves of the experiment compared to the control support the 

specificity hypothesis and permit an initial filter to distinguish specific from unspecific 

bonds. On the other hand, the energetic characterization presented here still presents 

challenges since in order to adequately measure the adhesion parameters (energy and 

characteristic length) it is necessary to either vary the loading rate by a larger amount, or 

perform constant force experiments.  
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8. Future work. 

Some suggestions are made for future studies: the first step forward is to prove that the 

analysis presented here is directly related to the interaction of the long tail fibers with the 

bacterial LPS (this means, to probe the specificity of this interaction in the force curves).  To 

accomplish this, different control experiments are needed (see fig. 29). As can be seen in 

figure 29D, in order to prove LTFs-LPS specificity it is crucial to elaborate a control 

experiment with a phage incapable to develop the adsorption process, according to this 

different methods are suggested: a) the addition of E. coli B external membrane residues to 

the T4 activates the phage injection mechanism which leads then phages incapable of 

infecting a bacteria. b) using E. coli B mutants with determined alterations in the LPS inner 

core17 or phages with mutations (for example at gp9 which connects LTFs to the baseplate) 

that generate fiberless particles14 can prevent the adsorption process. 

 

 

Figure 29. Future work control experiments schemes. In all the figures the microsphere is 
coated with dopamine hydrochloride. Here we have three control experiments in order to 
measure non-specific adhesion between the silica microsphere and the BSA-coated slide 
(A); the silica microsphere and the phage (B); and a bacterium with a T4 phage incapable to 
start the adsorption process (D). Control experiment (C) is proposed in order to identify the 
possible BSA-LPS inner core interaction. It is worthwhile to mention that in all figures the 
microsphere is coated with dopamine Hydrochloride. 

 

In addition, different approaches in order to assure the presence of a single phage during the 

analysis can be taken; some examples include using antibodies to specifically bind isolated 
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phages to the surface or measuring the diffusion coefficient of Brownian fluorescent phage 

particles in order to compare intensity patterns with particles attached to the surface, the last 

lead us to compare the expected diffusion coefficient of a single phage with that measured 

for the Brownian particles and therefore generating a robust assay to prove the presence of a 

single phage in a fluorescent particle attached to the surface similar to a Brownian particle. 

Furthermore, the method used to characterize the energetics of the system can be improved 

with constant force measurements in order to directly measure the lifetime of bonds under 

constant force; this method relies on Bells´ law for the lifetime of a bond that depends on the 

loading force acting on it. The most important advantage of constant force experiments have 

is that force spectroscopy measurements are taken varying the loading force parameter and 

not the loading rate.  

 

If these experiments permit a well proved specificity hypothesis between a single phage LTF 

and the bacterium LPS for the actual data, different questions about the adsorption process 

can be answered. If the energetics (which is highly involved to the mechanics) of the adhesion 

between T4 and E. coli is well characterized two processes can be better understood:  

 

First, the initial possible random walk of the phage along the bacterial surface. Considering 

the bond rupture energies, an estimation of the bond lifetime can be done and therefore an 

estimation of the diffusion coefficient of the phage along the bacterial surface (with some 

additional considerations) which can lead us to evaluate the viability of this diffusion process 

in comparison with the temporal scales found in literature. If we consider the rupture energy 

for a possible single bond obtained in the actual work (30kbT), the random walk hypothesis 

might be improbable as it correspond to an enormous rupture energy (similar to that 

previously found to uncoil e. coli type I fimbriae34).  

 

The second process we can better understand is the reason why three LTFs attached to the 

bacterial surface are needed to start the penetration process. A possible hypothesis that can 

be elaborated to accomplish this is that the bonds generated by the LTFs are equal and the 

only difference between two and three LTFs attached to the bacterial surface is the bond 

lifetime (taking into account the expected rupture energies considering that of a single LTF) 
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which will be high enough in the case of three attached LTFs to allow the rest of the process 

development. 

 

Finally, future studies may consider subsequent processes during infection, for example the 

STFs attachment to the bacterial surface or the force generated by the tail contraction. With 

this in mind, and taking into account the time lapse of the adsorption mechanism, preliminary 

results on this posterior consideration are presented on the data taken with a dwell time of 10 

s (see figure 30); different force variations during high dwells where seen in the presence of 

T4 different in contrast with the control experiment. 

 
Figure 30. Preliminary results on the type of measurements that can be done in order to 

consider subsequent processes during infection. 
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10. Appendix 

a. 300 pN trigger force and 1 s dwell time parameters set acquired data. 
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Figure 31. Adhesion force histograms for the T4+Bac+BSA (A) and Bac+BSA (B) 

treatments. 

 

Figure 32. Number of peaks per force-distance curve normalized frequencies. 
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Figure 33. Adhesion forces as a function of the rupture length for each peak (labeled with 

colors depending on its position in the force-curve). 

 

Figure 34. Boxplot with the rupture lengths for each measurement in terms of the peak 
number. The solid line in the boxes represents the median of the data. 
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Figure 35. Elastic constants per peak histograms. 

 

Figure 36. Bell-Evans plot for estimating the parameters associated with the construction 

of an energy landscape. 

 

b. 200 pN trigger force and 0.5 s dwell time parameters set acquired data. 
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Figure 37. Adhesion force histograms for the T4+Bac+BSA (A) and Bac+BSA (B) 

treatments. 

 

Figure 38. Number of peaks per force-distance curve normalized frequencies. 

A 

B 

T4+Bac+BS
A 

Bac+BS
A 
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Figure 39. Elastic constants per peak histograms. 

 

Figure 40. Adhesion forces as a function of the rupture length for each peak (labeled with 

colors depending on its position in the force-curve). 
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Figure 41. Boxplot with the rupture lengths for each measurement in terms of the peak 
number. The solid line in the boxes represents the median of the data. 

 

Figure 42. Bell-Evans plot for estimating the parameters associated with the construction 

of an energy landscape. 
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c. Home made code in the igor programming language. 

 

StartMeUp() 

 

// runs the program in the different datafolders. Input: the name of the datafolder in wich the 

force diagrams are saved. 

function alldata(datafolder) 

 

 String datafolder 

 

 String i=datafolder+ ":InvisibleSubFolder0" 

 String ii= datafolder+":InvisibleSubFolder1" 

 String iii= datafolder+":InvisibleSubFolder2" 

 String iiii= datafolder+":InvisibleSubFolder3" 

 

  ruptureandadhesion(datafolder) 

  ruptureandadhesion(i) 

  ruptureandadhesion(ii) 

  ruptureandadhesion(iii) 

  ruptureandadhesion(iiii) 

 

end 

 

//finds the rupture length, adhesion force and elastic constant of each bond in a force-distance 

curve. 

 

function ruptureandadhesion(datafolder) 

 

 String datafolder 

  

 Variable startindex =0 

 Variable index 

 Variable uindex 

 Variable totalDgrms 

 Variable numberImage 

 numberImage=startindex 

 index=startindex 

 uindex=startindex 

 totalDgrms=startindex 

 String filename 

 String suffix  

  

 //now the quantities we want to obtain: 
 Variable peaks=0  // the number of peaks of negative force. 

 Variable ruptureL=0 

 Variable adhesion=0              // ruptureLength of the last peak 
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 Variable k=0 

 Variable numberPeak=0 

 Variable maxAdhesion=0 

  

 //saving stuff 

 string saved_params = "numberImage, numberPeak, Rupturelength, Adhesion, k, 

maxAdhesion" 

  

 // 1-count how many files we will be processing  

 totalDgrms= picos(datafolder) 

  

 SetDataFolder "root:ForceCurves:SubFolders:" + datafolder 

  

 

 //make a 2-d wave with index rows and the number of parameters columns 

 Make/O/N=((totalDgrms), (itemsInlist(saved_params)) ) rupture_matrix 

 Make/O/N=(30, 4) dumbMatrix 

  

 

 // reset the index! 

 index=startindex 

 uindex=startindex 

  

 Variable dumb=0 

 

 // 2--now process the stuff 

 do // Loop through each file in loaded memory 

  //generate filename depending on wether index has one, two or 3 digits 

  if (strlen(num2str(index)) == 1) 

   suffix = "000" + num2str(index) 

  elseif (strlen(num2str(index)) == 2) 

   suffix = "00" + num2str(index) 

  elseif (strlen(num2str(index)) == 3) 

   suffix = "0" + num2str(index) 

  endif 

  filename = "Image" + suffix 

   

  //find the lifetime if it exists, or break out of the loop otherwise 

  if(Exists(filename + "Defl")) 

   numberImage=index 

   processFunction(filename, peaks,dumbMatrix,maxAdhesion) 

     

   do   

     

    if(dumbMatrix[dumb][2]==0) 

    else  

     numberPeak=dumbMatrix[dumb][0] 
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     ruptureL=dumbMatrix[dumb][1] 

     adhesion=dumbMatrix[dumb][2] 

     k=dumbMatrix[dumb][3] 

   

      

     rupture_matrix[uindex][q]= 

{{numberImage},{numberPeak},{ruptureL},{adhesion},{k},{maxAdhesion}} 

     uindex+=1 

    endif 

      

      

    dumb+=1 

   while(dumb<=30) 

    

    

   dumb=0 

    

   peaks=0 

    

     

    

  endif 

   

  index+=1 

 

 while(index<=999) 

  

//3-now save the results  

 save/I/J/M="\r\n"/O/U={0,1,0,0} rupture_matrix //if bored try to get the column names 

working with the /u option... 

 

 SetDataFolder root: //restore the data folder back to root 

 

end 

 

function picos(datafolder) 

 

 String datafolder 

 SetDataFolder "root:ForceCurves:SubFolders:" + datafolder 

 

 Variable startindex =0 

 Variable index 

 Variable uindex 

 Variable totalDgrms 

 Variable numberImage 

 numberImage=startindex 

 index=startindex 
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 uindex=startindex 

 totalDgrms=startindex 

 String filename 

 String suffix  

  

 //now the quantities we want to obtain: 

 Variable peaks=0  

 Variable maxAdhesion=0  // the number of peaks of negative force. 

  // ruptureLength of the last peak 

  

 //saving stuff 

 string saved_params = "numberImage,peaks,maxAdhesion" 

  

  

 // 1-count how many files we will be processing  

 do  

  //generate filename depending on wether index has one, two or 3 digits 

  if (strlen(num2str(index)) == 1) 

   suffix = "000" + num2str(index) 

  elseif (strlen(num2str(index)) == 2) 

   suffix = "00" + num2str(index) 

  elseif (strlen(num2str(index)) == 3) 

   suffix = "0" + num2str(index) 

  endif 

  filename = "Image" + suffix 

 

  //process if it exist, or break out of the loop otherwise 

  if(Exists(filename + "Defl")) 

   

   index += 1 

    

  else  

   index+=1 

   uindex+=1 

  endif 

   

   

 while(index<=999) 

  

 totalDgrms= index-uindex 

  

 

 //make a 2-d wave with index rows and the number of parameters columns 

 Make/O/N=((totalDgrms), (itemsInlist(saved_params)) ) peaks_matrix 

  

 

 // reset the index! 
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 index=startindex 

 uindex=startindex 

 

 // 2--now process the stuff 

 do // Loop through each file in loaded memory 

  //generate filename depending on wether index has one, two or 3 digits 

  if (strlen(num2str(index)) == 1) 

   suffix = "000" + num2str(index) 

  elseif (strlen(num2str(index)) == 2) 

   suffix = "00" + num2str(index) 

  elseif (strlen(num2str(index)) == 3) 

   suffix = "0" + num2str(index) 

  endif 

  filename = "Image" + suffix 

 

  //find the lifetime if it exists, or break out of the loop otherwise 

  if(Exists(filename + "Defl")) 

   numberImage=index 

   processFunction(filename, peaks, ruptureMatrix,maxAdhesion) 

   peaks_matrix[uindex][q]= {{numberImage},{peaks},{maxAdhesion}} 

    

    

   peaks=0 

    

   uindex+=1 

  else  

    

  endif 

   

  index+=1 

 

 while(index<=999) 

  

//Devolvamos el número de picos 

 

 index=0 

 Variable TotalPicos=0 

  

 do 

  TotalPicos+= peaks_matrix[index][1] 

  index+=1 

 while(index<=TotalDgrms) 

  

 

  

   

//3-now save the results  
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 save/I/J/M="\r\n"/O/U={0,1,0,0} peaks_matrix //if bored try to get the column names 

working with the /u option... 

 

 SetDataFolder root: //restore the data folder back to root 

   

 return TotalPicos 

  

 

 end // end of picos 

 

 

function processFunction(name, peaks, ruptureMatrix,maxAdhesion) 

 

 

 String name 

 Variable &peaks  

 wave ruptureMatrix 

 Variable &maxAdhesion 

 maxAdhesion=0   

  

 Variable triggerpeak=1e-9 

 Variable smooth_num=20 

 Variable smooth_numDIF=50 

  

  

  

 Variable enPico=0  

 Variable i=1 //Esto es un booleano que indica si nos encontramos en lo que se vá a contar 

como un pico o nó. 

 

 

 // 1-Generate useful waves and extract notes 

 //Get the info from the wave 

 String note_str 

 note_str = note(Defl0_smth) 

 Variable spring_cst = str2num(StringbyKey("SpringConstant",note_str, ":","\r")) //in N/m 

 Variable pps = str2num(StringbyKey("NumPtsPerSec",note_str, ":","\r")) 

 Variable InicialIndex= str2num(StringbyKey("TriggerTime",note_str, ":","\r")) 

 InicialIndex=pps*InicialIndex 

 

 // Smooth (box average) out the deflection and raw  waves  

  

 Duplicate/O $(name+"Defl"), Defl0_smth ; DelayUpdate 

 Duplicate/O :$(name+"Raw"),Raw0_smth;DelayUpdate 

  

  

 Raw0_smth=Raw0_smth-Defl0_smth //Corregimos error en la posición de la punta. 
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 Smooth/B smooth_num, Defl0_smth 

 Smooth/B smooth_num, Raw0_smth 

  

 //change deflection (in nm) to force 

 Defl0_smth = Defl0_smth * spring_cst 

  

 

 //now differentiate the deflection to see large slopes 

 Differentiate/DIM=-1 Defl0_smth /D=Defl0_smth_DIF 

  

 Smooth/B smooth_numDIF, Defl0_smth_DIF 

  

  

 Variable inicio=0 

 Variable final=0 

  

 //hallamos lo picos con un trigger en la derivada. 

  

 Make/O/N=30 posInicioPicos 

 Make/O/N=30 posFinalPicos 

  

 posInicioPicos=0 

 posFinalPicos=0 

  

 Variable posPicoanterior=InicialIndex 

  

 i=InicialIndex 

  

 do 

  if(Defl0_smth_DIF[i]>=triggerpeak&&enPico==0) 

   

   

   peaks+=1 

   enPico=1 

    

   posInicioPicos[peaks]=posPicoanterior 

 

    

  elseif(Defl0_smth_DIF[i]<=0&&enPico==1) 

   

   enPico=0   

   posFinalPicos[peaks]=i 

   posPicoAnterior=i 

   

  endif 

   

  i+=1 
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 while (i<=numpnts(Defl0_smth_DIF))  

  

  

 //Necesitamos hallar el cero y el rango en el cero 

   

 Variable CeroDefl=0 

 Variable suma=0 

 Variable rango=0 

 Variable pos1pico=InicialIndex 

 triggerPeak=-1e-9 

  

 i=posFinalPicos[peaks] 

 if(peaks==0) 

  

 // Este caso está diseñado para el caso en que el único pico sea el de la extensión inicial. 

 elseif(peaks==1) 

  i=InicialIndex 

  enPico=0 

  do 

   if(Defl0_smth_DIF[i]<=triggerPeak&&enPico==0) 

    enPico=1 

   elseif(enPico==1&&Defl0_smth_DIF[i]>=0) 

    pos1pico=i 

    

   endif 

   i+=1 

  

  while (i<= numpnts(Defl0_smth_DIF))  

   

  i=pos1pico 

   

  Wavestats /M=1 /Q /R=[pos1pico, pos1pico+2000] Defl0_smth 

   

  do 

   suma+=Defl0_smth[i] 

   i+=1 

  while(i<(pos1pico+2000)) 

   

  CeroDefl=suma/2000 

  rango=Defl0_smth[V_maxRowLoc]-Defl0_smth[V_minRowLoc] 

  

 else 

  Wavestats /M=1 /Q /R=[posFinalPicos[peaks], posFinalPicos[peaks]+2000] 

Defl0_smth 
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  do 

   suma+=Defl0_smth[i] 

   i+=1 

  while(i<(posFinalPicos[peaks]+2000)) 

   

  CeroDefl=suma/2000 

  rango=Defl0_smth[V_maxRowLoc]-Defl0_smth[V_minRowLoc] 

   

 endif 

 

 //Hallamos la posición de la superficie. 

 Variable surface=0 

 Variable inicioNeg=0 

 Variable finalNeg=0 

 i=InicialIndex 

 enPico=0 

 

 do  

   if(Defl0_smth[i]<CeroDefl) 

    surface=i 

    break 

   endif 

   i+=1 

    

  

  while (i<= numpnts(Defl0_smth_DIF)) 

   

// FindLevel /Q /P /R=[InicioNeg,finalNeg] Defl0_smth, CeroDefl 

  

// surface= V_LevelX 

   

 //Los picos deben ser mínimos locales, guardamos su posición.  

  

 Variable picosfalsos=0 

 Make/O/N=(30,4) posPicos 

  

 posPicos=0 

 Variable temporal=0 

 Variable adhesion=0 

 Variable ruptureL=0 

 Variable k=0 

  

 Variable numberPeak=0 

  

 

 i=1 

 if(peaks>0) 
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  do 

   Wavestats /M=1 /Q /R=[posInicioPicos[i],posFinalPicos[i]] Defl0_smth 

 

    

   temporal=CeroDefl-rango 

    

   

   if(Defl0_smth[V_minRowLoc]>temporal) 

    picosfalsos+=1 

    

   else 

    adhesion= CeroDefl-Defl0_smth[V_minRowLoc] 

    ruptureL=Raw0_smth[surface]-Raw0_smth[V_minRowLoc] 

    numberPeak=i-picosfalsos 

    k=(Defl0_smth[V_minRowLoc]-Defl0_smth[V_minRowLoc-

200])/(Raw0_smth[V_minRowLoc]-Raw0_smth[V_minRowLoc-200]) 

   

 posPicos[numberPeak][q]={{numberPeak},{ruptureL},{adhesion},{k}} 

   endif 

   i+=1 

  while(i<=peaks) 

   

 endif 

 

 peaks-=picosfalsos 

  

  

 i=1 

  

 if(peaks>0) 

  do 

   if(posPicos[i][2]>=maxAdhesion) 

    maxAdhesion=posPicos[i][2] 

     

   endif 

   i+=1 

  while(i<=peaks) 

  

 endif 

  

  

  

  

//Display a result  

  

 if(stringmatch(name,"Image05569")) 
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  Duplicate/O Defl0_smth, a_smth 

  Duplicate/O Defl0_smth_DIF, b_smth 

 

  

  Display a_smth 

  Display b_smth 

 

   

 endif 

  

 ruptureMatrix=posPicos 

 

end 

 

function test(datafolder)  

 

 String datafolder 

 SetDataFolder "root:ForceCurves:SubFolders:" + datafolder 

 

 Variable triggerpeak=0.1e-9 

 Variable smooth_num=10 

 Variable smooth_numDIF=10 

 Variable ttriggerpeak=0 

 Variable tsmooth_num=0 

 Variable tsmooth_numDIF=0 

 Variable peaks1=0 

 Variable peaks2=0 

 Variable peaks3=0 

 Variable peaks4=0 

 Variable peaks5=0 

 Variable peaks6=0 

 Variable peaks7=0 

 Variable peaks8=0 

 Variable peaks9=0 

 Variable peaks10=0 

 Variable peaks11=0 

 Variable peaks12=0 

 Variable peaks13=0 

 Variable i=0 

  

 Variable sumpics=1000 

 Variable temp=0 
  

 Make/O/N=(30, 3) dumbMatrix 
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 do 

  do 

   do 

    processFunction("Image0559", peaks1, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0560", peaks2, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0561", peaks3, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0562", peaks4, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0563", peaks5, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0565", peaks6, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0566", peaks7, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0568", peaks8, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0569", peaks9, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0571", peaks10, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0579", peaks11, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0582", peaks12, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

    processFunction("Image0591", peaks13, dumbMatrix, 

triggerpeak,smooth_num, smooth_numDIF) 

     

    temp= (peaks1-4)^2+(peaks2-4)^2+(peaks3-2)^2+(peaks4-

2)^2+(peaks5-1)^2+(peaks6-1)^2+(peaks7-2)^2+(peaks8-1)^2+(peaks9-2)^2+(peaks10-

1)^2+(peaks11-0)^2+(peaks12-0)^2+(peaks13-0)^2 

    if(temp<sumpics) 

     

     sumpics=temp 

     ttriggerpeak= triggerpeak 

     tsmooth_num= smooth_num 

     tsmooth_numDIF= smooth_numDIF 

    endif 

    triggerpeak+=0.1e-9 

     

    peaks1=0 

    peaks2=0 

    peaks3=0 
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    peaks4=0 

    peaks5=0 

    peaks6=0 

    peaks7=0 

    peaks8=0 

    peaks9=0 

    peaks10=0 

    peaks11=0 

    peaks12=0 

    peaks13=0 

     

    i+=1 

    print i 

   while(triggerpeak<=1e-9) 

   triggerpeak=0.1e-9 

   smooth_numDIF+=10 

  while(smooth_numDIF<=100) 

  smooth_numDIF=10 

  smooth_num+=10 

   

   

   

 while(smooth_num<=100) 

  

 print ttriggerpeak 

 print tsmooth_num 

 print tsmooth_numDIF 

  

 

 

 

 SetDataFolder root: 

end 

 


