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1. List of abbreviations 

 

 

 

BP   Benzophenone 

C   Celsius, degrees 

CMP   Counts per molecule 

Pc    PNIPAAm concentration 

Rc    Rh6G concentration 

D   Diffusion coefficient 

DLS   Dynamic Light Scattering 

Pd    PNIPAAm-PNIPAAm center of mass distance 

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ETA   Ethanolamine 

FCS    Fluorescence Correlation Spectroscopy 

g   Grams 

Hz   Hertz 

iOpal   Inverse opal 

J   Joule 

K   Kelvin, degrees 

Dk    Dissociation constant 

L   Liter 

LCST   Lower critical solution temperature 

m   Meter 

M   mol/L 

min   Minute 

mol   Mole 

MABP   4-benzoylphenyl methacrylate 

n   Refractive index 

N   Number of particles in the focal volume 
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NIPAAm  N-isopropylacrylamide 

PBS   Phosphate buffered saline 

PCS   Photon Correlation Spectroscopy 

pI   Isoelectric point 

PNIPAAm  Poly-N-isopropylacrylamide 

PS   Polystyrene 

AR    HRHP RR +  

HR    Hydrodynamic radius 

HPR    PNIPAAm hydrodynamic radius 

HRR    Rh6G hydrodynamic radius 

rWKB   Reversed Wentzel-Kramers-Brillouin 

Rh6G   Rhodamine 6G 

RPM   Rotations per minute 

s   Seconds 

SEM   Scanning electron microscopy 

TEM   Transmission electron microscopy 

TFPS   Sodium para-tetrafluorophenol-sulphonate 

VLD   Vertical lifting deposition 

focV    Focal volume 

WKB   Wentzel-Kramers-Brillouin 
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2. Abstract 

 

2.1. English version 

 

The presented thesis revolves around the study of thermally-responsive PNIPAAm-

based hydrogels in water/based environments, as studied by Fluorescence Correlation 

Spectroscopy (FCS). 

The goal of the project was the engineering of PNIPAAm gels into biosensors. 

Specifically, a gamma of such gels were both investigated concerning their dynamics and 

structure at the nanometer scale, and their performance in retaining bound bodies upon 

thermal collapse (which PNIPAAm undergoes upon heating above 32 ºC). 

FCS’s requirements, as a technique, match the limitations imposed by the system. 

Namely, the need to intimately probe a system in a solvent, which was also fragile and 

easy to alter. FCS, on the other hand, both requires a fluid environment to work, and is 

based on the observation of diffusion of fluorescents at nanomolar concentrations. FCS 

was applied to probe the hydrogels on the nanometer size with minimal invasivity. 

Variables in the gels were addressed in the project including crosslinking degree; 

structural changes during thermal collapse; behavior in different buffers; the possibility of 

decreasing the degree of inhomogeneity; behavior of differently sized probes; and the 

effectiveness of antibody functionalization upon thermal collapse. 

The evidenced results included the heightening of structural inhomogeneities during 

thermal collapse and under different buffer conditions; the use of annealing to decrease 

the inhomogeneity degree; the use of differently sized probes to address different length 

scale of the gel; and the successful functionalization before and after collapse. 

The thesis also addresses two side projects, also carried forward via FCS. One, 

diffusion in inverse opals, produced a predictive simulation model for diffusion of bodies 

in confined systems as dependent on the bodies’ size versus the characteristic sizes of the 

system. The other was the observation of interaction of bodies of opposite charge in a 

water solution, resulting in a phenomenological theory and an evaluation method for both 
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the average residence time of the different bodies together, and their attachment 

likelihood. 

 

2.2. German version 

 

Die vorgelegte Dissertation beschäftigt sich mit dem Studium thermisch 

ansprechbarer, auf PNIPAAm-basierender Hydrogele in einer wässrigen Umgebung. Die 

dabei durchgeführten Untersuchungen fanden mit Hilfe der Fluoreszenz-Korrelations-

Spektroskopie (FCS) statt. 

Das Ziel dieses Projektes war die Implementierung von PNIPAAm-Gelen in 

Biosensoren. Hierbei wurde insbesondere eine Serie dieser Gele im Hinblick auf ihre 

dynamischen und strukturellen Eigenschaften auf der Nanometer-Skala und ihre 

Fähigkeit, angebundene Korpuskel im Falle des thermischen Kollapses festzuhalten, 

untersucht. Diesen durchläuft PNIPAAm im Falle einer Erwärmung über 32 °C. 

Die Anforderungen an FCS als Technik entsprechen hierbei den durch das System 

verhängten Einschränkungen, das heißt die exakte Untersuchung eines Systems in einem 

Lösungsmittel, welches sowohl empfindlich als auch leicht veränderbar ist. Auf der 

anderen Seite benötigt FCS eine flüssige Umgebung zum Arbeiten und basiert auf der 

Beobachtung der Diffusion fluoreszierender Partikel in einer nanomolaren Konzentration. 

FCS wurde somit angewandt, um Hydrogele auf einer Nanometerskala minimalinvasiv zu 

untersuchen. 

Die im Verlauf des Projektes adressierten Variablen beinhalteten unter anderem den 

Grad der Vernetzung, strukturelle Veränderungen und die Effektivität einer Antikörper-

Funktionalisierung im Falle des thermischen Kollapses, das Verringern der Heterogenität 

und das Verhalten in unterschiedlichen Puffern und bei Verwendung unterschiedlich 

großer Probekörper. 

Die Ergebnisse zeigen die Erhöhung der strukturellen Heterogenität während des 

thermische Kollapses und unter verschiedenen Pufferbedingungen, den Nutzen höherer 

Temperaturen während der Darstellung zur Verringerung der Heterogenität, die 

Verwendung verschieden großer Probekörper, um unterschiedliche Längenskalen des 
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Gels anzusprechen und die erfolgreiche Funktionalisierung vor und nach dem 

thermischen Kollaps. 

Diese Dissertation geht des Weiteren auf zwei Nebenprojekte ein, welche ebenfalls 

mit FCS durchgeführt wurden. Zum einen führte die Beobachtung der Diffusion in 

inversen Opalen zu einem Simulationsmodell für die Diffusion von Korpuskeln in 

begrenzten Systemen, welche vom Verhältnis des Körpergröße zu den charakteristischen 

Dimensionen des Systems abhängt. Zum anderen beschäftigte sich das zweite 

Nebenprojekt mit der Wechselbeziehung zwischen Korpuskeln unterschiedlicher Ladung 

in einer wässrigen Lösung. Dies führte zu einer phänomenologischen Theorie und einer 

Auswertungsmethode für die durchschnittliche gemeinsame Verweildauer verschieden 

großer Korpuskel und die Wahrscheinlichkeit ihrer gegenseitigen Anlagerung. 
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3. Introduction and motivation 

 

The worlds of material science and current-generation technology development are 

linked to each other more and more as time progresses. For technology, highly 

specialized scientific research has become a base necessity, as the high performances and 

very specific properties required for novel outlets in product development can only be 

provided by refined material engineering; and for the research, technology development 

offers both a practical incentive in the form of funding, and a source of inspiration for 

new directions to take. 

As common experience suggests, easier things are achieved sooner. Thusly, new 

advancements in material synthesis follow a direction towards increased structural 

complexity and finesse. Of course, material synthesis is only half of the process, 

characterization of the new systems being the other, which leads to further refinement of 

the next synthesis iterations, and so forth in the familiar life cycle of research. 

Some systems present especially specific challenges for characterization, calling for 

equally specialized measurement techniques. Some of such techniques are themselves 

situated in the experimental field of study, in their implementation and data interpretation 

if not in their practical application. For these, the development of a more precise data 

analysis theory may be of great benefit, and specific cases and effects can be addressed to 

further refine future data analysis. Finally, the limits of the said techniques can be tested 

on especially unusual study subjects, to address fine-scale material analysis of processes 

otherwise measurable with more traditional methods. 

Possible outlets such as described in the previous paragraph form the study subject of 

the present thesis, the core of which is Experiment 3 (Section 8, page 117). In Experiment 

3, the physical properties of water-swollen poly-N-isopropylacrylamide (PNIPAAm) 

hydrogels are investigated on the nanometric scale, the aim being the refinement and 

implementation of said hydrogels for biosensing applications. 

In biosensors, a population of one or more specific biological receptors (usually 

antibodies) is permanently attached to a three-dimensional permanent matrix, in which a 

solvent (most often of biological nature) is diffused, which contains specific to the 
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receptors the matrix is functionalized with. The presence of the targeted body in the 

matrix is then evidenced by measuring the difference in specific properties of it, such as 

the refractive index n by means of a small surface plasmon resonance (SPR) apparatus, 

between the matrix before and after entrapping the targeted body. 

Stimuli-responsive (“smart”) hydrogels1 are permanent polymer networks capable of 

imbibing huge quantities of water. Hydrogels are formed by permanently, chemically 

binding (“crosslinking”) highly hydrophilic polymer chains. 

The implementation of smart hydrogels as biosensors2,3,4,5,6 has a twofold advantage: 

first, said gels’ capability of collapsing to almost dry thickness under specific stimuli can 

be used to squeeze diffusing bodies other than the targeted ones - now bound to the 

functionalization sites - out of the gel; second, the same mechanism allows for the bound, 

targeted bodies to achieve a high concentration in the collapsed gel, thusly enhancing the 

biosensor’s sensitivity. Both effects are shown in Fig. 1 below. 

 

a)     b)     c)  

Fig. 1. Working principle of a smart hydrogel based biosensor. a) Swollen gel in biological 

solution: various bodies diffuse through; b) swollen functionalized gel: a specific kind of body is 

entrapped; c) stimulus-collapsed functionalized gel: bodies are expelled except the specific body, 

which is entrapped and in a high concentration. Both specificity and high sensitivity are achieved 

 

In the case of the gel at the center of this thesis, PNIPAAm, the stimulus causing the 

collapse is a lower critical solution temperature of 32 ºC in water, making the collapse 

achieved simply by moderate heating. As reported in literature7,8,9,10,11, PNIPAAm 

switches to hydrophilic to hydrophobic upon heating above 32 ºC. In a solution, this 

causes phase separation. In a permanent network like a hydrogel is, this tendency is 

paired with the bounds of the permanent structure, causing the aforementioned collapse. 

The aim of this thesis presented a challenge, since the structure we needed to 

investigate was very fine (mesh size being on the nanometer scale range), of a non 
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necessarily trivial geometry, fragile, charged, and required to be observed in a fluid with 

minimal invasivity. 

A solution to the narrow conditions above came from the application of Fluorescence 

Correlation Spectroscopy (FCS), a method to study the average diffusional mobility of 

fluorescent bodies in solution. 

By using FCS, and diffusing nanometer-sized fluorescent probes in the gels, we could 

deduce the gels’ structure via a method that is essentially complementary to the imposed 

limitations, since it requires a fluid environment to be applied and relies on the diffusion 

of small bodies in expressly small numbers (the optimal concentration for a good signal is 

in the nM concentration range). 

Although FCS has been in recent years used for environmental probing similar12 to 

what we performed, such application itself can be said to constitute an experimental 

method, since although diffusion theory itself dates back to the Einstein age, it has been 

mostly used to characterize diffusant bodies in well-known environment13 - pure solvents 

or buffer solutions - to detail biological and/or chemical interactions14,15,16,17,18,19, and 

diffusing bodies’ conformational changes20. In this respect, what we applied was an 

inversion of the more traditionally established use: probing an unknown environment 

with known, non-interacting diffusants. 

More specifically, we wanted to observe diffusion of monodisperse, nanometer-sized 

fluorescents in the swollen gels, being slowed down by the polymer chain-crowded 

environment. In this context, we wanted to observe such slowdown devoid of additional 

interactions, chief of which electrostatic ones. This lead to a further narrowing of 

experimental conditions (fluorescent probes being chosen as feebly repelling each other 

and gel chains) on one hand, and on the other to a study of what a heavily (positively) 

electrostatically interacting system would look like. To the latter end, we simplified the 

experimental conditions, and investigated via FCS solutions of the heavily charged 

Rhodamine 6G dye (Rh6G) and uncrosslinked PNIPAAm chains in various solvent 

mixtures. This constituted Experiment 1, and is described in section 6, page 47. 

Also, an attempt was made to build a basic, self-consistent theory of non interacting 

probe diffusion in crowded environment, thus attempting to establish the relationship 

between probe size, typical sizes of the probed environment, and probe mobility. To do 
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this, we studied the diffusion of fluorescents ranging one order of magnitude in size in 

ordered inverse opals via FCS, whose characteristic sizes and structure we knew. The 

characteristics of diffusants and environment both being fixed, we used this experiment, 

Experiment 2, to build a theory of slowed down diffusion (section 7, page 97). 

The present thesis shows how a relatively insular method like FCS can be applied to 

an extensive degree to investigate complex systems and obtain a model thereof. This 

fulfills an aim of (relative) simplicity - to derive complex informations mostly through a 

single method, with little additional contribution from other techniques - and non-

invasivity. 
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4. FCS: general theory and practical application 

 

4.1. Theory 

 

The term Correlation Spectroscopy describes the ensemble of techniques aimed at 

extracting sets of data (the aforementioned spectra) from the analysis of correlation of 

signals. Of these, the most widespread use is correlation of light signals. Dynamic Light 

Scattering (DLS), also referred to as Photon Correlation Spectroscopy (PCS), is 

historically the basis for and provides the foundation for the general theory. 

In correlation spectroscopy, the time-dependent, recorded intensity from a signal is 

multiplied by the recorded intensity from a second signal (a reference signal in the case of 

heterodyne spectroscopy, the same signal in the case of homodyne spectroscopy, also 

referred to as autocorrelation) delayed by a time τ . The result is then integrated over all 

measured time intervals and normalized to the total measurement time. For a homodyne 

correlation experiment, the autocorrelation is thusly provided by 

  

 ( ) ( ) ( ) ( )
0

0
0 0

1
lim

t T

tT
A t A t A t A t dt

T
τ τ

+

→∞
+ = +∫  (4.1) 

where 0t  is the integration starting point and T is the total measurement time. Such 

expression provides an expression of the average tendency of the signal to keep similar to 

itself as a function of the delay time τ . Under general, stationary conditions, the result is 

independent of 0t , and therefore the autocorrelation becomes purely a function of τ : 

 

 ( ) ( ) ( ) ( ) ( ) ( )∫ +=+=
→∞

T

T
dttAtA

T
tAtAAA

000

1
lim0 τττ  (4.2) 

 

In PCS, ( )tA  is the light intensity, ( )tI , from a laser light being scattered by an 

ensemble of particles in a transparent liquid. Such a signal will be comprised by an 

average scattered intensity, plus random fluctuations due to the particles entering and 

exiting the illuminated volume: 
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 ( ) ( ) ( )tIItItA δ+==  (4.3) 

 

Naturally, the larger the average I , the less relevant the fluctuations ( )tIδ . A simple 

calculation21, however, shows how 

 

 ( ) ( ) ( ) ( ) 2
00 ItIItII += δδ  (4.4) 

 

In other words, the desired information is contained in the fluctuations, and the 

average simply defines a baseline. Furthermore, the smaller I  is, the better ( )tIδ  can be 

recorded. This characterizes correlation spectroscopy, and autocorrelation in particular, as 

a way to obtain information from noise, and possibly the only technique where source 

signals are desired to have a high noise to signal ratio. The optimal concentration is 1 

particle per focal volume at any given time. 

The larger part of PCS is performed under the dilute solution regime. That is, we 

assume the solution to be diluted enough not only to consider particle interactions 

negligible, but also to have each scattered photon being scattered by a single body (single 

scattering regime). Under these assumptions, ( )tI  is linearly dependent on the diffusants 

concentration c. c, in turn, is linearly dependent on the average diffusants number in the 

illuminated volume. Rewriting the previous formula in normalized form yields: 
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The expression above represent the most general formulation of the autocorrelation 

function, ( )tG . 

FCS theory has its basis in PCS theory, the difference lying in the source of the 

employed signal and the experimental setup’s resulting geometric characteristics. As 
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depicted in Fig. 2 below, FCS signal is generated by focusing laser light in the region to 

be probed. 

2x0

2z0

 

Fig. 2. Scheme of diffusion of fluorescents through the focal volume (yellow). Diffusants’ 

entering and exiting the volume generate ( )tI  fluctuations. Reported also are the dimensions of 

the focal volume as per standard FCS terminology 

 

The resulting focal volume, located at the laser’s waist, is the region of maximal 

intensity, which can be described with a three-dimensional Gaussian distribution: 

 

 ( )
2

2

2

2
1

22

22
0

σσ

zyx

eeIrI
−

+
−

=
r

 (4.6) 

 

where 1σ  and 2σ  are the distribution’s widths respectively in the z axis and the x-y 

plane. The emitted light, ( )tI f , is then recorded and autocorrelated. As in PCS, it is a 

direct function of the concentration: 

 

 ( ) ( ) ( ) rdtrcrIQtI f

3,
rr

∫= ε  (4.7) 

 

In the former, Q and ε  are respectively the fluorescent probes’ quantum efficiency 

and extinction coefficient, and ( )trc ,
r

 is of course their concentration. As for the dilute 

solution regime assumption, the analogous still stands while being founded on a different 

physical basis - while in PCS we assume a single scattering process per photon, in FCS 
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we have, as physical fact, that each fluorescence photon is - naturally - to be emitted by 

one single body. In this respect, FCS hinges on a more solid principle than PCS does. 

 

Applying now the general ( )tG  formulation to FCS, we have that 

 

 ( )
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ff
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δδ
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 A brief calculation of which yields 

 

 ( )
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( ) ( )∫
∫
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qdqFqI
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32
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rr
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 (4.9) 

 

where ( )qI
r

 is the spatial Fourier transform of ( )rI
r

 and ( )tqF ,
r

 the correlation 

functions of the spatial Fourier transform of the concentration fluctuations. 

Under the assumption of concentration fluctuations purely due to particle diffusion in 

and out of the focal volume we have 

 

 ( ) ( ) ( ) ( ) Dtq
eqctqcqctqF

22* 0,,0,, −==
rrrr

δδδ  (4.10) 

 

where D is a particle’s self-diffusion coefficient, defined in Fick’s Law: 
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D can be expressed by the Stokes-Einstein formula as 
a

Tk
D B

πη6
= , where Bk  is 

Boltzmann’s constant, T the temperature in Kelvin degrees, η  the solution’s viscosity 

(usually in Centipoises) and a the particle’s radius (usually in cm). 
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For ( )qI
r

 we have: 
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Factoring now ( )qI
r

 and ( )tqF ,
r

 into the expression for ( )tG  and integrating, one 

arrived to the general expression for the autocorrelation function in FCS: 

 

 ( )

DD τS

t

τ

tN
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2
11

11
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+
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In the above, N is the average number of fluorescents present at any given moment in 

the focal volume, Dτ  is the average diffusion time of a single fluorescent through the 

focal volume, and S is the structural parameter of the focal volume, that is the ratio 

between its axial and radial dimensions, as in 
0

0

x

z
S = . 0z  and 0x  are the common 

denominations used in FCS for same quantities we previously referred to as 2σ  and 1σ , 

and respectively describe the half-thickness and half-width of the focal volume. 

0x  in particular is of crucial importance for the determination of the observed 

fluorescents’ diffusion coefficient, D. Given the nature of the signal observed, it is 

impossible for the experimenter to observe a fluorescent’s trajectory inside the focal 

volume: only the moments when it starts to fluoresce and when it stops are available as 

information. Additionally, since the z-axis of the focal volume is - naturally - coincident 

with the axis of the objective, the z-contribution of the observed diffusion is not 

accessible. D can, however, be very simply calculated from the measured Dτ  through the 

expression 

 

 
D

x
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τ4

2

0=  (4.14) 
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To this end, 0x  needs to be known. On a practical level, as the system is extremely 

sensitive, calibration is routinely performed before every measurement session by 

measuring Dτ  for a known fluorescent in a known solvent at a known T, therefore 

allowing the experimenter to calculate the known fluorescent’s D via the Stokes-Einstein 

equation and, through (4.14), easily calculate the system’s 0x  for the measurement 

session. 

Noteworthy is the fact that 0z  doesn’t factor into the expression for D, neither 

explicitly or implicitly through S. In this sense, 0x  represents in FCS the statistically 

average half-length a fluorescent diffuses through during its diffusion time. In other 

words, one can think of diffusion of fluorescents through the focal volume in two ways: 

1) the real-life case: diffusion through the whole possible gamma of sections of the 

ellipsoid the focal volume consists of; or 2) a schematized case: diffusion through the 

center of a sphere of radius 0x . 

 

Alternatively, the autocorrelation can be found expressed without baseline: 
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or, after the previous passage, normalized to unity: 
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The previous are described in literature in different ways. In the present thesis, ( )tG , 

( )tG′  and ( )tC  will be used to indicate them. Additionally, ( ) 1+tC  will be utilized, in 

order to compare curve independently of N, but without excluding the baseline feature. 

To this, I’ll be referring to as normalized ( )tG . 
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Multiple monodisperse populations can easily be detected at the same time, each 

characterized by a Dτ . The result is pretty straightforward, and the FCS autocorrelation 

function is generalized into: 
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Notice that, in the previous, N refers to the total average number of particles in the 

volume. The number belonging to the i-th population, or more generally involved in the i-

th diffusion process, is given by 

 

 ii NFN =  (4.18) 

 

Finally, a number of non-diffusive effects can add up to the measured ( )tG . The most 

common for molecular, dipole-based fluorescents such as the ones employed in the 

presented set of experiments is the triplet effect, in which a fraction of the fluorescent 

population’s is excited from ground state to triplet state rather than singlet state. Since 

triplet state excitation is forbidden by quantum mechanics, a flickering is generated in the 

emitted fluorescence due to the longer time required for the fluorescent to relax to the 

ground state. 

 

Autocorrelation theory posits a general21 treatment of ( )tG  in chemically active 

systems, which has been adopted21,22 into common practice to model the triplet artifact. 

Conceptually, the triplet effect is treated as a chemical reaction inducing non-translational 

fluctuation on ( )tc . As a result, under the assumption that the fluorescents’ diffusion is 

not altered by intrinsic effects such as triplet, it is possible to separate the overall ( )tG′  

into independent contributions23,24: 
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( ) ( ) ( )tXtGtG motiontotal
′=′  

 

where ( )tX  is the autocorrelation function for the fluorescents’ intrinsic, non-

translational signal. For triplet, the result is given by 
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where rT  is the fraction of particles affected and Tτ  the triplet’s relaxation time. The 

above is usually applied in normalized form to have it display a baseline of 1: 
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The established autocorrelation fit formula for dipole-based fluorescents is therefore 
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The typical time scale for the triplet effect is 0.1 to 10 µs, which makes it well distinct 

from the diffusional slope of most systems, and thusly easily accounted for. 

Other non-diffusive effects of note are rotational fluctuations (typically 10 ns – 0.1 µs) 

and antibunching (~ ns and below). The first is generated by fast-time dipole rotation; the 

second, by the intrinsic statistics of the fluorescents emission. Since the FCS setup by us 

employed has a first detectable τ  of 0.2 µs, these two effects are of marginal concern to 

us. 
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It is also common practice, such as it normally was during the run of the presented 

experiments, to exclude the initial points from an autocorrelation curve’s fitting, in order 

to avoid accounting for non diffusive processes. 

 

 

4.2. Practical application 

 

Given the discrete nature of both the signal from the discriminator, and of the 

correlation process itself, the ( ) ( ) ( ) ( )∫ +=+
∞→

T

T
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T
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lim ττ  integral is 

approximated with a discrete succession of M channels, each the product of light intensity 

sampled at times t  and jt τ+ , with j = 1, 2, 3, … , M. 

The intensity is expressed through the number of impulses to the correlator, the 

product mentioned above is performed between the in  impulses in the sampling interval 

centered around t  and the jn  impulses in the sampling interval around jt τ+ : 
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with N the total number of samplings. 

 

The basic assumption of FCS - random intensity fluctuations around an average - 

implies an average number of particles during the measurement. For this reason, it is 

essential to consider systems at their thermal, chemical and mechanical equilibrium. 

Additionally, and similar to the previous, practical implementation of FCS hinges on 

the assumption that the on-off signal of fluorescents be determined purely by their 

diffusion time in the focal volume, plus intrinsic fluorescent fluctuations (such as triplet 

effect). In other words, we assume each particle to be spending small enough a time in 

the focal volume so as not to be bleached. This assumption, although easily met by the 

diffusional processes in our experiments (particles diffusion times being in the 10-5 - 10-3 
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s range) comes to fall when observing entrapped fluorescents (section 8.3.2.2, page 156). 

However, although traditionally a hindrance for FCS, the bleaching effect observed in 

such cases can be used to further estimate the gel properties, and was in the specifically 

presented cases actively sought. 

 

a)      b)

~ 10 µm~ 2 µm

 

Fig. 3. Practical implementation of FCS. a) Diffusion in a measurement chamber. Bottom to 

top: inverted microscope objective; glass slide / disposable chamber bottom; solvent in which 

fluorescents’ diffusion is measured. b) Application of a) to a complex system (a hydrogel in this 

example, as will be seen in Experiment 3). Typical 02z  size is reported. If smaller than the 

overall size of the system, the system can be studied as an average. Also reported is an example 

of the typical size of the systems studied. Notice fluorescents diffusing slower in b) than in a), as 

denoted by the shorter arrows. This difference can be exploited to drive information about the 

system, and is the basis of the treated Experiments 

 

Practically, all the experiments reported in the present thesis hinge on the comparison 

between the mobility of fluorescent tracers (also referred to as probes, diffusing bodies, 

fluorescents) in a pure solvent versus their mobility slowed down by the systems being 

studied. Namely, the experimentally determined altered diffusion coefficient, D, of the 

probes will be compared to the unaltered free solvent diffusion coefficient, also 

experimentally determined. Based on these data, the treatment of Experiments 1 (section 

6, page 47) and 2 (section 7, page 97) focuses on deriving analytical methods and 

predictive models of a general nature, while in the case of Experiment 3 (section 8, page 

117), which comprises the original motivation for this project, the focus is shifted on 

adopting previously established models to the study of a specific system. 

The basics of the experimental process are exemplified in Fig. 3 for what will be 

described in the treatment of Experiment 3. Experiments 2 and 3 present experimental 

conditions in which the altered mobility is determined by diffusion in a complex, non-
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interactive environment (inverse opal in Experiment 2, PNIPAAm-based hydrogel in 

Experiment 3), in which therefore the statistical presence of obstacles cause a systematic 

deflection of the probes’ Brownian motion and, as a consequence, an increase of the 

average diffusion time / diffusion coefficient. In Experiment 1, on the contrary, the 

probes diffuse in the absence of a fixed structure, and the diffusion alteration is 

determined specifically by interaction with a non-fluorescent population, also in solution 

(PNIPAAm). 

The entirety of experiments treated in the present thesis was conducted via FCS or, in 

case of Z-scan measurements, via the same FCS setup as used for the FCS measurements. 

Additional measurements, such as the SPR-based, were performed by colleagues as 

referenced to in the thesis, and references are provided for the specific techniques for a 

better comprehension, the detailed explanation of which is beyond the scope of this 

thesis. 
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5. Experimental ensemble 

 

5.1. FCS setup 

 

All measurements were performed on a commercial FCS setup (Carl Zeiss, Jena, 

Germany) consisting of the module, ConfoCor 2, and an inverted microscope, Axiovert 

200 model. A 40x Plan Neofluar objective (numerical aperture 1.2; working distance 0.29 

mm) and MilliQ water (filtered through a MilliQ purifaction system, resistivity 18.2 MΩ 

cm) as immersion liquid were used the described Experiments. 

Laser light was focused in a three-dimensional Gaussian focal volume, and the emitted 

fluorescence recorded and autocorrelated. The fluorescence species were excited by three 

different lasers depending on the Experiments. 

Experiment 1 (section 6, page 47) required the use of a single laser to excite 

Rhodamine 6G (Rh6G), for which a HeNe laser was employed providing a wavelength λ  

= 543 nm. 

Experiment 2 (section 7, page 97) and 3 (section 8, page 117) required the use of a 

more complex setup, involving two separate wavelengths to excite two different 

fluorescent populations diffusing at the same time. For these Experiments, a He-Ne laser 

emitting at λ  = 633 nm (Cy5 for calibration, Alexa 647 for measurement) and an Argon 

ion laser emitting at λ  = 488 nm (Rh6G for calibration, Qdots for measurements in 

Experiment 2, GFP for measurement in Experiment 3) were employed. 

In Experiment 2 and 3, both lasers were in use at the same time for measurements 

involving two tracers, and both tracers were diffused in the same session. However, even 

if signals from the two probes could be measured simultaneously, it was preferred to 

measure them one at the time, shutting close the laser corresponding to the probe not 

being measured. This was done in order to eliminate the little, but otherwise present, 

cross-talk between the two measuring channels. Thusly, for the case of simultaneous two-

probe measurement, different probe diffusion was recorded in the same spot but at 

slightly delayed times. The emission was collected after splitting the signal by means of a 

NFT635 dichroic mirror, and filtering with a long-pass LP655 filter for the fluorescence 
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light from the λ  = 633 nm excitation (channel 1) and with a band pass filter (BP560-615) 

for the fluorescence light from the λ  = 488 nm excitation (channel 2). For detection, 

avalanche photodiodes capable of single-photon counting were employed.  

 

5.2. Chambers 

 

The chambers employed were NUNC disposable chambers for Experiment 1 (section 

6, page 47), and reusable steel Attofluor chambers (cat. no. A7816) for Experiment 2 

(section 7, page 97) and 3 (section 8, page 117). Assistant glass slides (cat. no. 1001/25, 

25 mm diameter, 160 µm thickness) supporting the inquired environment (hydrogels, 

iOpals) were mounted in the Attofluor chambers. In order to prevent solvent evaporation 

during Experiments 2 and 3 the sample chamber being used was covered with an 

additional glass slide. 

The use of NUNC chambers and Assistant slides was dictated by the need to minimize 

refractive index mismatch in the laser’s path between the confocal objective, the 

chamber’s bottom, and the probed environment, with the ultimate goal of preserving the 

Gaussian quality of the focal volume, upon which or data fitting relies. As both probed 

environment and immersion liquid share a refractive index as close as possible, especially 

thin chambers and slides were chosen. 
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5.3. Materials employed 

5.3.1. Gel constituents 

5.3.1.1. PNIPAAm 

 

 

Fig. 4. Structure of employed statistical PNIPAAm (a ~94%, b ~5%, c ~1%). WM = 265 

kg/mol. Polydispersity = 2.2 

 

Poly-N-isopropylacrylamide (PNIPAAm) was synthesized in house at the MPIP by 

Robert Roskamp via radical terpolymerization. The specific variant employed is a 

statistical copolymer, the comprising monomers of which are: 

- N-Isopropylacrylamide (NIPAAm). 94% of monomers. The bulk of the 

studied system, exhibits LCST around 32 ºC. 

- Methacrylic acid (MMA). 5% of monomers. Provides multiple features: 

• Enhanced solubility of the system in water below the LCST 

• Increased polarity of the system, thus limiting the skin effect of 

PNIPAAm25,26,27 and increasing SR  

• Allowed functionalization of the system prior or after gel 

crosslinking 

- 4-benzoylphenyl methacrylate (MABP). 1% of monomers. Provides 

crosslinking upon UV irradiation. 
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Fig. 5. Monomers comprising the employed PNIPAAm. a) NIPAAm; b) MMA; c) BP 

crosslinker 

 

Synthesis is described in Robert Roskamp’s thesis28, page 37, and together with 

PNIPAAm’s composition it’s also touched in publications29,29b by our group. 

 

5.3.1.2. BP-silane 

 

Gel grafting onto glass substrates was achieved by treating glass with a 5 mg/ml 

solution of 4-(3-triethoxysilyl)propoxybenzophenone (BP-silane) in ethanol. BP-silane 

was synthesized in house at the MPIP by Robert Roskamp. 

Synthesis is described in Robert Roskamp’s thesis28, page 45, as well as in 

publications30 by our group. 

 

5.3.2. Solvents 

5.3.2.1. Water 

 

All water employed in cleaning procedures, sample preparation and the described 

experiments is MilliQ water, provided by MilliQ Gradient A10 apparati by Millipore. 

 

5.3.2.2. Ethanol 

 

All ethanol employed in cleaning procedures, sample preparation and the described 

experiments is Chromasolv ethanol by Sigma-Aldrich (cat. no. 34852). 



 37 

In many of our procedures, such as gel synthesis or glass slides rinsing and treating, 

disposable Braun Injekt syringes were employed. Because such syringes were originally 

developed for medical use, though, they were treated with both an anticoagulant (needle) 

and a lubricant (needle and syringe body) which could be a source of contamination for 

our systems once dissolved by ethanol. To avoid this, syringes were rinsed (and needles 

rinsed and previously cleaned on the outside) with ethanol. 

 

5.3.2.3. Water-based buffers 

5.3.2.3.1. PBS 

 

PBS buffer employed in the majority of the reported experiments was purchased in dry 

tablet form from Sigma-Aldrich (cat. no P4417) and reconstituted in MilliQ water for a 

pH of 7.4 and a concentration of 0.01 M. 

For the functionalized hydrogel section of Experiment 3 (section 8.3.2.2, page 156) a 

sterile PBS variant was employed, provided by Invitrogen (cat. no. 14190094). 

 

5.3.2.3.2. HEPES 

 

HEPES buffer employed in the described experiments was purchased in dry form from 

Sigma-Aldrich (cat. no. H7006) and reconstituted in MilliQ water for a pH of 7.4 and a 

concentration of 0.01 M. 

 

5.3.2.3.3. Acetate 

 

Sodium acetate buffer employed in sample preparation and the described experiments 

was purchased from Biacore in liquid form. 4.0 pH (cat.no. BR-1003-49) and 5.0 pH (cat. 

no. BR-1003-51) variants were employed, both exhibiting a concentration of 0.01 M. 
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5.3.3. Fluorescent probes 

5.3.3.1. Molecular dyes 

5.3.3.1.1. Rh6G 

 

 

Fig. 6. Structure of Rhodamine 6G WM = 479.02 g/mol 

 

Rhodamine 6G (Rh6G) employed in measurements was purchased from Invitrogen in 

dry form and dissolved in MilliQ water for a concentration of 20 µM, which was used as 

stock solution for further dilution. Rh6G was used for calibration in Experiments 1 to 3 

and as tracer for the measurements themselves in Experiment 1. 

 

5.3.3.1.2. Cy5 

 

Cy5 was purchased from Invitrogen in dry form and dissolved in MilliQ water to a 

stock solution concentration of 4 µM. Molecular structure was unavailable due to it being 

copyrighted by Invitrogen. Cy5 was used for calibration in Experiments 2 and 3. 

 

5.3.3.1.3. Alexa 647 

 

Alexa 647 (disodium salt cadaverine variant, cat. no. A-30679) was purchased in dry 

form from Invitrogen and dissolved in MilliQ water for a stock solution concentration of 

4 µM. Alexa 647 was used as tracer in the measurements of Experiments 2 and 3. 
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Fig. 7. Structure of Alexa 647. WM = 1250 g/mol 

 

5.3.3.2. Green Fluorescent Protein 

 

Recombinant Enhanced Green Fluorescent Protein (GFP) was purchased from 

BioVision (cat. no. 4999-100-BV; Source: E.Coli; stated purity: >97%; 35 mM in PBS; 

long-term storage temperature: -80 ºC). Upon arrival, GFP was allowed to thaw by 

progressive warming (-80 to -20 ºC; -20 to 0 ºC; 0 ºC to room temperature), subdivided in 

aliquotes and stored at -80 ºC. Upon measurement, an analogous thawing process was 

applied to a single aliquote, which was then diluted in sterile PBS to the concentration of 

30 nM used in measurements. GFP was used as tracer in measurements in Experiment 3. 

 

 

 

Fig. 8: Structure of GFP. WM = 29 kg/mol 

 

Fig. 9 depicts a summary of the spectral characteristics of the employed molecular 

dyes and GFP, together with the other experimental conditions under which they were 
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employed. As shown, Rh6G is excited by both =λ  488 nm and =λ  543 nm. However, 

of the two only =λ  488 nm can excite both Rh6G and GFP, and therefore is the one 

used for channel 2 in Experiment 3 (section 8.3.2.1, page 151). On the contrary, in 

Experiment 1, which involves Rh6G as the only tracer, =λ  543 nm is preferred due to 

the higher excitation provided. 

The emission signal splitting determines the recorded excitation for channels 1 and 2 

in two-color experiments (Experiments 2 and 3). Concerning this, notice how both Rh6G 

and (in a much feebler way) GFP emission spectra bleed out into channel 1. This effect is 

present for Experiment 3 concerning both GFP and Rh6G and Experiment 2 (section 7.2, 

page 98) concerning Rh6G alone. Because of this, signals from the two channels are not 

recorded simultaneously, but rather one channel is closed via a shutter while the other is 

recorded, thus eliminating the bleedout effect. 

 

 

 
Fig. 9. Normalized excitation (dashed lines) and emission (continuous lines) spectra for GFP 

(green), Rh6G (blue), Cy5 (red) and Alexa 647 (purple). Vertical lines: employed excitation 

wavelengths. Dark pink region / white region: dichroic mirror emission signal splitting. Source: 

www.invitrogen.com 

 

5.3.3.3. Quantum dots 

 

All quantum dots were purchased from Invitrogen in liquid suspension form (8 µM in 

borate buffer, 8.0 pH, 0.05 M). They were functionalized with carboxylic groups (c/a 100 

per quantum dot), which for our purposes provided the required electrostatic charge to 
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both prevent aggregation and attractive interaction with the probed systems (both anionic, 

as is the case of PNIPAAm and the employed inverse opals, the latter being made of 

silica). 

 

 

a)     b)     c)  

Fig. 10. TEM imaging of the employed quantum dots: a) Qdots 525; b) Qdots 545; c) Qdots 585 

 

 

As easily observed in Fig. 10, dry size for the Qdots is of difficult determination, 

skirting the edges of TEM resolution. Additionally, their observed radii in the dry 

condition, necessary to perform TEM, is around one order of magnitude than what 

calculated via FCS data. Concerning the latter, one must remember that the Qdots core is 

surrounded by a water-soluble polymer shell, the thickness of which in the dry state is not 

provided. In light of this, the TEM pictures at Fig. 10 are reported in order to ensure about 

their spherical shape (which ensures a single size parameter apported to the diffusion 

process and parameterization); as for the actual size in the liquid phase, HR  values as 

calculated through FCS are taken. 

Qdots were used as tracers in Experiment 2 (section 7, page 97). Fig. 11 illustrates the 

Qdots’ spectra compared with the other fluorescent diffused at the same time in 

Experiment 2, Alexa 647, together with the other experimental conditions. As shown, 

=λ  543 nm as a wavelength is unfit to excite our Qdots, and =λ  488 nm is used. 
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Fig. 11. Normalized excitation (dashed lines) and emission (continuous lines) spectra for the 

employed Qdots and Alexa647. Green: Qdots 525; blue: Qdots 545; red: Qdots 585; purple: 

Alexa 647. vertical lines: employed excitation wavelengths. Dark pink region / white region: 

dichroic mirror emission signal splitting. Source: www.invitrogen.com 

 

Before each experiment three calibration measurements of 5 min duration each were 

performed (for both channels 1 and 2 for Experiments 2 and 3). For the calibration 

measurements, cy5 was chosen for channel 1 and Rh6G was chosen for channel 2 on the 

account of their well-established size ( HR =0.8 nm for Rh6G, 1 nm for Cy5), allowing 

their D to be calculated a priori via the Stokes-Einstein equation and, through this, an 

easy calibration to be achieved. 

 

 

5.3.4. Gel functionalization material 

5.3.4.1. GFP antibodies 

 

GFP antibodies employed were polyclonal Goat antibodies, with affinity to both 

enhanced and non-enhanced GFP version. They were produced by Meridian Life Science, 

Inc. and purchased through Dunn Labortechnik GmbH (cat. no. K59261G) in frozen, 

PBS-dispersed form (1 mg/ml). Upon delivery, they were subdivided in 20 µl aliquotes 

according to the method described for GFP and stored at -20 ºC. 
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5.3.4.2. TFPS 

 

The employed Sodium para-tetrafluorophenol-sulphonate (TFPS) was synthesized in-

house by Robert Roskamp at the MPIP and long-term stored at 4 ºC. 

Synthesis is described in Robert Roskamp’s thesis28 at page 46. 

 

5.3.4.3. EDC 

 

The employed 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was purchased 

in dry form from Sigma-Aldrich (cat. no. 03450-1G) and long-term stored at -20 ºC. 

 

5.3.4.4. Ethanolamine 

 

The employed ethanolamine (ETA) was purchased from Acros Organics (cat. no. 

149580010) and stored at room temperature. It featured a nominal 99% purity. 

 

 

5.3.5. Inverse opals 

 

Inverse colloidal crystals (inverse opals, or iOpals for short) were prepared in house at 

the MPIP by Markus Retsch31,31b, by codeposition of monodisperse colloidal polystyrene 

(PS) and silica (SiO2) nanoparticles (LUDOX SM, Sigma Aldrich) on Assistant glass 

slides. PS particles with a diameter of 180 nm and 130 nm in aqueous suspension were 

used at a concentration of 1 wt%, the concentration of the silica nanoparticles (LUDOX 

SM, radius 7 nm) was adjusted to be 0.3 wt%32. Vertical lifting deposition (VLD) was 

conducted at 20 °C, 50 % RH at a lifting speed of 400 nm/s. The films were deposited on 

plasma treated glass slides (150 µm thickness). After VLD the PS particles were removed 

by calcination for a few hours in a tube oven at 450 °C in air (heating rate ~10 K/min). 

The resulting structures are the employed inverse opals (iOpals for short) comprised of 

fused silica. 
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The quality of the resulting inverse opal was characterized by SEM on a LEO Gemini 

1530 machine (Carl Zeiss AG, Oberkochen, Germany) with acceleration voltage of 1kV 

in secondary electrons InLens detection mode. 

 

 

  
Fig. 12. SEM imaging: 180Si02 

 

  
Fig. 13. SEM imaging: 180Si02SolGel 

 

  
 Fig. 14. SEM imaging: 130Si02 
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The resulting iOpals, pictured above, are named 180Si02 (180 nm PS particles used), 

180Si02SolGel (as the previous, but with the added inclusion of SolGel previous to 

calcination) and 130Si02 (180 nm PS particles used). These specimens were employed as 

systems to be probed in Experiment 2 (section 7, page 97), thus allowing for an 

observation of diffusion dependent on a 3 independent sizes: the probes’, the system’s 

voids, and the system’s holes. 

The intention behind the use 180Si02 and 130Si02 was to observe diffusion in systems 

with sensibly different void size but comparable hole size, the latter ideally provided by 

the low dependence on the PS particle radius of the holes, enhanced by the granular 

nature of the filler material (the aforementioned silica particles).  

Conversely, the intention behind the use of 180Si02 and 180Si02SolGel was to observe 

diffusion in systems with same void size but different hole size, the latter achieved by 

filling the interstitial spaces between the silica particles with SolGel. Specifically, the 

space delimitating the edge of the iOpals’ holes, thus creating a smaller-holes specimen 

for the 180Si02SolGel variant. 

However, since the calcination process is - obviously - not instantaneous, the actual 

resulting diameter of the voids is less than that of the employed PS particles, as evidenced 

by SEM imaging. Worth noting, as described in the following Table 1, is the achieved 

equal size for voids and different size for holes in 180Si02 and 180Si02SolGel, as well as 

the missed equal size for the holes in 180Si02 and 130Si02. In the following, R indicates 

the voids’ radius, while L indicates the holes’ diameter. This follows the formalism 

introduced in order to produce a simulation of diffusion in the system, as it will be 

detailed in the Experiment’s treatment (section 7.3, page 100). 

 

 180SiO2 180SiO2SolGel 130SiO2 

    

Thickness (µm) 7.4 4.6 5 

R (nm) 75 75 55 

L (nm) 60 50 45 

Table 1. Specifics of the employed iOpals 

 

At any rate, concerning the 180Si02 and 130Si02 L disparity, and since our analysis is 

based on size ratios rather than absolutes, the obtained iOpals were anyway viable for 
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Experiment 2 and, as it will be shown in the treatment of Experiment 2, the Experiment’s 

results were unimpeded by the difference in hole size between 180Si02 and 130Si02. 

Since evaluation of the iOpals’ typical lengths implied observation along edges or 

fracture lines, in detailed SEM measurement defects were to be observed (pictures on the 

right). However, if one observes the structures at large (pictures on the left) the regular 

and vastly defect-free structure appears evident. 
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6. Experiment 1: PNIPAAm-Rhodamine interactions in  a 

water solution 

 

6.1. Motivation 

 

The PNIPAAm-Rhodamine interaction Experiment was the first spawned from the 

main hydrogel study project (section 8, page 117). Previous successful PNIPAAM gel 

evaluations experiments12 via FCS were conducted in ethanol, since in ethanol the gel’s 

charges fail to hydrolyze, therefore leading to a relatively simple system, virtually devoid 

of electrostatic interactions with charged fluorescent probes. Rh6G itself, a notoriously 

heavily cationic dye, was observed diffusing with Fickian time dependence in ethanol-

swollen PNIPAAm. However, upon swelling of the same gels in water, Rh6G diffusion 

was much more complex and problematic to interpret. However, since the aim of the 

project was geared towards the development and improvement of biosensor systems, it 

was necessary to study the gels in water. 

On one side, this heavily restricted the fluorescent probes’ choice. Since the studied 

systems are already complex and - obviously - partially unknown, it was deemed 

necessary to probe them starting from the simplest interaction possible: 

collisional/frictional slowdown, raising the experiments’ complexity in a second moment. 

This, of course, barred cationic and generally attractively interacting probes like Rh6G 

from the study, and in the end led us to the choice of the weakly anionic Alexa 647 as 

baseline probe of choice for water-based swelling experiments. 

On the other side, it was deemed optimal to study PNIPAAm interaction with cationic 

entities, in order to be able to recognize its impact on tracer diffusion and possibly 

quantify it in our systems. 

Additionally, the question of different body interaction, in solution as well as in 

different systems33, has found theoretical34 and practical35 interest and was approached 

from many different experimental36, and numerical37 fronts, and has as well been 

addressed via FCS14,15,16,17,18,19. However, to the best of my knowledge, a simple, reliable 

model for the quantification of small-range, short-time interactions is still to be 
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implemented. In this context, the Experiment treated in this section was an attempt at 

developing a relatively simple, practical tool to evaluate said interaction from FCS data. 

To this end, the little understood, charge-driven Rh6G-PNIPAAm interaction was 

studied in a system simpler than crosslinked gels and, indeed, the simplest available. The 

tracer, Rh6G and uncrosslinked PNIPAAm chains were diffused in water, and D of Rh6G 

analyzed. 

 

6.2. Experimental 

 

The FCS setup employed was the one described in section 5.1 (page 33) for 

Experiment 1. The system studied consisted in Rh6G diluted at the fixed concentration of 

20 nM in a water-PNIPAAm solution spanning a gamma of 6 concentrations, from 

comparable to Rh6G to little below the overlapping concentration12, as the interest of the 

experiment was to observe the effect of PNIPAAm presence in Rh6G diffusion without 

the imposition of an actual, albeit non-crosslinked, network structure. The solutions were 

placed in NUNC chambers and studied at room temperature (nominally 21 ± 1 ºC). 

( )tI  was typically recorded for 5 min, for diffusion in pure solvent with strong 

fluorescence, to 10 minutes in the case of diffusion in dense gels where few particles 

could penetrate. These total accumulation times were subdivided in 30-seconds intervals 

in order to enable removal of occasionally erroneous signals due to abnormally large 

aggregates. Since the presence of interactions, and therefore possible aggregation, was 

the entire scope to this Experiment, anomalous contributions were excluded only when 

making the resulting overall ( )tG  unfittable, an eventuality which only verified in a 

number of cases in the units. 

Prior to the measurements, calibration was performed in NUNC chambers on a 20 nM 

solution of Rh6G in MilliQ water. Three values were taken and averaged for each 

calibration session. 

All ( )tG  curves were fitted excluding the data points up to ~ 10 µs, beyond the triplet 

effect time range, thus allowing for an exclusion of the triplet contribution parameters 

from the fit. 
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Concerning Rh6G concentration, although the solutions were prepared at 20 nM Rh6G 

concentration ( Rc ), this was partially altered during the experiment due to two effect. 

The first was the high charge of Rh6G, which although pivotal in the experiment, 

caused a fraction of it to routinely stick to the bottom of the NUNC chambers, therefore 

lowering the effective Rc  in the solutions. 

The second effect consisted in the sought-after interactions with PNIPAAm. Although 

lowered by the chamber interaction effect, the observed Rc  was found to increase with 

increasing PNIPAAm concentration, Pc . This is explained as Rh6G-PNIPAAm 

interactions can render the deposition of the Rh6G molecules on the chamber walls less 

favored. Indeed this possibility can be taken as a first quantitative effect of the interaction 

phenomenon. 

The altered concentration is observed in the values for N as obtained from fitting ( )tG . 

Similarly, the focal volume focV  could be calculated21 from fitted data via 
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The actual Rc  can now be evaluated, where the error can be estimated under the 

assumption of independent variables through 
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The actual Rc  values ad different Pc  are reported in Table 2 below. Here Pc  is 

reported both in g/ml and mol/L (M), and the actual Rc  values in M. As one can see, Rc  

is routinely different from the initial value of 20 nM as aimed at during solutions 

preparation. 
R

P

c

c
 (actual) is therefore the number ratio between PNIPAAm and Rh6G 
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molecule in solution. 
R

P

c

c
 (initial), i.e. the theoretical number ratio between PNIPAAm 

and Rh6G molecule in solution if Rc  were 20 nM, is also added for comparison. 

 

Sample cP (g/ml) cP (M) cR (M) cP / cR (initial) cP / cR (actual) 

1 2.87E-06 1.15E-08 4.4E-09 ± 4.6E-10 0.574 2.6 ± 0.3 

2 1.76E-05 7.04E-08 9.2E-09 ± 3.8E-10 3.52 7.7 ± 0.3 

3 5.55E-05 2.22E-07 4.9E-08 ± 2.5E-08 11.1 4.6 ± 2.3 

4 1.94E-04 7.76E-07 2.9E-08 ± 9.9E-10 38.8 26.8 ± 0.9 

5 5.60E-04 2.24E-06 7.2E-08 ± 3.2E-09 112 31.0 ± 1.4 

6 2.28E-03 9.12E-06 7.2E-08 ± 5.5E-09 456 125.8 ± 9.5 

Table 2. Concentrations of PNIPAAm and Rh6G in the Samples 

 

Fortunately, the Experiment revolved around Pc , and the condition of Pc  being 

routinely larger than Rc , which is still met, and even enhanced at small PNIPAAm 

concentrations. 

In addition to what already described, a third and fourth effects are worth noting. 

The third effect consists in the Rc  above Sample 3 being actually larger than 20 nM. 

The fourth effect consists in Sample 3 itself marking an anomaly in the experimental Rc  

due to the abnormally high average (for the Pc  range it’s in) and error. 

Concerning the fourth effect, the obtained values stem from both the statistic 

procedure employed - average over 3 different points in the sample - and the especially 

high concentration fluctuations observed in said points for Sample 3. 

Both the third and fourth effect can be explained, again, in light of the competition 

between Rh6G-chamber and Rh6G-PNIPAAm interaction: due to the first, Rh6G is 

attracted to the chamber’s walls and bottom, thus creating a region near the chamber’s 

bottom where Rc  > 20 nM, with a statistical gradient leading to a zone, far above the 

bottom, where Rc  < 20 nM; due to the second, adifferent Pc , the effect just described is 

weakened to a different degree. Therefore, at low Pc , one can expect a high Rc  near the 

bottom, with a sharp gradient leading to a constant concentration region with Rc  < 20 nM 

in a short space interval. As Pc  is increased, the competition mechanism described as the 
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second effect causes the gradient to be less sharp, and the region with Rc  > 20 nM to 

extend farther in the vertical direction. 

Since the sample was probed at a constant height of 200 µm above the chamber’s 

bottom, both the Rc  > 20 nM and Rc  < 20 nM regions were probed as Pc  was increased. 

Sample 3 marks an inversion point between these two regimes, meaning that for Pc  of 

Sample 3, tracer diffusion is probed in the middle of the threshold region, which accounts 

both for the inversion in Rc  > 20 nM versus Rc  < 20 nM, and for the larger fluctuations 

in Rc  in said Sample. 

 

a)   b)   c)  

Fig. 15. Scheme of dye concentration in a chamber: a) uniform dye concentration in the 

absence of dye-chamber interaction; b) dye attracted to the chamber leading to a sharp 

concentration gradient in the chamber bottom region; c) dye attracted to the chamber’s  walls in 

the presence of additional attracting species (PNIPAAm, in this case) in solution leading to a 

broad concentration gradient 

 

In analogy to Table 2, the average number of PNIPAAm chains can be calculated in 

relation to such quantities as focV  or fixed volumes, such as 1 nm3. 

 

Sample Vfoc (ml) cP (N/vol) cP (N/nm
3
) dP (nm) dP - 2RHP (nm) 

1 1.95E-13 ± 2.E-15 1.35 ± 0.01 6.91E-09 524.94 490.14 

2 1.98E-13 ± 2.E-15 8.39 ± 0.09 4.24E-08 286.79 251.99 

3 2.10E-13 ± 2.E-15 28.0 ± 0.3 1.34E-07 195.57 160.77 

4 2.14E-13 ± 2.E-15 100.0 ± 0.9 4.67E-07 128.86 94.06 

5 1.66E-13 ± 2.E-15 224 ± 2 1.35E-06 90.50 55.70 

6 1.67E-13 ± 2.E-15 915 ± 12 5.49E-06 56.68 21.88 

Table 3. Focal volume estimation and numerical estimation of PNIPAAm-PNIPAAm 
distances 

 

where the PNIPAAm-PNIPAAm average distance ( Pd  for short) was estimated from 

Pc , (hereafter expressed in N/nm3)  as 
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  3

1
−

= PP cd  (6.3) 

 

The last column deserves some attention. It reports the calculated Pd , minus HPR⋅2 , 

where HPR  is the hydrodynamic radius, HR , for PNIPAAm in water, which as reported in 

the data analysis section (6.3, page 52) has been measured as 17.4 ± 0.3 nm, lower than 

the measured HPR  for the same specimen in ethanol12 (19 ± 1 nm). This is consistent with 

PNIPAAm possessing a better solvency in ethanol than in water, thus leading in ethanol 

to more swollen chains, larger HPR , and subsequent earlier overlapping. 

The last column therefore represents the average distance between the surfaces of two 

adjacent spheres representing PNIPAAm chains. As seen in Table 3, the distance between 

the chains is larger than HPR  even at the highest Pc  (Sample 6). Therefore, we can 

consider the system to be still below the overlap concentration, 
*
Pc  (albeit this method of 

estimation is, admittedly, qualitative more than quantitative). 

 

6.3. Diffusion and possible Models 
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Fig. 16. ( )tG  curves in water. Solid lines: fit curves according to Model 1 
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Described in Fig. 16 are selected ( )tG  curves for the Samples. Samples 1, 5 and 6 are 

reported, together with Rh6G in absence of PNIPAAm and Rh6G-labelled PNIPAAm for 

comparison. The behaviour of Rh6G in the different Samples is situated in between 

Rh6G alone and PNIPAAm. One can also notice how, while the measurement of Sample 

1 yields a ( )tG  fairly similar, if slightly slowed down, to Rh6G alone and PNIPAAm, the 

( )tG  profiles of high- Pc  Samples measurement feature a different kind of behaviour, 

clearly differing from a simple Fickian behaviour. As for the exact nature of said 

behaviour, it is the pivotal element of this analysis, and two possible models were 

considered: 

 

Model 1: Fickian diffusion. 

More specifically, multi-component Fickian diffusion. This Model was adopted 

through attempts to fit the obtained ( )tG , which could not be fitted with one Fickian 

component. Instead, three components are necessary to fit one ( )tG  properly. The 

criterion for a good fitting, in this case like in the rest of the thesis, is whether the yielded 

fitting residuals (fitted curve values minus experimental curve values) display the 

following characteristics, in decreasing order of importance: 

1. Distribution around 0; 

2. Horizontal, flat, featureless pattern plus random noise; 

3. Small values. 

For all Samples, the two major components were roughly one order of magnitude apart 

in D, the first one displaying a D consistent with free Rh6G and the second, slower one, 

D between that of Rh6g and PNIPAAm. The third component was much feebler in signal 

fraction, and one to two orders of magnitude slower than the second component. As 

mentioned, all components are Fickian. 

 

Reported values, in this Experiment as well as in the rest of the thesis, are obtained via 

weighted average, where the parameter used in the weighting is the relative error. This 

partially deviates from the more common weighting via absolute error, but was deemed a 



 54 

more correct evaluation method due to the fluctuating dispersion of data within the same 

Experiment. For example, data with comparable absolute error have been shown to differ 

for the same sample by a factor 2 in the present Experiment at high Pc , or in the more 

confined iOpals or in gels of more complex structure respectively in Experiment 2 

(Section 7, page 97) and Experiment 3 (Section 8, page 117). Thus, it has been adopted 

for the averages: 
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standard deviation, which was assumed as error: 
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Weighted average was performed for this Experiment over a minimum of 3 different 

individual values, measured for each Sample in different XY positions and at 200 µm 

above the chambers’ bottom. 

Fig. 17 and Fig. 18 detail Model 1 analysis on the Samples. 

As seen in Fig. 17, Component 1 (compatible with free Rh6G diffusion values) keeps 

a virtually constant D throughout the whole PNIPAAm concentration range, with what 

appears to be a possible minor slowdown effect, easily attributed to the increasing 

solution viscosity. We identify this datum as RD . As for Component 2, its D keeps 

consistent over the first three (possibly the first four) Samples ( Pc  ranging from 11.5 nM 

to 222 nM in the first case, or to 776 nM in the second), and then drops to non-
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compatible values for Samples 5 and 6, which are close to PNIPAAm’s D ( PD ). We’ll 

refer to this second diffusion process as hybrid diffusion and identify its D as hD . 
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Fig. 17. Multi-component Fickian diffusion observed in the Samples, as fitted according to 

Model 1: diffusion coefficients. Free Rh6G D values ( RD ) are to be read on left Y axis, hybrid D 

values ( hD ) on right Y axis. The pink horizontal line is D for tagged PNIPAAm, measured with 

the same setup, and its value is also to be read on the right Y axis. Inset: The diffusion of the 

third, slowest process 

 

Similarly, as seen in Fig. 18, a moderate increase in hF  at the expenses of RF  can be 

observed up to Sample 4, above which the hF  dependency on Pc  appears more steep. 

A third component had also to be introduced in the fitting, displaying D values one 

order of magnitude lower than D for PNIPAAm and decreasing with increasing Pc  

together with signal fraction increasing with Pc  but keeping below 10%. Due to the high 

size, Pc  dependency and (obviously) fluorescence, this third component has been 

identified as given by multi-chain aggregates of PNIPAAm and Rh6G – essentially, the 
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result of Rh6G effectively gluing together multiple PNIPAAm chains. We therefore refer 

to its D and fraction as aggrD  and aggrF . 

Whether these aggregates were permanent or transient was not clear, but their 

existence was corroborated by the observation of white specks in the solution, visible 

with the naked eye. 
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Fig. 18. Multi-component Fickian diffusion observed in the Samples, as fitted according to 
Model 1: components’ fractions (fast and intermediate processes in the main plot and third 
process in the inset) 

 

 

Model 2: non-Fickian diffusion. 

According to this second Model, adopted as a possible alternative to Model 1, during 

the early theorization stages of the system data, ( )tG  for the Samples can be fitted with 

two components: a dominant non-Fickian one ( ( ) xttr ∝∆ 2 , with x < 1) and a second, 

Fickian, feebler one analogous to the aggregates component in Model 1. 

Whether Model 1 or 2 is to be preferred was a central question in the study of this 

Experiment, and pivotal in identifying the mechanism of the observed interaction. 
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In order to discriminate between the Models, let’s simplify them for a moment to a 

situation where PNIPAAm chains are envisaged as hard spheres, randomly distributed in 

fixed positions in the solution. That is, we neglect PNIPAAm motion, on the basis of PD  

being one order of magnitude smaller than RD . In this picture, two outcomes appear 

possible for the altered Rh6G diffusion. These two outcomes correspond to the two 

Models: 

  

Model 1 (Fickian): Rh6G-PNIPAAm interaction verifies at short length range. In this 

Model, Rh6G possesses a certain likelihood to stick to PNIPAAm. The analysis here is 

purely phenomenological: the distance dependence and specific mechanics underlying the 

electrostatic interaction are not investigated, and we simply consider Rh6G-PNIPAAm 

interaction as a rigid-spheres model in Brownian motion, where the different bodies can, 

upon collision, stick to one another for an average attachment time aτ , after which 

detachment occurs. In this model, Rh6G diffuses Brownianly with RD  until it comes into 

contact and attaches to a (fixed in this approximation) PNIPAAm chain. After aτ , 

detachment happens and Brownian diffusion resumes until Rh6G comes into contact and 

is captured again by a new PNIPAAm fixed point, and so on. If the system is observed on 

a large scale relatively to the PNIPAAm-PNIPAAm distance, given the random 

distribution of PNIPAAm, attachment in this model merely acts as a reducer of the 

overall Rh6G mobility, not altering the Brownian character of diffusion. Since FCS 

derives diffusion coefficients from overall diffusion times, the waiting times aτ  Rh6G 

spends on the fixed PNIPAAm chains during observation simply reduce the average 

observed RD  to a smaller value. Reintroducing PNIPAAm motion in the model merely 

introduces additional Brownian motion during aτ , during which Rh6G actually diffuses 

with PD , thus mitigating the RD  reduction from the “immobile PNIPAAm” 

approximation. 

If observed on a scale small enough relatively to the PNIPAAm-PNIPAAm distance, 

motion in this model will appear again Brownian, but the average observed D will exhibit 

larger deviations from a single average value the smaller the scale considered, both in 

terms of space an time intervals. When considering the system on a scale comparable (or 
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smaller) than the typical motion scale of Rh6G during its attached / free diffusion, one 

would actually observe a splitting of the observed D, since a concrete chance would come 

into being of: 1) observing a part of the Rh6G population diffusing freely in between 

detachment and subsequent attachment to a PNIPAAm chain for the whole observation 

time (thus giving a diffusional process possessing RD ); 2) observing a part of the Rh6G 

population diffusing attached for the whole observation time, if the average distance for 

attached diffusion became comparable with the system observation size ( PD  observed). 

The chance of observing Rh6G diffusing partly attached, partly free would of course 

remains (it would always be possible to observe Rh6G detaching or attaching during 

observation). This is what we’ve referred to as hybrid diffusion, and its D is of course 

again hD . 

As it is characteristic of FCS to observe a system, like in the present case, on 

especially limited time and length scales, Model 1 would explain the multi-component 

Fickian fitting of the data as an effect of said limitation: the observation of hD , plus RD  

for those Rh6G molecules happening to be observed in between PNIPAAm encounters. 

As it will be shown further in the treatment, the limitations described can nonetheless 

be turned into a useful tool to analyze the interaction itself. 

 

Model 2: Rh6G-PNIPAAm interaction verifies at long length range. In this model, the 

attaching/detaching mechanism for Rh6G is again at work, just as seen in Model 1. Also, 

in addition to it, Rh6G molecules are deviated from Brownian motion long before they 

get to stick to PNIPAAm, as their trajectory is influenced by PNIPAAm chains near and 

far. Although in this model immobile PNIPAAm chains would impose vinculi to a large-

scale Brownian motion of Rh6G (trajectories of Rh6G molecules would be systematically 

be deviated towards fixed points), reintroducing Brownian motion in the chains would 

again allow for a large-scale Brownian behavior of Rh6G, again displaying an average D. 

If observed on a small scale, however, the deviation from the single diffusion of this 

Model predicts both Brownian and non-Brownian motion for Rh6G: Rh6G observed 

while attached to PNIPAAm would move with Brownian PD  as in Model 1, but free 

Rh6G would now exhibit trajectories influenced by surrounding PNIPAAm, thus 
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deviating from random Brownian behavior. Indeed, while the chaotic Brownian 

behaviour leads in a solution to Fickian trajectories, which can be approximated on a 

scale long enough with linear trajectories, the presence of far-interacting PNIPAAm 

would generate curved (i.e. non-Fickian) trajectories. 

Concerning hybrid diffusion again, an additional feature of Model 2, as opposed to 

Model 1, is that Model 2 allows for the relaxation of the condition of Rh6G actually 

attaching to PNIPAAm: simple long-range attraction without a residence time such as aτ  

would still generate Fickian diffusion on the large length scale and non-Fickian on the 

small length scale, while the additional small-scale PNIPAAm-attached diffusions (both 

the Fickian diffusion and the hybrid non-Fickian diffusion) would come to vanish. 

Model 2 would explain the single-component (excluding the aggregates component) 

non-Fickian fitting of the data as a system where attached (if present) and non-attached 

Rh6G diffusion happen on a smaller length scale than the observation length scale, thusly 

not triggering signal splitting. Under this hypothesis, curved Rh6G trajectories induced 

by long-range PNIPAAm-Rh6G interactions suffice to explain the data fitted according to 

the non-Fickian method. 

We’ll refer to the D of the non-Fickian diffusional component in Model 2 as nFD . 

In order to develop a coherent theory of the interaction, a Model had to be chosen over 

the other. 

From a point of view of pure data analysis, common fitting wisdom suggests the 

solution with less parameters to be preferred. In the present Experiment, 6 independent 

parameters were necessary to fit ( )tG  for the samples according to Model 1 (N, Rτ , hτ , 

aggrτ , RF  and hF ; hRaggr FFF −−= 1 , and therefore non-independent. Indexes for the 

various τ  refer to the matching diffusional processes). Model 2 requires 5 parameters (N, 

nFτ , aggrτ , nFx  and nFF , since for the Fickianly-moving aggregates we have 1=aggrx , 

and of course nFaggr FF −= 1 ). This apparently points Model 2 as more favorable. 

However, numerical considerations such as the number of parameters should be 

secondary to physical significance. In this sense, the presence of Rh6G-PNIPAAm 

aggregates in the Samples posits a possible contradiction in Model 2: the presence of 
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aggregates means that Rh6G and PNIPAAm indeed attach to each other, a phenomenon 

which is not seen in the one-component non-Fickian diffusion in Model 2. 

Conversely, it could be argued that aggregates could actually be the only outcome of 

Rh6G-PNIPAAm attachment – that is, that no Rh6G-PNIPAAm pairs exist. This would 

solve the apparent Model 2 contradiction. Then again, if this were the case, then the same 

mechanism would likely result in an impediment to the very presence of non-attached 

(i.e. under the very same hypothesis, non-aggregate) Rh6G at high Pc , or at least to a 

progressively decreasing presence of such. On the contrary, the Samples were stored and 

observed stable over week-long spans of time. 

A quantitative point towards the choice of a Model over the other comes in the form of 

residual analysis. Reported in Fig. 19 below are residuals for Samples 1, 5 and 6 of the 

series, fitted according to Model 1 and 2. As one can see, ( )tG  curves show better 

residuals if fitted with Model 1. This feature can be taken as a first physical datum 

corroborating a Model. Also, combined with the possible contradiction in Model 2 

featured in the previous paragraph, motivated the following inquiry into the detailing of 

Model 1, which is therefore the Model I’ll be testing for the rest of this Experiment’s 

treatment. 
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Fig. 19. Residuals for Samples at low and high Pc , fitted according to the two Models 
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6.4. Data analysis and theory development 

 

 

A
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Fig. 20. A scheme of Rh6G diffusion in the focal volume 

 

Fig. 20 illustrates the general concept of Model 1: large PNIPAAm chains move at 

low PD  / long Pτ ; small Rh6G molecules move at high RD  / short Rτ . Whenever Rh6G 

encounters PNIPAAm, a chance occurs that the two attach temporarily due to 

electrostatic interaction. As described before, this generates a double signal in a limited 

volume such as ours: free signal plus hybrid signal. It bears stressing again that, in the 

Model used, every Rh6G molecule attaches and detaches from PNIPAAm chains during 

its diffusion and, thusly, a large enough focal volume would guarantee only a single, 

hybrid signal to be observed: the free Rh6G signal is observed in the actual experiments 

purely due to the restricted observation space. 

About the chance of attaching upon contact, one can apply a first refinement to the 

Method’s developing formalism by introducing the likelihood of a Rh6G molecule to 

attach to a PNIPAAm chain upon contact, al . al  is a function of the two interacting 

bodies’ charge - or charge distribution - as well as the solvent’s properties. It is, in the 

general case, 01 >> al . We can now introduce the effective average PNIPAAm-

PNIPAAm center of mass distance, Pd ′ , as 
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Pd ′  is the average PNIPAAm-PNIPAAm center of mass distance sensed by Rh6G 

molecules for the purpose of attachment; In other words, the length scale over which 

attachment events occur in the system. Small al  leads to large Pd ′  and vice versa. 

Pd ′  can be compared with the length scale over which the system is observed, i.e. the 

effective diameter of the focal volume, 02x . Two different Regimes can now be 

delineated: 

02xd P >′  Regime: in this Regime, Pd ′  is too large to be observed within the 

boundaries of the observation method. As a result, any Rh6G observed interacting will 

either attach to/detach from a single PNIPAAm chain, and all the remaining Rh6G 

molecules will be observed diffusing free. One can formally describe this by introducing 

an , the average number of Rh6G-PNIPAAm encounters which will be observed being 

experienced by those Rh6G molecules contributing to hybrid diffusion. As I described, in 

the 02xd P >′  Regime, it is identically 1=an . 

02xd P ≤′  Regime: in this Regime, Pd ′  is comparable with the length scale of the 

observation volume. As a result, the chance arises for Rh6G molecules to be observed 

interacting with more than one PNIPAAm chain each. At the same time, the chance still 

exists for Rh6G molecules to not interact with any PNIPAAm chain during observation. 

Hence, the free Rh6G signal will still be present, while for the molecules generating the 

hybrid signal, we’ll observe 1>an . 

Based on these considerations, we can now attempt a formal rationalization of the 

observed diffusion coefficients. 

We can write the hybrid diffusion coefficient hD  as a sum of two contributions: 

 

 PaRfh DFDFD +=  (6.7) 
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where the dimensionless fF  and aF  are the time fractions Rh6G spends free and 

attached respectively while in the focal volume. These are given by 
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in relation to the average times, fτ ′  and aτ ′ , that Rh6G spends respectively free and 

attached to one PNIPAAm chain while in the focal volume. As a result, 
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As a reminder, here aτ ′  and fτ ′  are intended as the average time interacting Rh6G 

spends respectively attached on PNIPAAm and free during observation. These are 

generally different from the average times it spends in the same states regardless of the 

observation length and time, which I’ll refer to, more simply, as aτ  and fτ . 

In fact, one must at this point further differentiate the theory, similarly to what done 

with the 02xd P >′  and 02xd P ≤′  Regimes. While the former established a threshold, as it 

is, for the observed length scales, we must now approach the relation between the typical 

time scales of the observed processes, that is the way aτ  and fτ  relate to the typical 

length and time scales of the focal volume and environment. 

Case 1: aR ττ > : Rh6G stays attached to PNIPAAm for a shorter time it would take 

free Rh6G to diffuse through the volume. In this situation, it is easily seen how aa ττ ′≅ . 

We can now set ourselves to calculate fτ . fτ  can be calculated from the known 

expression 
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τ4

2

0x
D =  (6.11) 

 

By substituting here D  with the actual RD , τ  with fτ , and 0x  with the half-distance 

Rh6G diffuses free, we can calculate fτ  as a function of said half-distance, fx , and 

known values. I’m calling fx  the half-distance in this treatment for reasons of 

consistency with the half-width of the focal volume, 0x . 

Here I’d like to remark on the difference between Rτ  and fτ : Rτ  is the time free 

Rh6G spends traveling through 02x  (and thusly dependent on the observation 

conditions); fτ  is the time free Rh6G spends traveling between two PNIPAAm 

attachment/detachments. (and thus independent of the observation conditions). 

As we’re assuming diffusion to be Fickian, a Rh6G molecule’s diffusion can be 

schematized in a first approximation to be following a linear trajectory. 

This is a relatively heavy simplification, but justified by the system’s conditions: 1) 

Brownian diffusion; 2) absence of Rh6G-Rh6G collisions due to low concentration; 3) 

absence of long-range interactions with PNIPAAm. Under these conditions, we can 

expect trajectory fluctuations to be due to thermal noise alone, and therefore Rh6G 

trajectory to be random on a scale smaller than the one considered (until, of course, 

interaction with PNIPAAm verifies). 

As a result of the linear trajectory schematization, fx  will be directly proportional to 

2
Pd ′

 (since fx  is a half-distance), the difference between the two being an additional, 

geometrical parameter, which must now be introduced. 

Consider a Rh6G molecule diffusing for a distance Pd ′  after detaching from a 

PNIPAAm chain. Such distance, as we mentioned, is the average effective (i.e. 

normalized to al ) PNIPAAm-PNIPAAm distance, and therefore in our Model the Rh6G 

molecule would stick to a new PNIPAAm chain disting Pd ′  from the previous one. 

However, such event occurs only when a PNIPAAm chain actually is on Rh6G’s 
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trajectory. Since both PNIPAAm and Rh6G are small compared to Pd ′ , this is much less 

than certain.  

In other words, in our Model Rh6G cannot attach to any PNIPAAm chain before 

diffusing a distance Pd ′ . Once diffusing for Pd ′ , it will attach, on the condition that it 

actually encounters (collides with) a PNIPAAm chain. 

Therefore, the new parameter we need is a geometrical likelihood of contact, cl . cl  

will depend on the sizes of both Rh6G and PNIPAAm. Indeed, supposing a fixed 

concentration, the larger the objects in solutions, the easier it will be for them to collide, 

while small entities like PNIPAAm chains and a molecular tracer like Rh6G will need to 

find themselves on very similar diffusional trajectories to encounter each other. 

It will be, analogously to al , 01 >> cl , and like al  will act as an additional 

normalization modifier to Pd ′ . In other words, Pd  accounts for PNIPAAm concentration, 

al  for Rh6G-PNIPAAm electrostatic interaction, and cl  for the sizes of the involved 

objects. We can write fx  as 
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ll

d
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2
=  (6.12) 

 

While cl  can be deduced through geometrical considerations, as shown further in the 

Experiment’s treatment, al  is an intrinsic property of the involved bodies, and of the 

solvent, and therefore fx  cannot be calculated without first calculating al  (actually, as 

I’ll be showing, cl  itself is dependent on al ). 

Luckily enough, as again will be shown further in this treatment, al  itself can be 

calculated in a first place through observable data, and specifically from the signal 

fraction of the hybrid diffusion, hF . 
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As a first quantitative step in our analysis, though, let us get back to the diffusion 

coefficients of the aR ττ >  Case. Let us place ourselves in the 02xd P >′  Regime: as I 

mentioned, in such a Regime it is 1=an . 

Given the length and time scale of the system, it is for hD : 
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In this Case, af ττ +′  is a measured quantity, that which we can called hybrid diffusion 

time, afh τττ +′= . RD , PD  and hD  are also quantities directly obtained from the 

measurements: RD  and hD  from Rτ  and hτ  as fitted from the same ( )tG  curve, and PD  

obtained from a separate measurement. By writing ahf τττ −=′  one has 
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which can easily be rewritten as 

 

 h

PR

hR
a

DD

DD
ττ 



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



−

−
=  (6.15) 

 

With this, one can directly calculate the residence time aτ  from easily fitted values. As 

a confirmation, one can see that in the Rh DD →  limit, 0→aτ  (0 residence time equals 

vanishing hybrid signal). At the other end of the spectrum, in the Ph DD →  limit, 

ha ττ → : hybrid diffusion entirely comprised of attached diffusion, which the additional 

meaning Pha τττ == . This last limit actually requires a relaxation of the aR ττ >  

condition into a less restrictive aP ττ > . 
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Additionally, the fact that we are in the 02xdP >′  Regime, and therefore 1=an , makes 

hτ  actually independent on Pc : while in the 02xdP >′  Regime, increasing Pc  will 

increase the fraction of Rh6G which will attach/detach to PNIPAAm, therefore 

contributing to hF . However, every single Rh6G contributing to hF  will still 

attach/detach to only one PNIPAAm chain ( 1=an ). As a result, the diffusion time of 

each Rh6G molecule will be altered by only one PNIPAAm interaction event regardless 

of Pc , until the threshold 02xd P =′  (itself dependent on Pc  through Pd ′ ) is reached. 

The relative error to aτ  is, factoring in the independent quantities involved: 
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 (6.16) 

 

The 02xd P ≤′
 Regime adds complexity to this scheme, since while it’s still aa ττ ′≅ , 

an  is now a function depending on Pd ′ . It is, analogously to what seen in the 02xd P >′  

Regime, 

 

 aahf n τττ −=′  (6.17) 

 

Analogously, the cumulative attached diffusion time (that is, the accumulated 

residence time for the an  statistically observed PNIPAAm encounters per interacting 

Rh6G molecule) aaa n ττ =*  is easily calculated as: 
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Deriving aτ  or an  from such is not possible unless the other is known beforehand. 

Luckily, one can experimentally obtain aτ  simply by measuring the system at lower Pc , 

that is in the 02xd P >′  Regime. Given this, an  can now be easily calculated as a ratio: 
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a
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τ

τ *

=  (6.19) 

 

where of course aτ  is the value already calculated from the 02xd P >′  Regime. 

The 02xd P ≤′  Regime adds, with respect to the 02xd P >′  Regime, a an -mediated Pc  

dependency to *
aτ , and therefore to hτ . We have that, for sufficiently high Pc , and 

barring for a moment the eventuality of passing *
Pc , that an  will rise from the 1=an  

asymptote of 02xd P >′  to a maximum value for which Pc  is high enough that the 

considered Rh6G molecule immediately attaches to a new PNIPAAm chain upon 

detaching from the previous. Indeed, since in such a case Rh6G would be seen diffusing 

with Pτ , an  will present a second asymptote value at 
a

P
an

τ

τ
= . As an additional note, in 

such a PNIPAAm-crowded environment, the free diffusion coefficient would most likely 

come to vanish. 

As for the an  error, it is easily 
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Further, it useful to stress again that 1>an  as seen in this Regime is a statistical 

value. As an example, an experimental situation presenting a free diffusion and a hybrid 

component with 2=an  would not mean that each Rh6G molecule attached either to 0 or 

2 PNIPAAm chains during observation, but rather that Rh6G molecules either attached to 

0 chains (due to either lack of collision or 1<al ) or, in case of attachment, attached to a 

distribution of chains ranging from 1 to a number larger than 2, with 2 being the 

statistical average. 
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A further refinement of our analysis can be made now with the explicit calculation of 

cl , which is necessary to the analysis of hF . The cl  parameter can be thought of as the 

likelihood of one Rh6G molecule to come into contact with one PNIPAAm chain the 

center of which is not directly placed on Rh6G’s trajectory. In the general sense, the 

larger the bodies involved in this kind of event, the higher the likelihood. Let’s 

schematize Rh6G’s trajectory as a line, and Rh6G as a sphere of hydrodynamic radius 

HRR . A PNIPAAm chain, schematized as a sphere of hydrodynamic radius HPR , can 

come into contact with such only in the case the two centers are at a distance HRHP RR +  

or less. Let’s call this cumulative radius AR . 

Since we placed ourselves in a Fickian model, our schematization of a Rh6G 

molecule’s trajectory is a line. This is a relatively heavy simplification, but justified by 

the system’s conditions: 1) Brownian diffusion; 2) absence of Rh6G-Rh6G collisions due 

to low concentration; 3) absence of long-range interactions with PNIPAAm. Under these 

conditions, we can expect trajectory fluctuations to be due to thermal noise alone, and 

therefore Rh6G trajectory to be random on a scale smaller than the one considered (until, 

of course, interaction with PNIPAAm verifies). 

Let’s consider a random Rh6G molecule entering the focal volume. As we already 

mentioned, we are placing tin a first approximation under the condition that we can 

consider Rh6G trajectories linear until interaction takes place. 

Two situations can be delineated, again depending on the Regimes. 

02xdP ≤′  Regime. In this Regime, the fraction hF  of observed Rh6G molecules which 

contribute to the hybrid signal is determined by Pc , al  and cl . Let’s proceed by steps. 

Under our approximations, we can the product, 
Pd

x02
, between 02x  and the linear numeric 

PNIPAAm density 3

1
1

PP cd =
− , is the maximum number of PNIPAAm chains (under the 

very improbable condition that they are linearly distributed on Rh6G’s trajectory) that a 

Rh6G can encounter - but not necessarily interact with - during diffusion in the focal 

volume. 
Pd

x02
, if factored by cl  (the geometrical likelihood for one Rh6G molecule to 
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come into contact with a neighboring PNIPAAm chain), gives 
P

c
d

x
l 02

, which is the actual 

number of PNIPAAm chains that Rh6G will be likely come into contact with. Again, 

coming into contact doesn’t necessarily mean attachment, for which we need to factorize 

P

c
d

x
l 02

 by al . The resulting expression for hF  is obtained: 
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 (6.21) 

 

Going back now to the calculation of cl , as our molecule enters the focal volume it 

will be, in a first approximation, at an effective distance between 0 and Pd ′  from the first 

neighboring PNIPAAm chain. The average effective distance to be traveled before such 

encounter is therefore A
P R

d
−

′

2
, as shown in Fig. 21. Also shown in the same is how 

merely diffusing for A
P R

d
−

′

2
 doesn’t ensure an encounter. 
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2
P

d ′
a
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Fig. 21. Scheme of Rh6G diffusion into the focal volume, 02xdP ≤′  case. Yellow half: focal 

volume; Grey half: unilluminated space. Rh6 diffuses from grey to yellow 
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As seen in Fig. 21, when at a distance 
2
Pd ′

 from the center of mass of particles disting 

Pd ′ , only two particles are allowed as closest neighbors, since the centers of mass of all 

other particles residing on the surface of the same sphere of radius 
2
Pd ′

 would dist less 

than Pd ′  from each other. 

Since the Rh6G molecule diffuses in a random direction, the chance of encounter with 

PNIPAAm will be proportional to the angle subtended by the PNIPAAm-Rh6G spheres. 

Because of the axial symmetry of the system, the dependency is one-dimensional in said 

angle, and therefore we can restrict our analysis to a plane, as shown in Fig. 21. 

Symmetry also allows us to restrict the analysis of the upper left quadrant in Fig. 21. 

Including all the refinements so far, the angle Aθ  subtended between the system axis and 

the edge of a PNIPAAm-Rh6G sphere (a lines in the figure) is 
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The total angle subtended in the considered quadrant is, of course, 
2

π
. Therefore, 

according to this model, 
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The same formula is also found to be valid in the case our diffusing molecule doesn’t 

encounter the first neighboring sphere after entering the volume: in a general point inside 

the volume, the molecule will still be at an average 
2
Pd ′

 from neighboring spheres. Due to 

the already mentioned symmetry, Fig. 21 can again be used, calculation for cl  can again 
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be restricted to its upper left quadrant of the same figure, and therefore the same result 

stands. 

As seen, cl  itself is a function of both al  and Pc . Also, the general formula for hF  can 

now be used to factorize cl  out of it: if hF  is the overall fraction of Rh6G molecules 

contributing to the hybrid signal, and cl  is the geometrical likelihood of one Rh6G 

molecule to come into contact with a neighboring PNIPAAm chain, then 
c

h

l

F
 can be 

thought of as the number of PNIPAAm chains available for interaction with a Rh6G 

molecule within the focal volume assuming 1=cl . Which means, the number of chains 

that each Rh6G molecule belonging to hF  will statistically interact with during 

observation. In other words, a

Pc

h n
d

x

l

F
=

′
= 02

. This hypothesis will be tested further in this 

Experiment’s treatment. 

Explicitly it is for hF : 
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simplifying and expressing which in terms of Pc : 
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cl  being, of course, 
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Since it is, generally, AAP RRd 22 >−′ , hF  can also be linearly simplified to 
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the dominant term of which has a 3

2

Ph cF ∝  dependency. If we now call this hF  ChF ,  

to denote the fact that it is calculated, and we call MhF ,  its measured equivalent, we can 

directly calculate al  by equating them: 
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The relative errors for such can be calculated under the hypothesis of independent 

variables as to obtain 
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The error for Pc  wasn’t factored in as the values where taken as nominal and therefore 

not measured in situ. 

 

02xd P >′  Regime: In this case the effective PNIPAAm-PNIPAAm center of mass 

distance is effectively too large to be observed inside the focal volume, and therefore only 

a maximum of one PNIPAAm chain can be encountered by a linearly diffusing Rh6G 

molecule (i.e. 1=an , as already stated). The remarks concerning the general formulation 
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P

ch
d

x
lF

′
= 02

 are still valid, with the difference that, opposite to what seen in the 02xdP ≤′  

Regime, in the 02xd P >′  Regime 
Pd

x

′
02

 cannot be though of as an . 

It is worth to elaborate on this last point before going further. As previously 

mentioned, an  is a statistical value in the 02xdP ≤′  Regime. However, such statistical 

value is the expression of a statistical distribution of finite, integer values: as an example, 

a 02xdP ≤′  Regime system in which 50% of the hybrid diffusion is given by Rh6G 

interacting with 1 PNIPAAm chain during observation, and 50% is given by Rh6G 

interacting with 2 chains during observation will give 5.1=an . In the 02xd P >′  Regime, 

on the other hand, the situation is much simpler: the only number of chains (again, an 

integer) that a Rh6G contributing to the hybrid signal can interact with is 1. There is no 

such thing as “interaction with less than one chain”. If one wants, it’s a quantization 

effect. Also, in the 02xd P >′  Regime it is 1
2 0 <

′
Pd

x
. Given that 1<an  is nonsensical, 

Pd

x

′
02

 

can’t be taken as an estimate for an  in this Regime. 

We’re now going back to the explicit calculation of cl . 

As we have said, a molecule entering the volume will not, for 02xd P >′ , perceive Pd ′ . 

Instead, the length scale involved will be 02x : the one PNIPAAm chain which can be 

encounter will have its center of mass at a distance between 0 and 02x  from Rh6G’s 

entrance into the volume. As done for the 02xd P ≤′  case, we take as average distance the 

half of the maximum one: 0x , as schematized in Fig. 22. 
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Fig. 22. Scheme of Rh6G diffusion into the focal volume, 02xd P >′  case. Yellow half: focal 

volume; Grey half: unilluminated space. Rh6 diffuses from grey to yellow 

 

Thanks to the system’s symmetry, we again can restrict our calculation to the upper 

left quadrant shown in figure, and thus we have for the subtended angle: 
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so that cl  is now defined as 
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In the 02xd P >′  Regime, as opposed to the 02xd P ≤′  one, the model cannot be 

extended beyond the chance of a first Rh6G-PNIPAAm encounter, since only one 

encounter is statistically possible. We have therefore, for ChF , : 
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the linearly simplified version of which is 
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Notice how, in the 02xd P >′  Regime, 3

1

, PCh cF ∝ , as opposed to the 3

2

, PCh cF ∝  

dependency observed for 02xd P ≤′ . That is, the focal volume size acts as a threshold for 

the observed behavior. 

By equating the expression above to MhF , , al  can be calculated for 02xd P >′  as 
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or, in the linearly simplified version, 
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Analogously to what seen previously, the errors for the calculated quantities are 
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Case 2: Pa ττ > . In this case, aτ  is larger than the maximum diffusion time observed 

in the volume. As a result, aτ  cannot be determined from measurements. aτ ′  for hybrid 

diffusion varies continuously from Rτ  to Pτ . Again, the two Regimes can be 

differentiated: 

02xd P >′  Regime: 1=an . In this Regime, Pd ′  is as invisible to the measurement as is 

aτ . Excluding aggregate contribution, three diffusional behaviors will now in principle be 

observed for Rh6G: 1) free diffusion ( RD ); 2) attached diffusion the entire observed time 

( PD ); 3) one attachment or detachment event during observation, leading to hybrid 

diffusion ( hD ). 

Under the described conditions, hD  is independent on Pd ′  (and therefore on Pc ). 

The equation, 

 

 PaRfh DFDFD +=  (6.38) 

 

is still valid, but since neither aτ  and fτ , can be fully observed during the observation 

time (the first due to Pa ττ > , the second due to 02xd P >′ ) nothing can be inferred about 

the system’s dynamics from diffusion coefficient analysis. 

As for hF , the same considerations stand as seen in the aR ττ >  Case and 02xd P >′  

Regime, with the additional complication that, since it is now Pa ττ > , a non-negligible 

contribution is made to hF  by those Rh6G molecules attaching to PNIPAAm outside the 

focal volume and diffusing in before aτ . Since, however, aτ  cannot be evaluated in the 

first place, this contribution is again unknown, and again nothing can be said about the 

system. 

From an experimental point of view, what allows the measurer to qualitatively 

distinguish the aR ττ >  Case from the Pa ττ >  Case under the 02xdP >′  Regime is that, 

where for aR ττ >  hD  will be very well defined, and closer to RD  than it is to PD , in the 

Pa ττ >  its distribution is much wider, covering the whole range from RD  to PD . 
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An intermediate Case, that is RaP τττ >> , will show for 02xdP >′  a behavior in 

between the previous two or, if one wants, a modification of the aR ττ >  behavior in 

which hD  will exhibit an average value closer to PD  than in the aR ττ >  Case, a broader 

distribution, but the values of which will always be higher than PD . 

02xd P ≤′  Regime. In this Case, as I mentioned, once a Rh6G molecule attaches to a 

PNIPAAm chain, it will travel attached to it until it exits the focal volume. Therefore, 

each Rh6G molecule either: 1) diffuses free; 2) spends its entire time through the volume 

attached to a chain; 3) attaches or detaches from one chain, spending the rest of time free; 

4) detaches from one chain, diffuses freely, and then attaches to a second chain before 

exiting the focal volume. All the latter three possibilities depict a situation where Rh6G 

travels attached the whole observation time, except for the time it takes to travel between 

chains or between a chain and the edge of the focal volume. This distance varies from 0 

to Pd ′ , and therefore the maximum time interacting Rh6G can spend free during 

observation is the already mentioned fτ . 

The situation in the system will appear similar to the RaP τττ >>  Case, 02xdP >′  

Regime: the hD  distribution will exhibit a relatively large width, with the difference that 

hD  values will indeed reach as low as PD . 

Explicitly, the calculations here follow closely what seen for the aR ττ >  Case, 

02xdP >′  Regime. Due to the Pa ττ >  condition, we have that the 1>an  condition has 

now a cap in 2=an . That is, 12 >≥ an . Two Subcases must at this point be 

differentiated: Subcase 1, in which 12 >> an , and Subcase 2, in which Pc  is high enough 

to ensure 2=an . In Subcase 1, again nothing can be inferred about the system, since 

neither aτ  nor fτ  are visible to the system. In Subcase 2, however, we’ll now have 

ff ττ ′≅ , similarly to what seen with aτ  and aτ ′  in the 02xdP >′  Regime. We’ll just put 

ourselves then in Subcase 2, for which it is now afh τττ ′+= . We have for the calculation 

of hD : 
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ττ
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=  (6.39) 

 

We have, substituting fha τττ −=′ , and again through calculations analogous to the 

aR ττ >  Case, 02xdP >′  Regime: 
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the relative error of which can be calculated as, analogously to what seen in the 

02xdP >′  Regime: 
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Concerning ChF , , its calculation is pointless, since in this Subcase, a system for which 

the 2=an  condition is ensured is a system for which the free diffusion component 

vanishes. If it weren’t so, that is if there still existed the chance for Rh6G molecules to 

not attach to PNIPAAm during observation (0 attachment events) then, since an  is a 

statistical value, and a continuous function of Pc , there would exist a residual fraction of 

the Rh6G population as well which only attached to / detached from 1 PNIPAAm chain 

during observation. This would, in turn, lower the overall statistical value of an  to below 

2, reverting the system to Subcase 1. Therefore, in Subcase 2 we have identically 

1, =ChF . 

 

We can now apply the theory developed to the actual case of our measurements. As a 

first step, since we’re attempting a quantitative analysis of the system, some data 

discrimination is necessary. Namely, we must decide how to handle the one experimental 

feature which we haven’t touched so far in the Model’s characterization: the aggregate 
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signal fraction. Since said aggregates comprise only a minor fraction of the signal (less 

than 10% for all Samples) and their contribution is not directly quantifiable, I opted for 

excluding them from the treatment. To this end, a correction is applied to MhF ,  in the 

form of a normalization to the total MRMh FF ,, + , where MRF ,  is the measured signal 

fraction of the free Rh6G component. This way, excluding the aggregate component, 

MhF ,  is corrected to reflect the hybrid signal fraction of the total of Rh6G molecules 

contributing to the sought after interaction, and it is to this that I’ll be referring to as 

MhF ,  in the rest of the treatment. Results are shown in Fig. 23 below. 
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Fig. 23. Values for MhF , , corrected and uncorrected with respects to aggregates presence. 

Although minor, the difference is felt more at high Pc  

 

We can now delve into our quantitative analysis. 

From a first observation of Fig. 17, two different behavior in hD  are observed: 

Samples 1 to 3 present a hD  apparently independent of Pc , with rather large error bars, a 

situation consistent with the RaP τττ >>  Case, 02xd P >′  Regime. For the same Samples, 
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one has in Fig. 23 that MhF ,  presents a Pc  dependency which can be easily fitted as 

3

1

, PMh cF ∝ . 

Samples 4 to 6, on the other hand, present a different behavior. In Fig. 17, a clear 

dependency on Pc  is shown for hD . Consistently, in Fig. 23 MhF ,  can be fitted as 

3

2

, PMh cF ∝ . 

Also, as Fig. 17, Fig. 18 and Fig. 23 show, a signal consistent with free Rh6G 

diffusion is present in every Sample. 

To summarize, overall behavior is consistent with the RaP τττ >>  Case and, more in 

detail, Samples 1 to 3 behave according to 02xd P >′  both in hD  and MhF , , while Samples 

4 to 6 behave according to 02xd P ≤′ . 

The first step of the quantitative analysis of the studied system can then be performed 

on diffusion coefficient data. Assuming 02xd P >′ , 1=an  for Samples 1 to 3, the 

corresponding equation, (6.15), was applied for the calculation of aτ . As for Samples 4 to 

6, equation (6.18) was applied, and an  calculated as 
a

a
an

τ

τ *

= , where aτ  is the weighted 

average of aτ  over Samples 1 to 3. Results are shown in Fig. 24 below. While and 

independent confirmation of said values is lacking at this point in the calculations, a 

confirmation of the theory’s coherence the physical significance of an  will come further 

during the hF  analysis. For now, one can see how the obtained aτ  value indeed matches 

the first, qualitative RaP τττ >>  hypothesis based on the simple observation of Fig. 17. 

As we’ll see further in the treatment, these values will require further adjustment and a 

further refinement of the model. For now, though, they can be taken as a good 

approximation in need of independent confirmation. 
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required for an  calculation was averaged from the first 3 *
aτ  data points. Data uncorrected for sl  

factor. sl  will be addressed further in the treatment 

 

Confirmation of said values can come if we pass from diffusion coefficient analysis to 

signal fraction analysis. In the signal fraction analysis, a calculation of al  for the system 

can at this point be attempted, as presented in Fig. 25, where Samples 1 to 3 have al  

calculated according to the 02xd P >′  form. 

As expected, al  appears as a constant over the considered values, with a weighted 

average value of 03.064.0 ±=al . On the basis of this piece of theory, I could therefore 

place the Rh6G-PNIPAAm attachment likelihood upon contact as %364 ±=al . Which is 

believable, considering the well-known Rh6G tendency towards adhesion to anionic 

objects. Also, the fact that, although relatively high, al  is far below 1 accounts for the 

observed slight decrease in RD  with increasing Pc : at high Pc , as Rh6G is diffusing in an 

increasingly more viscous medium, the subsequent collisions with PNIPAAm chains 
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cause attachment and hybrid signal in 64% of the cases, and a very moderate collision-

induced slowing down in the remaining 36%. 
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Fig. 25. al  factor over Samples 1 to 3 

 

It is also noteworthy how 03.064.0 ±=al  yields the calculated 02xd P =′  threshold 

between the 02xdP >′  and 02xdP ≤′  Regimes not between Samples 3 and 4 ( =′
Pd  308 

and 203 nm versus =02x 366 and 371 nm respectively – the different 02x  values here are 

due to the experimental setup oscillations between measurement sessions) but rather 

between Samples 2 and 3 ( =′
Pd  451 and 308 nm versus =02x  366 and 371 nm 

respectively). It should be kept in mind once again, however, that the Pd  values used in 

calculation of said Pd ′  are extracted from purely nominal Pc . Concerning this, one should 

take into consideration for increasingly high Pc  the increasing percentage of increasingly 

large aggregates observed during diffusion. Said aggregates have been explicitly 

neglected in this treatment for two reasons: 1) the little signal fraction; 2) the fact that 

FCS can only provide information on diffusion times and, though this, on diffusion 

coefficients and radii, but not on mass or density. As a result it was not possible to know 
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what percentage of the nominal Pc  was contributing to the aggregates, being therefore 

subtracted from the actual chain concentration which generates the hybrid signal. 

Consequently, as it will be shown further in the treatment of this Experiment, this has a 

major effect on the calculation at high Pc  of highly Pc  dependent quantities such as the 

hybrid signal’s fraction - a fact that has to be taken account of. 

Also worth noticing is that no model contradiction was apparent in the aτ  and an  

calculations, which were based entirely on data measured in situ. Indeed, the major 

difference between consistent and inconsistent data is the addition of an a priori datum 

( Pc ) in the calculation of the latter. 

Similarly to what done for al , the model can now be tested on an explicit calculation 

of hF . Taking 03.064.0 ±=al , ChF ,  is now calculated, again basing ourselves on the 

different 02xd P >′  and 02xd P ≤′  equations, (6.32) and (6.25), for the two different 

Regimes. 
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Fig. 26. Comparison between ChF ,  and MhF ,  (inverted triangles) over both 02xdP >′  and 

02xdP ≤′  Pc  ranges. Inset: ChF , / MhF ,  ratio. an  values uncorrected for sl  factor ( sl  will be 

addressed further in the treatment) 
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As seen in Fig. 26, it is easy to see how values for the 02xd P ≤′  Regime, calculated as 

described (blue squares), heavily fail to adhere to experimental data, with values not only 

inconsistent with experimental data, but physically nonsensical as well ( %100, >ChF  for 

Sample 6). This is again easily ascribed to the aggregate presence, that is the discrepancy 

between nominal and factual Pc , as already seen in the treatment of the nominal versus 

factual threshold between the 02xdP >′  and 02xdP ≤′  Regimes a couple of pages back. 

Indeed, not only is the 02xdP ≤′  Regime the one where the Pc  decrease from its nominal 

value is highest due to the aggregates’ presence, but also the Regime where the Pc  

dependency on ChF ,  through cl  is strongest. 

The problem can be easily solved by going beyond the limitations imposed by the use 

of the calculated Pd ′ . This can be done by substituting the calculated 
P

a
d

x
n

′
= 02

 for the 

02xdP ≤′  Regime with the experimental 
a

a
an

τ

τ *

=  as extracted from hD  analysis for the 

same Regime (see Fig. 24, page 82), so that the forms 
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become 
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and it is, under the hypothesis of independent variables again, 
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As again shown in Fig. 26, the adherence to MhF ,  with the above modified formulas 

(orange diamonds) is much higher, contributing to confirming the various aspects of the 

model and theory as consistent. However, we see that the model still fails to correctly 

mimic the experimental datum at Sample 6, and indeed heavy deviation between ChF ,  

and MhF ,  can be seen in Sample 5 already. 

To further correct this inaccuracy, and refine the model, one can take into account the 

fact that the simplification aa ττ ′≅ , which the model we use is based upon, holds better 

the smaller the actual residence time aτ  is, and that, strictly speaking, aτ  will always be 

larger than the observed aτ ′  ( aa ττ ′> ). Also, one must remember that what we can 

observe is actually aτ ′ , not aτ . In other words, this model is much more accurate for the 

aR ττ >  Case than for the RaP τττ >>  Case. The smaller aτ  is, both in the 02xdP >′  and 

02xdP ≤′  Regimes, the higher the chance will be to observe aτ  in its entirety during the 

observation time. Conversely, given a long enough aτ , a non-negligible chance will arise 

that the Rh6G molecules we observe contributing to the hybrid signal routinely either exit 

the focal volume before aτ  is elapsed, or enter the focal volume before aτ  is elapsed; in 

other words, a non-negligible chance to observe aτ ′  sensibly smaller than the real aτ . 

Since the RaP τττ >>  Case is that in which we find ourselves, we’ll have that the 

actual estimation of aτ  we make is afflicted by a statistical deviation, which I’ll now 

address. 

Since the threshold to the observation times in the system is determined by the size of 

the volume, 02x , the effect being treated must be reasoned in terms of length scales. 

Given the equation 
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=τ  (6.47) 

 

one easily finds that 

 

 aPa Dx τ2=  (6.48) 

 

which is the average half-distance a Rh6G molecule diffuses while attached to 

PNIPAAm. This can be now compared to the typical length scale of the focal volume, 

02x , to obtain a new parameter, sl , which describes the likelihood that an attached 

molecule observed attaching either exits the focal volume before aτ  is elapsed, or enters 

the focal volume before aτ  is elapsed. 
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In other words, sl  is the likelihood we have of observing a partial aτ  in the interacting 

Rh6G population. This in turn contributes to the statistics of the system, lowering the 

average measured aτ ′ . 

Since a partially-observed aτ  will be comprised between 0 and aτ , we can place, in a 

first approximation, the average for such at 
2
aτ

. 

Let’s put ourselves in the simple condition of the 02xdP >′  Regime, for which 1=an . 

As a result of what considered, we’ll have for that a fraction sl  of interacting Rh6G will 

give us 
2
a

a

τ
τ =′ , and the remaining sl−1  fraction a aa ττ =′ . Adding both fractions, we’ll 

have for the apparent aτ~ : 
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That is, the actual aτ  will be 
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Unluckily, what we have access to is aτ~  alone, and not sl . However, substituting the 

explicit expression for sl  in the previous formula we have that 
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By substituting au τ=  this can now be written as a cubic expression: 
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uu
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D
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Solutions for the above expression can be calculated numerically, by inserting the so-

far obtained values for aτ~  (298.3 ± 0.2 µs), PD  ((1.31 ± 0.02)·10-7 cm2s-1) and 0x  

(average value: 0x  = 181 ± 4 nm). 3 different solutions are given for u, leading to 3 

different solutions for 2
ua =τ : 1aτ  = 40.0 ms; 2aτ  = 275 µs; 3aτ  = 328 (± 9) µs. Both 1aτ  

and 2aτ  are unrealistic, since Pa ττ >1  (where the average for Pτ  is Pτ  = 573 ± 8 µs) and 

aa ττ ~
2 <  (which is nonsensical). 3aτ , on the other hand, is an allowed value 

( aaP τττ ~
3 >> ), and close enough to aτ~  to realistically represent the sought-after correct 
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value. One can also calculate ax2  as 262 ± 5 nm according to equation (6.48), where the 

error was calculated as 
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where 
a

a

τ

τ∆
 is the relative error of the newly calculated aτ : 
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It also follows that the value for sl  is, for this system, can be now calculated for each 

0x  seen in the measurement series, as plotted below, in which the errors were calculated 

as 
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Fig. 27. The inverse proportionality of sl  to 02x  is illustrated. sl : squares; 02x : triangles 
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It is worth noting how sl , as illustrated in Fig. 27, is intrinsically an expression of both 

the PNIPAAm-Rh6G interaction itself and of the observation length scale, 02x . As a 

comparison, cl  is a function of the Rh6G-PNIPAAm interaction, of Pc  and 02x  

combined, while al , although it requires knowledge of 02x  to be evaluated, is purely an 

expression of the interaction. 

This said, the new correction for aτ  has to be extended to the 1>an  Regime, since 

our evaluation of an  must now also be revised. Let us call now *~
aτ  the measured 

collective attached time, as obtained from (6.18). Similarly, let’s call an~  the average 

number of interaction measured as 
a

a
an

τ

τ
~

~
~

*

=  (what we referred so far as 
a

a
an

τ

τ *

= ), as 

opposed to the actual an . Two Subregimes need to be described at this point: 

12 >≥ an : this is the Subregime in which each interacting Rh6G molecule will, for the 

purpose of our statistical an , interact with a maximum of 2 PNIPAAm chains. Since we 

don’t know at what points in space and time during the diffusion this happens, each of the 

maximum 2 chains can be affected by the artifact described for aτ~ . As a result, the same 

considerations apply as in the 1=an  Regime: 

 

 aaa n ττ ~~* =  (6.57) 
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==  (6.58) 

 

which can be directly calculated with the values already obtained, and whose error can 

be calculated as 
a

a
an

τ

τ *

=  in the previous iteration of the treatment. 

 

2>an : in this Subregime each interacting Rh6G molecule will, for the purpose of our 

statistical an , interact with more than 2 PNIPAAm chains. As a result, only the first and 
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the last chains in the series of an  encounters can have their aτ  altered via the effect 

treated here; all other Rh6G-PNIPAAm interactions (the ones happening in between) will 

begin and end entirely within the focal volume. As a result, we’ll have then that the total 

*~
aτ  will be given for this Subregime, on average, by the sum of two contributions: the 

first, coming from those interaction events likely to be affected by the artifact, will be 2 

times a
sl τ







−

2
1  (analogously to what seen for the 1=an  Regime); the second, coming 

from the 2−an  interactions unaffected by the artifact, will be ( ) aan τ2− . Thus, 
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And as a result, an  can now be simply derived from previously calculated values as 

 

 s
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a
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τ
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 (6.60) 

 

where it bears reminding that now aτ  is the corrected, actual residence time value. 

To determine whether the system is in the 12 >≥ an  or 2>an  Subregime, the 

experimenter should first calculate the corrected aτ  from aτ~  in the 1=an  Regime, and sl  

from it. Based on this, the experimenter should then calculate an  as described by the 

expression above. If above 2, the expression above is the correct one for an . If lower than 

2, then 
a

a
an

τ

τ
~

~
~

*

=  should be taken as the correct value for an . 

Applying the described corrections to our data, we see that ChF ,  is now consistent with 

MhF ,  for all Samples, as illustrated in Fig. 28. 
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Fig. 28. Comparison between ChF ,  and MhF ,  over both 02xdP >′  and 02xdP ≤′  Pc  ranges. 
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Fig. 29 shows the aτ  and an  data at Fig. 24 including the newly implemented 

corrections. 

As a final parameter evaluation, and confirmation of the theory’s consistency, one can 

now evaluate the average distance Rh6G molecules diffuse between a detachment from a 

PNIPAAm chain and the attachment to the next, regardless of the observation span. This 

distance, which we call fx2  (twice the half-distance between attachments/detachments, 

to keep in line with the established “half distances” lingo first established with 0x ) will 

simply be the average distance between PNIPAAm chains, normalized by al  and cl . As a 

result, and keeping to the methods refined so far for the two Regimes, one has for the 

02xdP >′  Regime ( 1=an ): 
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the error of which can be calculated through 
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For the 02xdP ≤′  Regime ( 1>an ) one has: 
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due to the better representation of actual chain-chain distance in this Regime through 

an  than through the nominal Pc . an  is, again, calculated including all the refinements 

described so far. The error for this expression can be calculated through 
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and the values for fx2  can now be plotted for a quick comparison with the typical 

length scale of the observation volume, as shown in Fig. 30 below, in which the fact that 

fx2  always keeps above 02x  acts as a support of the experimental persistence of the free 

Rh6G signal in all Samples:  
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Fig. 30. Comparison between typical length scales as derived from measurement and 

developed theory and cl  factor. Left Y axis: distances. Right Y axis: cl  

 

Also for comparison cf lx2  is added, that is, the simple average chain-chain distance 

normalized by al . One can easily see how the direction single Rh6G can diffuse into 

plays a crucial role in increasing the length Rh6G molecules will go, on an average, 

without interacting with chains: if cl  were not a factor, i.e. if it could be put to 1, then the 

simple al -normalized chain-chain distance would result in the free Rh6G component 

vanishing by Sample 3. Physically, this would imply that every Rh6G would actually be 
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guaranteed to find PNIPAAm molecules at regular cf lx2  intervals along its diffusion 

trajectory, which is of course blatantly unrealistic. 

 

To summarize the results, the model developed and presented in the treatment of this 

Experiment is internally coherent and fit to evaluate the characteristics of the studied 

system, with the caveat that the 02xd P ≤′  regime present a heightened sensitivity to Pc , 

and relative deviations between theoretical and practical values. Similar use of the model, 

and relative caution, can in the future be applied to other systems to be studied. 

In this context, observation of Pc  dependency in hD  and subsequent an  evaluation are 

a more trustable source of data than calculated Pd ′  is for the purpose of establishing the 

02xdP >′  and 02xdP ≤′  Regimes. Therefore, hD  analysis should be performed as the first 

step of FCS-based interaction analysis as described in this Experiment. 

 

A protocol is therefore detailed for system interaction characterization: 

1. Perform FCS on mixed solution: constant fluorescent or fluorescent-labeled body 

concentration (Body 1), variable interactive body concentration (Body 2) 

2. Perform FCS on labeled Body 2 in absence of Body 1, or obtain D of such through 

different means, such as PCS 

3. Fit signals obtained at point 1 for 2 Fickian components: free Body 1 plus hybrid 

signal. Include aggregate signal if necessary. Normalize MhF ,  to MMh FF ,1, + , where MF ,1  

is the signal fraction of free Body 1 

4. Residence time aτ  extraction: identify 02xdP >′ , 1=an  Body 2 concentration ( 2c ) 

range as the range where hD  is independent of Body 2 concentration, 2c . Calculate aτ  

through equations (6.15), (6.49) and (6.51) in order to correct for sl  factor 

5. Attachment likelihood al  extraction: calculate al  for the 02xdP >′ , 1=an  2c  range 

through equation (6.34) 

6. Number of attachment events an  extraction: identify 02xdP ≤′  range. Calculate *
aτ  

from said range through equation (6.18) and an  through equation (6.58) or (6.60) 

depending on the Subregime. 
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6.5. Conclusions 

 

This study presented in the treatment of this Experiment was successful in providing a 

method to an estimation of elusive properties such as the statistical attachment time and 

the likelihood of interaction of different species in a wet environment, and can be 

anticipated to be useful in analogous systems to characterize the interaction of diffused 

species in a solution. In short, both a physical model and practical method were 

developed which can be used to probe a wide variety of systems. 

Furthermore, the findings described here can be applied to better characterize the 

diffusion in more complex systems like, for instance, hydrogels, as was the problem 

solving aim originally sparking the Experiment. Indeed, properties like the residence time 

aτ  or the attachment likelihood al  for a given interactive system, once derived in 

solution, could be turned from a hindrance to a tool to evaluate other elusive properties 

typical to gels, such as mesh size and structural inhomogeneities. 

The method, although it could benefit from external, independent confirmations, is 

internally consistent and supported by theoretical calculations, as shown. 

 

As for the immediate purpose of our hydrogel study, the study presented in this 

chapter excludes interacting (or indeed, attracting) probes for the time being. Completely 

non-charged dyes, on the other hand, are not soluble in water, and would likely display a 

tendency towards aggregation if they were (due to minimization of the surface energy). 

As a result, it was decided to adopt moderately repulsive-interacting - i.e. moderately 

anionic - probes for the hydrogel project. Although the repulsive interaction could lead to 

alteration in the perceived mesh size, it was theorized that a zero-sum interaction could be 

present inside the gel for repulsive diffusants, as opposed to the observed glue-like effect 

for attractive interaction. As it was to be observed (section 8.3.2.1, page 151), this was 

the case. 
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7. Experiment 2: Size-dependent diffusion in inverse opals 

 

7.1. Motivation 

 

The second in our side projects, this study consisted in the modeling of size-dependent 

diffusion of non-interacting probes in a known environment. The aim of this was to 

derive a theoretical model for such a phenomenon which, apart from the intrinsic interest, 

could help us derive a theoretical model with which to interpret slowdown diffusion in 

the gels. To this end, it was decided to study the diffusion of known objects in a known 

environment, so as to try and extract a general law of diffusion in confined spaces. The 

slowdown 

The study here described focuses on the modeling of a diffusional process as general 

as possible and, in this sense, the sought-after conditions were the simplest possible: non-

interacting hard sphere diffusing in a regular array. 

The environments chosen for diffusion were a series of inverse opals (iOpals) as 

described in section 5.3.5 (page 43), while the diffusants were chosen as fulfilling the 

requirements of non-interactivity with the system (both the iOpals and the diffusants 

possessing negative charge, thus preventing attractive interaction, as per the results of 

Experiment 1) and being modeled as hard spheres. 

The conditions studied in this Experiment (non-interactive diffusion in small-void 

iOpals) are also complementary to what recently studied in house at the MPIP by 

Cherdhirankorn et al.38, whose inquiry focused on diffusion in large-void iOpals (thus 

making it non-statistical to begin with) of environment-interacting diffusants. 

Beyond the starting scope of this Experiment, implications of its results can be of great 

advantage in the modeling of diffusion in closely confined systems, a field which both 

has recently raised to major interest and the applications of which are of considerable 

impact upon new developments in applied science39,40,41,41b. 
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7.2. Experimental 

 

The FCS setup employed was the one described in section 5.1 (page 33) for 

Experiment 2. Attofluor chambers were employed for the measurements. All 

measurements were conducted at room temperature (nominally 21 ± 1 ºC). 

Previous to observation, the iOpals were cleaned in etOH, let dry at room temperature, 

and mounted in the chambers. Subsequently, 600 µl of HEPES buffer were added, 

followed by 150 each of Alexa 647 and one of the Qdot species, both at a concentration 

of 120 nM, thus allowing for optimal FCS concentration for both in the system once 

diffusion was complete. Diffusion of the fluorescents was monitored at time intervals 

until a time-constant fluorescence signal was observed in the iOpals. 30 mins was the 

maximum time necessary for this process to complete. 

 

 
Fig. 31. SEM image of 180SiO2. Superimposed in scale are the typical dimensions of the focal 

volumes employed. Pink: channel 1. Pale blue: channel 2 

 

Fig. 31 pictures the characteristic sizes of the focal volumes for channels 1 and 2 in 

comparison with typical iOpal dimensions. The iOpal pictured is 180SiO2. Dimensions 

for the focal volumes were calculated with calibration data in the pure solvent. Channel 1 

was used to excite Alexa 647, while channel 2 was used to excite Qdots. 
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The comparatively small voids of the iOpals make it so that a number of voids in the 

tens was at any moment inside the focal volumes. This allowed for a statistical behavior 

of the diffusion inside the iOpals which, combined with the regularity of the structures 

and the larger size of the iOpal compared to the focal volumes, allowed for an 

independence of the observed phenomena on the probed spot. 

All measurements in this Experiment were performed in the described HEPES buffer 

at room temperature, due to the employed Qdots being stable only in a limited 7 - 9 pH 

range. 

Diffusion experiment were performed with 4 differently-sized tracers, the spherical 

Qdots 525 to 585, and the molecular tracer Alexa 647, itself approximated as a rigid 

sphere for modeling purposes, on the 3 different iOpal variants described at 5.3.5 (page 

43). Table 4, following here, reports iOpal typical sizes (already reported at 5.3.5) and the 

diffusants. As for the iOpal characteristic sizes, refer to Table 1 (page 45). 

 

 Alexa647 Qdots525 Qdots545 Qdots585 

     

Rh (nm) 1.3 8.8 9.2 9.8 

Core Molecular dye CdSe CdSe CdSe 

Shell Molecular dye ZnS ZnS ZnS 

Coating Molecular dye 
Amphiphilic 

Polymer 
(unspecified) 

Amphiphilic 
Polymer 

(unspecified) 

Amphiphilic 
Polymer 

(unspecified) 

Surface 
modification 

Molecular dye 
Carboxylic 
groups (c/a 

100) 

Carboxylic 
groups (c/a 

100) 

Carboxylic 
groups (c/a 

100) 

Table 4. Details of the probes diffusing in the iOpals 

 

Before every measurement session, the FCS setup was calibrated with a 20 nM 

solution of both Rh6G and Cy5 in water. The calibration solution was measured in a 

separate Attofluor chamber and on a glass slide previously cleaned according to the 

method described at page 120. The same cleaning procedure was also routinely applied to 

all Attofluor chamber after each measuring session. Additionally, the chamber used for 

calibration was kept separate from the ones used for sample measurement and cleaned in 

a separate environment. This was due to the use of Rh6G in said chamber, whose high 

cationic nature and notorious persistence in environments held a chance of contamination 

if mixed with the other systems. 
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( )tI  was typically recorded from 2.5 min, for diffusion in pure solvent with strong 

fluorescence, to up to 10 minutes in the iOpals, the longer measurement times being 

employed for the larger Qdots, which due to their size diffused through the iOpals in 

minor number, and the ( )tG  of which presented larger deviation on smaller time scales, 

thus requiring longer measurement times to observe the required average behavior. These 

total accumulation times were subdivided in 30-seconds intervals in order to enable 

removal of occasionally erroneous signals due to aggregates. 

All ( )tG  curves were fitted excluding the data points up to ~ 10 µs for Alexa 647, 

beyond the triplet effect time range, thus allowing for an exclusion of the triplet 

contribution parameters from the fit. In the case of Qdots, on the other hand, it was my 

care to include as much of the signal as possible, especially at small times, since the 

characteristic signal artifact for quantum dot diffusion (blinking) is not limited to a time 

range. As a result, as detailed in section 7.3 following, the part of the experimental ( )tG  

in which the blinking effect is best observed is the non-baseline part in which the 

unperturbed ( )tG  is flat, i.e. the beginning of the curve. 

To this end, for Qdot diffusion ( )tG  was fitted starting from  ~ 1 µs, which is the near 

entirety of ( )tG  excluding the first 2 - 3 data points, which usually suffer from setup-

related artifacts and consequently add a further, unwanted degree of data dispersion. 

 

Thanks to the double channel setup employed, both Alexa 647 and the Qdot species of 

choice for each measuring session could be observed diffusing at the same time in the 

system. Especially advantageous in this sense is the fact that all 3 Qdots species 

possessed emission spectra within the Channel 2 range of the setup, thus allowing for a 

clean separation of the Alexa and Qdot signals without trouble. 

  

7.3. Blinking effect and FCS theory re-engineering 

 

Before delving into data analysis and simulation comparison, a necessary data 

extraction refinement needs to be addressed, concerning quantum dots, their peculiar 

fluorescent properties, and the optimal way to handle them in order to avoid experimental 
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artifacts. As the Experiment treated in this section has quantum dots as a pivotal element, 

the development of said refinement was an especially crucial step. 

 

At the nanometer length scale, molecular dyes offer an optimal solution, provided they 

don’t interact with the system. However, as different sized probes show heightened 

slowdown sensitivity to system features of comparable size, one may find themselves in 

need of probes order of magnitude larger, as it was our case. 

Quantum dots easily answer to this requirement, as many varieties of species are 

commercially available, with size spanning the 10-100 nm range. Although originally 

engineered as biological staining agents rather than for FCS purposes, some of the FCS-

crucial requirements they show are happy byproducts of their original purpose. For 

example, the original staining target makes them available in a number of differently 

functionalized variants, which usually grants the presence of a uniform surface charge. 

This, in turn, both prevents aggregation and unwanted adhesion to same-sign charged 

environments. Even more crucial, since the quantum effect responsible for their 

fluorescence is regulated by quantum spatial confinement, their monodispersity is granted 

by the necessity to have them emit at a specific wavelength. 

Despite such favorable features, the use of quantum dots as FCS probes has been so 

far extremely marginal, if not nonexistent. The main reason for this can be attributed to 

the intrinsic emission effect known as blinking. 

Disturbance, intrinsic (i.e. not translational) signals are not new to the FCS user, as 

described in section 4.1 (page 21). However, blinking is more troublesome than the more 

common triplet, since whereas triplet exhibits a typical time, there is no recorded typical 

time for blinking: quantum-based fluorescents like quantum dots will exhibits on-off time 

ranging from nanoseconds up, the limit being the total measurement time itself in the case 

of immobilized quantum dots, or the maximum recorded time of flight through the focal 

volume in the case of diffusion. 

Fig. 32 below illustrates, a one-component Fickian fit of monodisperse quantum dots 

in solution yields poor results. The materials are from the same stock as used in the rest 

of this thesis’ experiments: the described HEPES buffer (section 5.3.2.3.2, page 37) and 
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quantum dots - the latter, specifically Qdots 545. The general expression for triplet-free 

( )tG  was used: 
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Fig. 32. ( )tG  for Qdots 545 diffusing in HEPES buffer. Fit function: uncorrected for blinking 

effect. Solid line: fit curve. Inset: fit residuals 

 

The above curve was fitted from the third data point (0.6 µs) to encompass the time 

range where triplet would present itself. Although curve and fit can appear acceptable at a 

glance, it is the fit’s residuals that reveal the inaccuracy. In a pure, undisturbed diffusing 

regime and for monodisperse objects, in such range the function should present a flat 

plateau, as evidenced by the fit curve. Instead, a slope is present, and the residuals present 

a clear sinusoidal pattern. 

Various empirical methods can be employed to clean the residuals of the clearly non-

random pattern, and thusly efficiently use quantum dots as FCS probes, with various 

degrees of success and plausibility. These range from reintroducing an effective triplet 
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effect factor, to additional corrective decay components, to stretched exponentials (i.e. 

modeling the diffusion as non-Fickian), to simply ignoring the blinking disturbance. 

Assuming for a moment to simply neglect the blinking effect, the diffusion time 

obtained from the above fit is 221.4 ± 0.8 µs. 

Since the blinking handling methods described above were not felt to be grounded in 

plausible theory, relying mostly on empirical correction, I set to modify the fitting 

function otherwise. 

As described in section 4.1 (page 21), a system’s ( )tG′  can be expressed as the 

product of a diffusional and an intrinsic component. This is the basis of the 

implementation of the commonly accepted triplet correction, and it is where I set to 

reengineer ( )tG  in function of blinking. 

Various studies42,43,44 have been conducted on blinking luminescence, mostly focusing 

of immobilized quantum dots. The common result of these studies is the power-law 

dependence of time of the blinking effect, which matches with its lack of a characteristic 

time. Verberk et al.43 derive a simple expression for the ( )tG′  of immobilized quantum 

dots: 

 

 ( ) ( )mBtAtG −−=′ 21  (7.2) 

 

with A describing the overall amplitude of the effect, B the strength of the power law 

dependency, and m the dependency itself. For capped quantum dots, such as we use, m is 

known42 to vary in the 1.7 – 1.9 range depending on the system. 

When factored with (4.15), (7.2) gives 
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Since, ideally, no blinking should affect the function at time 0, we should have 
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On the other hand, 
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We therefore set 1=A  for the purposes of (7.2) being used as blinking correction 

effect in our treatment, thusly normalizing the correction factor. Reintroducing the 

baseline and multiple components we obtain a general expression for ( )tG  in a system 

affected by blinking: 
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As the blinking properties are known42 to vary depending on the quantum dots’ 

structure, environment, excitation intensity, and observation time, both B and m were left 

as free fitting parameters, with the added constraint 0>B  in order to prevent unrealistic, 

divergent values for the corrective term, 

 

Refitting the curve at Fig. 32 again with the newly modified function yields, for a one-

component Fickian diffusion, the results at Fig. 33. 

 



 105 

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.40

 

 

G
(t

)

t / s

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

-0.004

-0.002

0.000

0.002

0.004

R
e

s
id

u
a

ls

t / s

 

Fig. 33. ( )tG  for Qdots 545 diffusing in HEPES buffer. Fit function: corrected for blinking 

effect. Solid line: fit curve. Inset: fit residuals 

 

Notice, in Fig. 33, the much more contained, flat and random residuals. Concurrently, 

the initial slope of ( )tG  is faithfully followed. The newly obtained diffusion value is 245 

± 4 µs. The larger fitting error of such value is explained in the light of the 2 additional 

parameters (m and B) included in the fit. Nonetheless, the obtained value differs by an 

11% from the previously calculated value. The use of the implemented correction is 

therefore substantial to the ends of actual data evaluation, and as such was included in the 

standard method for all quantum dot based measurement in the treatment of the present 

Experiment. 

Fitted values for the new parameters were, for the analyzed curve, m = 1.85 ± 0.05 and 

B = 0.7 ± 0.2. m, in particular, is in full agreement with data reported in literature42. 

As a final note concerning the employed blinking correction, it is recommended to 

include as many initial ( )tG  points as possible for the fit when dealing with such cases, as 

this is the time range where the time dependence of the correction factor is most evident 

due to the plateau behavior of the undisturbed diffusional contribution. Therefore, the 

first data points are especially useful to fit a correct m and B values. 
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7.3.1. Data simulation 

 

Simulations of the diffusion were conducted by Arash Nikoubashman (Vienna 

University of Technology) and Christos N. Likos (University of Vienna). In these, a 

standard Brownian dynamics simulation approach was adopted, in order to simulate the 

diffusive behavior of a small spherical particle (radius a), which is embedded into an 

iOpal the voids of which possess radius R and opening diameter L, where a, R and L were 

equated to the values reported in Table 1 (page 45) and Table 4 (page 99). A similar 

experimental approach was recently adopted by Loppinet et al. in the study of star-like 

micelle suspensions45. 

An example of the described formalism in relation to the physical configuration of the 

iOpals can be seen in Fig. 34, where on the left side only one opening is shown to 

simplify the notation, and on the right side one actual void (which display 12 holes) is 

reported. The angle of aperture is then defined as 







=

R

L

2
arcsin0ϑ , and the distance of 

the opening from the void’s center as 
4

2
2 L

Rh −= . 

 

 

Fig. 34. Schematic representation of a confining capped sphere (an iOpal’s constituting void) 

with one opening (left), and actual inverse opal employed in the simulations (right) 
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Since the Reynolds number, Re of such a colloidal system is rather small (i.e. viscous 

forces dominate over inertial forces), the movement of the particle can be considered as 

completely overdampened. Under these conditions, the equation of motion reduces to: 

 

 ( ) ( ) ( ) G

B

S rrF
Tk

D
ttrttr

rrrrr
+∆+=∆+  (7.7) 

 

Here, SD  denotes the short-time diffusion coefficient, Bk  Boltzmann’s constant, and 

( )rF
rr

 the force exerted by the confining cavity. The vector Gr
r

 is a random variable drawn 

from a bivariate Gaussian distribution with zero mean value and variance given by 

tDSr ∆= 22σ . 

In the simulations, the particle-wall interactions were modeled via a shifted Yukawa-

like potential46, which constitutes the norm to represent screened electrostatic interaction 

such as we expect to have between out diffusants and the iOpals: 
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where x denotes the shortest distance between the particle’s center and the inverse 

opal. Such a potential was chosen in order to simulate a simple short-range repulsive 

interaction between the diffusant bodies and the iOpal surface, thus preserving the 

Brownian nature of the diffusion inside the voids. 

The Stokes-Einstein equation was used to relate the short-time diffusion coefficient 

SD  to the drag coefficient aπηξ 6= , leading to rewriting the Stokes-Einstein equation in 

the form: 

 

 
ξ

Tk
D B

S =  (7.9) 
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in which a is naturally the radius of the body diffusing in the system. Evidently, for 

free particles, the long-time diffusion coefficient, freeD , coincides with SD . However, 

this does not hold up anymore in the confined case. 

In the simulated treatment, all lengths are expressed as fractions of R and it was put 

TkB=ε  constant in (7.9). 

The simulation process was based upon the transition between two limit cases based 

on the 
R

L
 ratio which, together with the number of openings per void (12, for our iOpals) 

determines the likelihood that a diffusing body has of escaping the void. We can refer in 

this sense to the escape area: the available area on the void’s inner surface through which 

a diffusant can escape the void. If the escape area approaches the surface area of the void 

(that is, in the limit, theoretical case in which the void’s surface consisted only of holes, 

i.e. in which no solid surface existed), then the escape time for a body, escτ , would simply 

equal the time it takes said body to diffuse from one end of the void to the other. We can 

refer to this time as freeτ . The opposite extreme case would be an escape volume which is 

0 (that is, in which there is no opening in the cavity). In such a situation escτ  would 

diverge to infinity. The transition between the described limit cases is what was simulated 

by Nikoubashman and Likos. In the simulations, other than L and R determining the 

escape area conditions, the factor a plays two roles: the first, the determination of the 

diffusing bodies’ D through the well-known Stokes-Einstein equation; the second, a 

modifier to the escape area: the larger a, the smaller one can consider the escape area to 

become at fixed L and R. 

In order to analyze the transitional regime, the mean escape time escτ  of the 

embedded particle was simulated, where the brackets, K , denote an ensemble average. 

The diffusion in the inverse opal was then modeled as a random walk of step ~ R and 

waiting time escτ , leading to the result 
esc

R
D

τ6

2

= . In the case of a free particle, this leads 

to the well-known 1−∝ aD free  proportionality through 
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πη
ττ

2

==  (7.10) 

 

Also, a timescale 0τ  was extracted from this relation, defined as 

 

 
Tk

R

B

3

0

πη
τ =  (7.11) 

to rewrite equation (7.10) in the form 0ττ
R

a
esc = , which is exact for a free particle 

( freeesc ττ = ). In an aqueous solution at room temperature values can be predicted as 0τ  ~ 

1ms for environment such as we have (approximating R ~ 100nm). 

No hard-and-fast equations are available for the explicit relationship between a, R and 

L towards the calculation of escτ  for a confined (non-free) body, as the simulation method 

relies on numerical simulations through the aforementioned Yukawa potential. In this 

sense, the reader is invited to refer to the reported references45,46 for additional insight. 

Fig. 35 exemplifies typical results of simulations. In it, it was put RL
3

2
=  as a first, 

tentative approximation of the values in Table 1. 

 

 

Fig. 35. Example of calculated escτ  and freeτ  (left) and their ratio, the slowdown factor 

( DD0 , right). Inset to right graph: long Ra  range representation of slowdown factor behavior. 

Sample values used: RL
3

2
=  
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In Fig. 35 one can observe a consistent power-law behavior for 
0τ

τ free
, as it was 

expected. A power-law behavior also approximates 
0τ

τ esc  for the confined particle, but 

only at small values. As Ra  increases beyond ~ 0.1 (that is, as the diffusing body’s size 

becomes more comparable with the system’s size) a power law is unable to represent 

0τ

τ esc  for the confined particle. Indeed, in the general case 
0τ

τ esc  would logically need to 

diverge to infinity for 
2

L
a =  (diffusing body too large to fit through a hole) which, in this 

case ( RL
3

2
= ), equates 

3

R
a = , as confirmed by the inset to the right graph in the Figure. 

The slowdown factor Fig. 35 refers to is simply 
free

esc

τ

τ
, and equates to what, 

experimentally, I refer to in terms of diffusion coefficients as DD0 , where 0D  is the 

diffusion coefficients of a diffusing body as experimentally observed in the free solution, 

and D  its diffusion coefficient as experimentally observed in the iOpal. 

Notice, however, that the graphs at Fig. 35 are purely reported as examples of the 

simulation output, and being based on arbitrary numbers are not meant to represent 

diffusion in the experimentally employed iOpals. 
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7.3.2. Diffusion in iOpals and experimental-simulation comparison 
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Fig. 36. ( )tG  of differently-sized probes in 180SiO2 iOpal (symbols) and free solution 

(continuous lines). Inset: residuals from the blinking-corrected, single Fickian component fit of 

( )tG  for Qdots 525 in the iOpal, which is also reported in black in the main graph 

 

 

Fig. 36 shows examples of ( )tG  curves for the diffusion of typical probes into 

180SiO2. Symbols refer to diffusion in the iOpal, while continuous lines to diffusion in 

the solvent. The incremental slowdown with increasing particle size is evident. The inset 

reports an example of typical residuals for the fitting of ( )tG  in an iOpal. In this case, 

Qdots525. The mentioned fitting was calculated for one Fickian component, corrected for 

the blinking effect. 
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Fig. 37. Comparison of slowdown factor as function of Ra  for the three iOpals: symbols 

correspond to experimental data; continuous lines to simulation data. DD0  axis: a) linear b) 

logarithmic. b) evidences the poorer experimental-simulation matching at low Ra  as compared 

with high Ra  
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Fig. 37 above provides a comparison between experimental data and theory-based 

simulation. The three iOpals described in section 5.3.5 (page 43) were employed. 

Slowdown has been plotted as function of diffusant radius a, normalized to void radius R. 

All diffusion results as one-component Fickian, expect for what observed in the 130SiO2 

iOpal. For this, only Alexa 647 gives one Fickian diffusion process, while quantum dot 

diffusion yields results that can be best fitted either as a single non-Fickian signal. The 

diffusion time for the latter was fitted through a modified version of the ( )tG  function: 
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Which is the blinking-corrected version of ( )tG  modified for non-Fickian processes: 
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The material 130SiO2 is composed of - silica - is the same as the other two iOpals, and 

as all other material elements - buffer and diffusants - are also the same, the different 

behavior needs be attributed to the different length scales. 

Also noteworthy is how experimental slowdown for the 130SiO2 iOpal diffusion is 

best simulated, as seen in Fig. 37, with a L value smaller than the real one. This might 

hint to a stronger repulsion effect that assumed actually being in effect between the 

diffusing bodies and the iOpals, the effect of which manifests in a sensible fashion at high 

Ra  (and therefore La ) values. 

 

The non-Fickian nature of high Ra  diffusion deserves a small commentary, since it 

is in apparent contradiction with the previously mentioned statistical nature of diffusion 

in the iOpals. We can attribute the non-Fickian behaviour at high Ra  to the increasingly 
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dominant shape effect coming to being in such a regime. That is, at low Ra  the 

diffusants can be thought of as a point-like object, and therefore can experience the 

environment simply as a probabilistic ensemble of obstacles, and therefore the dominant 

slowdown mechanism is random, Brownian collision. At high Ra , on the other hand, 

The diffusants are large enough to be influenced in their motion by the shape of both 

chambers and holes. A much higher chance is present, in other words, for them to “roll 

around” a chamber until they can enter the next through a hole. In such a regime, 

direction of motion plays a much more important role than in the low Ra  case. 

Indeed, the smaller Ra , the larger the number of allowed directions of diffusion a 

particle has to pass through a hole, which leads to a greater chance of a large number of 

deflections in the next chamber before the next hole is entered, which ensures a random 

trajectory over the ~10 chamber the diffusant crosses before exiting the focal volume. 

Conversely, the higher Ra , the smaller the number of allowed directions for the 

diffusion through a hole. In the limit 
2

L
a = , i.e. diffusant size equal to hole size, the only 

way for the diffusant to pass to the next chamber would be to “bullseye” the hole in a 

trajectory perpendicular to the chamber-chamber separation wall. This, in turn, given the 

regular geometry of the chambers, would lead to the next chamber being passed 

immediately, and so on. In other words, every first “bullseye” event would determine the 

rest of the diffusion, assuming a perfectly regular structure. That is, a much larger number 

of regular chambers is necessary to effectively randomize the diffusion of particles in the 

case in which a  is close to 
2

L
. 

In the real case, 
2

L
a < , and therefore the result is not as extreme as in the 

2

L
a =  case, 

and therefore the result is in between the 
2

L
a =  case and the point-like case, as observed. 
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7.4. Conclusions 

 

The experiment yielded good results both in terms of adherence between theory and 

experimental data, and subsequent extrapolation of a model. Furthermore, the fact that the 

model is dependent on a relatively simple, relatively intuitive theory makes it a good 

candidate to indeed function as a general model for diffusion in more complex systems. 

Interestingly, the model adheres best to experimental data in the large probe range, 

whereas the simulated DD0  curve fail to reproduce the behavior of the smallest 

diffusant, Alexa 647. In particular, the substantial independence, for Alexa 647, of  

DD0  on L, with just a dependence, if relatively weak, on R. 
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8. Experiment 3: PNIPAAm hydrogel nanostructure and 

dynamics for biosensing implementation 

 

8.1. Motivation 

 

Hydrogels, three-dimensional crosslinked polymer networks capable of imbibing huge 

quantities of water, have recently gained large exposure thanks to their properties, which 

are placing them center stage for such diverse applications as drug delivery 

systems47,48,49,50,51,52 sensors2,3,4,5,6,53,54,55,56, and synthetic tissue57. In the field of sensors 

in particular, interest has raised concerning surface attached, quasi-1D swelling gels. 

Biosensors gels need to be easily stored and replaced, and to allow fast diffusion of 

solutions. To these ends, the physical form of thin, anchored discs is optimal. Despite 

relatively widespread usage of 1D-swelling gels in current sensing technology, however, 

an intimate understanding of the mechanisms and detailed architectures underlying the 

known properties is still missing58. 

Also, the existence of both asserted behavioral resemblances59 of the gels in swollen 

state to polymer solutions beyond the overlap concentration (transient networks) and 

differences30 from said solutions make further fundamental research necessary. 

Among hydrogels, poly-N-isopropylacrylamide (PNIPAAm) has proven of particular 

interest due to the high swelling ratio SR  and stability29a, and the presence of a well-

defined, easily accessible lower critical solution temperature (LCST) exhibited at around 

32 ºC, above which the chains switch from hydrophilic to hydrophobic, phase separation 

is attempted by the crosslinked structure, and the gel collapses. Grafted PNIPAAm layers 

on solid substrates, in particular, offer a platform for sensor applications. Parameters 

known to alter the behavior of gels in general, and of PNIPAAm gels in particular, are  

temperature55,29a,9,60,11, the solvent they’re swollen in61, and pH in case of water-based 

buffers53,8,62,11, and efforts towards model-based, multi-variable structural and dynamic 

analysis have been attempted63,64,65. 
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Particularly attention is being paid to how the gel behaves in different solvents 

because of the impact on relevant properties like SR  and, consequently, microscopic- and 

submicroscopic-scale behavior. Of paramount importance for the mentioned sensor 

applications is the penetration and mobility of analytes, which in turn intimately depend 

on the hydrogels structure at different length scales. For a disordered soft system this 

structural elucidation requires a spatiotemporal study of the hydrogel/diffusant system, 

since the gel structure can impact differently the guest mobility due to specific host-guest 

interactions. The charged nature of hydrogels makes the system complex with a rich 

behavior, also considering its response to several external stimuli.  

A number of studies have been conducted in order to investigate the structure and 

dynamics of hydrogels, covering a scale range from the macroscopic down to molecular 

level. One of the pivotal aspects of hydrogels is the structure and the dynamics at the 

submicroscopic and nanoscopic scale. In this context, the concept of mesh size plays a 

pivotal role.  

The average mesh size of a gels is a structural parameter characteristic of the hydrogel 

“porosity”, the controlling role of which on diffusant diffusion in macromolecular 

systems and gels has been a topic of interest12,66,67, in the last 30 years. A gel’s mesh size 

is essentially what Experiment 2 (section 7, page 97) attempted to simulate through the 

use of void size and hole size. 

However, a reliable prediction of the mobility dependence on the matrix 

concentration, diffusant size and shape, and their interactions is still missing, as is a deep 

inquiry about the effect of different temperatures and solvencies on such factors. 

In this context, among the differences between polymer solutions and gel, it has 

notably been reported by Seiffert et al.68 how mobility of rigid diffusants can be 

dramatically hindered by permanent crosslinking of a solution, as opposed to same-size 

linear polymer diffusants diffusing by reptation. Also, the presence of permanent 

inhomogeneities in crosslinked gels has been experimentally deduced with different 

techniques69,70. 

An integrated approach would require a static and dynamic study of the composite 

system at different length scales. Gianneli et al. have recently30 developed a dynamic 

light scattering technique (µ-PCS) to estimate the mesh size of PNIPAAm gels anchored 
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on a glass substrate and swollen in a good solvent (ethanol) through the cooperative 

diffusion coefficient of the permanent network. Depending on the crosslinking density, 

the average mesh size of such ethanol-swollen gels (alcogels) varies between 2 to 5 nm. 

Expectedly, these alcogels allow the penetration and diffusion of non-matrix-interacting 

molecular tracers (Rhodamine 6G, hydrodynamic radius: 8.0=HR nm) as revealed by 

fluorescence correlation spectroscopy. 

Since a large use of hydrogels is being made in biological environments, however, 

deeper knowledge of the system’s behavior in water is needed. In addition to the basis of 

a structure theory, the systematic engineering of hydrogels for sensing applications also 

has the potential to hugely benefit from a systematic understanding of the structure, 

dynamics and duration limits of the gels themselves. To this end, the present fluorescence 

correlation spectroscopy (FCS) study revolves around PNIPAAm anchored hydrogels, 

with multiple goals. These include primarily probing the gels’ behavior in aqueous 

environments at different temperatures, encompassing the thermal-dependence, and 

providing a more coherent picture of the structure-dynamics relationship at the nanometer 

scale. Hence, the present work focus on the analysis of the swelling ratio SR  of and tracer 

diffusion in PNIPAAm hydrogels under different physicochemical conditions. These two 

quantities, which are obtained from the same experimental technique under equivalent 

conditions, represent space averaged quantities in the micrometer and submicrometer 

scales. 

Finally, as touched in section 3 (page 17) the need for the implementation of gels into 

biosensors requires a gel’s functionalization to still be working under the collapsing 

mechanism. This, together with the aforementioned aspects, was also addressed in the 

described Experiment. 

 

8.2. Sample preparation 

 

Hydrogels were observed anchored on glass slides described in section 5.2 (page 34). 

Since they were immobilized at the base in the XY plane, their swelling was assumed to 

be, in a first approximation, one-dimensional. 
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8.2.1. Substrate treating 

 

In order for the gels to be anchored, the glass slides needed to be treated. 

First, the slides were cleaned according to the following protocol: 

 

i. Pre-rinsing in ethanol 

ii. 15 minutes sonic bath in Hellmanex solution, 2% in MilliQ water 

iii. 10 rinsing cycles in MilliQ water 

iv. 15 minutes sonic bath in MilliQ water 

v. 10 rinsing cycles in MilliQ water 

vi. 15 minutes sonic bath in ethanol 

 

Following cleaning, the slides were treated with the BP-silane solution (5 mg/ml) 

described  in section 5.3.1.2 (page 36) according to the following protocol: 

 

i. Overnight self-assembly at room temperature in inert Argon atmosphere 

ii. 60 minutes cooking at 50 ºC in a vacuum 

iii. Rinsing of BP-silane excess via ethanol and subsequent drying via air gun 

 

The hybrid method described above was developed in order to counteract a supposed 

deteriorating effect in the BP-silane stock solution. The deteriorating effect was later 

found to be nonexistent. However, the new method did allow us to shorten the previously 

standard waiting time for slides treatment from 2-3 days to overnight, and therefore was 

adopted as new standard. 

 

 

8.2.2. Gel spincoating and drying 
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Following slides treatment, a 10% mass/mass, PNIPAAm-in-ethanol solution was 

spincoated onto the substrates. The solution had previously been filtered clean of 

impurities via a Millipore Millex-FG, hydrophobic PTFE filter, having a pore size of 0.2 

µm. It was also my care to discard the first solution droplets to pass through the filter, in 

order to dispose of possible, if improbable, manufacture residuals in the filter’s pores. 

The gel was spincoated onto the substrates for 1 minute. In order to obtain a good 

resolution during the experiments, which translates into a high gel thickness, the 

spincoating was purposefully performed at low speeds, 250 RPM being the norm. 

Although the drawback of this, a rippled dry surface, requires multiple-points averages in 

order to define a dry thickness, the thickness in the swollen state has proved nonetheless 

uniform. 

Following the spincoating, gels were dried overnight in a vacuum oven at 50 ºC. 

 

 

8.2.3. Gel crosslinking and gel-substrate grafting 

 

Chain-chain crosslinking and chain-glass grafting were achieved simultaneously 

through UV irradiation. The spincoated and dried samples were irradiated with UV light 

at a wavelength λ  = 365 nm via a Stratalinker 2400 model from Stratagene. Irradiation 

causes the benzophenone to form a diradical, which inserts into a neighboring available, 

non-aromatic C-H bond (which abound on the employed PNIPAAm chains) thus 

providing the required permanent crosslink points. Since irradiation is performed on 

PNIPAAm chains and glass slides both presenting benzophenone groups, we have the 

simultaneous creation of the hydrogel macromolecule and its permanent grafting to the 

functionalized glass. 

The crosslinking equipment was calibrated to provide a dose of 6.28 J·cm-2 during one 

hour irradiation. The crosslinking apparatus was equipped with an internal sensor 

allowing for precise dosage of irradiation in terms of J·cm-2. The actual relevant 

parameter for the crosslinking degree is the UV dose. However, for simplicity, the gels 

will be referred to in the following treatment with the nominal equivalent crosslinking 

time in minutes, where 6.28 J·cm-2 is equivalent to 60 mins irradiation time. 
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The applied UV irradiation dose ranges from 1.05 to 12.56 J·cm-2 for non-annealed 

gels, corresponding to 10-120 minutes crosslinking duration. 

The applied UV irradiation dose for the annealed specimen, which experience 

enhanced stability at low crosslinking degree and will be detailed further in this 

Experiment’s treatment, ranges from 0.52 to 12.56 J·cm-2 (5-120 minutes crosslinking). 

 

8.2.4. Pre-FCS gel characterization and rinsing 

 

Prior to FCS characterization, crosslinked gels needed to be rinsed of uncrosslinked 

chains. As the degree of crosslinking plays a major role in the actual number of 

crosslinked chains, rinsing a newly prepared gel of its uncrosslinked fraction was 

essential in order to avoid having to deal with what, in absence of uncrosslinked chain 

removal, would have amounted to a mixture of permanently crosslinked gel and free 

chain solution. 

 

i. Dry thickness measurement via step profiler 

ii. Gel rinsing via subsequent swelling in 1 ml ethanol (full capacity of 

Attofluor chamber) followed by 1 minute rest, then removal of ethanol via same 

pipette. 15 repetitions 

iii. Drying 

iv. Dry thickness measurement via profiler 

v. Dry thickness measurement via Z-scan 

   

8.2.5. Gel annealing 

 

As the present Experiment has a pivotal point in the study of the gels’ 

inhomogeneities, an additional step was added to the preparation of a number of samples, 

in order to try and render said gels’ structure more homogeneous. To this end, following 

the drying described in section 8.2.2 but prior to being crosslinked, said samples were 

annealed for 60 mins at 170 ºC in a vacuum, with the aim of relieving the PNIPAAm 
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chains of possible residual mechanical stress due to the spincoating, thus rendering the 

nanometric structure more homogeneous. 

Following the 60 mins annealing, the temperature was slowly brought back to room 

temperature (in order to not reintroduce additional stress), then the samples were 

crosslinked as per section 8.2.3.  

 

8.2.6. Gel functionalization 

 

The latter stages of the Experiment treated in this section revolved on diffusion in 

antibody-functionalized gels. To this end, functionalization was performed according to 

the following protocol, based on the method developed in house by Aulasevich et al.71 

and currently employed by Huang et al.72: 

 

i. Hydrogel carboxylic group activation via swelling for 90 minutes in 

solution of TFPS (25 mg/ml) and EDC (75 mg/ml) in MilliQ water, in order to 

convert its carboxylic moieties into terminal TFPS ester moieties 

ii. 3 rinsing cycles of Acetate buffer, pH 4.0, in order to remove residual 

TFPS and EDC 

iii. 2 hours incubation of 90 µg/ml anti-GFP in Acetate buffer, pH 4.0 

iv. 30 minutes swelling in 1 M solution of ETA in MilliQ water, in order to 

block  unreacted TFPS  ester  groups 

v. 15 rinsing cycles via PBS 

 

 

8.3. Experimental 

 

The FCS setup employed was the one described in section 5.1 (page 33) for 

Experiment 3. Attofluor chambers were employed for the measurements. Additionally, a 

thermal stage was mounted above the objective, upon which the Attofluor chambers were 

placed, so as to allow for temperature control in the samples. 
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Unless otherwise specified, all samples were measured at 16.3 ºC in order to observe 

the gels in the well-swollen state, i.e. well below the LCST. Also, unless otherwise 

specified, all diffusion as described in this Experiment’s treatment was performed with 

Alexa 647. 

The employed thermal stage was a PE100-I model from Linkam, regulated via a PE94 

controller and providing the desired temperature via a Peltier element. However, since the 

temperature in the sample did not correspond to the stage temperature, a Keithley 

thermocouple was used to probe the sample’s temperature and control thermal 

equilibrium. In this context, a series of steel thoroids were especially manufactured and 

placed in the center on the chamber, so as to restrict to a minimum the portion of the 

samples not in direct contact with metal. 

For this Experiment, the FCS setup was employed to measure two properties of the 

gels through two different techniques: 

Property: swelling ratio ( SR ). The hydrogel profile was obtained from the so-called Z-

scan, which involves record of fluorescence intensity of the labeled tracer at various 

points in the Z direction, normal to the film / the glass substrate. In the absence of 

specific interactions between the tracer and the PNIPAAm segments, the intensity 

assumes its maximum in the free solvent and decreases due to excluded mass effect in the 

hydrogel matrix. The hydrogel’s thickness is estimated with the resolution determined by 

the 02z  (2 µm circa) from plotting the intensity versus the distance from the glass 

substrate. Typical examples of Z-scan gel profiles are reported in Fig. 55 (page 155). The 

swollen thickness was then normalized to the (post-rinsing) dry thickness of the gel, 

which yields the swelling ratio, SR . 

Property: tracer diffusion slowdown. Or rather, the inverse slowdown, i.e. the reduced 

diffusion coefficient, 0DD , where D is the diffusion coefficient inside the gel and 0D  

the diffusion coefficient in the free solution. For each sample, the intensity correlation 

function ( )tG  was recorded in the solution both above and inside the hydrogel. For gels 

displaying discontinuous morphology along the Z direction, such as density gradients, 

( )tG  could be recorded at different distances from the substrate inside the hydrogel. The 

present hydrogels, however, revealed a homogeneous structure at least within the 
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resolution range and a gradient-free behavior up to 10 µm above the glass substrate. For 

each Z position inside and outside the gel (in free solution), ( )tG  was recorded at least at 

three different positions in the XY plane, at distances ranging from 200 to 800 µm apart, 

from which the averaged value of the diffusion coefficient was obtained. Such averaging 

process was applied to both the swollen and collapsed state of the PNIPAAm gels, as 

detailed further in this Experiment’s treatment.  Similarly, SR  was probed in the same 

XY spots, and averaged for the dry, swollen and collapsed states. 

( )tI  was typically recorded from 2.5 min, for diffusion in pure solvent with strong 

fluorescence, to 10 minutes in the case of diffusion in dense gels where few particles 

could penetrate. These total accumulation times were subdivided in 30-seconds intervals 

in order to enable removal of occasionally erroneous signals due to aggregates. Prior to 

actual measurements, calibration was performed on both excitation channel, employing 

Cy5 for channel 1 and Rh6G for channel 2, as detailed in section 7.2 (page 98). Both dyes 

were diffused in MilliQ at the same time in a dedicated Attofluor chamber, and their 

diffusion times measured three times for each dye/channel while shutting the other 

channel close. Calibration was performed for each measuring temperature at the same 

temperature. 

All ( )tG  curves were fitted excluding the data points up to ~ 10 µs, beyond the triplet 

effect time range, thus allowing for an exclusion of the triplet contribution parameters 

from the fit. 

Prior to the FCS experiment, as mentioned, all samples were rinsed 15 times in situ by 

swelling in ethanol and removal of ethanol solution, in order to remove uncrosslinked 

chains. The measurements in the swollen state were performed before and after thermal 

collapse, to examine possible squeezing of uncrosslinked chains out of the gel. However, 

this last passage proved superfluous, as the revealed differences were negligible and 

hence marks ethanol rinsing adequate for gel cleaning. 

 

Alexa 647 has no specific interactions with PNIPAAm, as revealed by its free Fickian 

diffusion in both water and ethanol PNIPAAm solutions. It is therefore chosen for the 

present study as a neutral reporter of the role important variables play on the macroscopic 
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and nanoscopic structure and mobility of PNIPAAm hydrogel layers grafted on glass 

substrates. The swelling ratio SR  is measured via the Z-scan with a spatial resolution of 

the order of 2z0~2µm. The tracer diffusion D of the molecular dye is probed within a 

volume with a XY diameter 02x  (~ 300 nm). The two quantities ( SR , 0DD ) should 

therefore yield complementary information on the structure and dynamics in the micron 

and submicron range. 

 

8.3.1. Non-annealed gels 

8.3.1.1. Variable: crosslink density 

 

We first examined non-annealed PNIPAAm gels, swollen in MilliQ water under good 

solvency at 16.3 ºC, well below the LCST. Fig. 38a shows normalized experimental 

correlation functions for two hydrogels with different crosslinking density prepared for 

10 min and 120 min UV exposure (corresponding to 1.05 to 12.56 J·cm-2 irradiation 

doses). In all the examined cases, Alexa 647 diffusion exhibits single component Fickian 

diffusion, with (4.21) with 1=n  representing very well (solid lines in Fig. 38a) the 

experimental ( )tG . The anticipated linear time dependence, ( ) ttr ∝∆ 2  is revealed as 

seen in the inset to Fig. 38a. Also seen in the same Figure is how D expectedly slows 

down with crosslinking density and, hence, polymer concentration in the gel. The 

swelling ratio, SR , decreases with crosslinking density as depicted in Fig. 38b together 

with data for annealed samples, which will be discussed further in this treatment 

concerning spatial inhomogeneities in the hydrogels. 

As expected, the higher the crosslinking is, the weaker SR  is, and the tracer diffusivity 

also decreases with increasing crosslink density. 

Addressing now SR , behavioral differences in swelling are known to exist between 

unanchored gels (3D swelling) and their anchored counterparts (1D swelling). The 

anchoring restricts movement and swelling at the hydrogel-substrate interface and allows 

network expansion only away from the surface in a highly anisotropic fashion10, 73. A 

direct consequence of this surface confinement in the hydrogel layer is a reduced swelling 
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compared to the unrestricted 3D hydrogel by a factor of around 5 to 1073b, 74. For an 

unanchored gel, the volumetric swelling is given by 73b, 

 5

3

5

3

CCS NV =∝
−λ  (8.1) 

where, 1−
= CC Nλ  with CN  being the effective number of chain segments between 

crosslink points. On the other hand, for a linear swelling behavior of the same anchored 

gels, 

 3

1

3

1

CCS NR =∝
−λ  (8.2) 

Analogously, the two types of network display different cooperative diffusion 

coefficients as revealed by recent micro-photon correlation spectroscopy (µ-PCS) 

experiments30, and the crosslinking of anchored PNIPAAm gel layers apparently reduces 

their mesh size much stronger than anticipated for transient networks in good solvents. In 

this context, differences between 3D and 1D systems have also been observed in 

permanent gels73b. 

In Fig. 38b, the supported PNIPAAm films containing the same concentration of 

crosslinking agents were exposed to different energy dose, ν , in order to vary the 

crosslinking density, Cλ . A direct relationship between Cλ  and ν  is, a priori, not known, 

and therefore nor can assumptions like Cλν ∝  be taken for granted. In order to estimate 

Cλ , we therefore must rely on phenomenological dependences like a

SR ν∝  (Fig. 38b) in 

the low ν  range and the predicted scaling behavior as per (8.2). Fig. 38b also reports data 

for gels annealed previous to crosslinking. 

Data points for SR  at low energy dose, ν , conform to the power law described above, 

with exponent 04.061.0 ±−=a  and -1.26 ± 0.01 respectively for the non-annealed and 

annealed samples, where the fitting (red and orange lines in Fig. 38b) was carried forward 

only on those data points in which the power law was applicable: 5 to 15 mins 

crosslinking for annealed gels, and 10 to 30 mins crosslinking for non-annealed gels. 

At irradiation times / energy doses above the described ranges, UV irradiation appears 

to be less effective resulting in a weaker crosslinking density than predicted by the power 

law. This is easily attributed to the consumption of the BP groups already being 

converted into crosslink points at lowerν . 
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Interestingly enough, BP groups conversion saturation appears to be reached sooner in 

annealed gels, an aspect which will be addressed further in the treatment. 
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Fig. 38. a) Normalized ( )tG  of Alexa 647 diffusing in a low- and a highly crosslinked 

PNIPAAm gel swollen in MilliQ water at 16.3 ºC. Inset: The mean square displacement conforms 

to single Fickian diffusion (indicated by the slope 1 of the solid line). b) Swelling ratio SR   and 

normalized diffusion 0DD  of Alexa 647 in the PNIPAAm hydrogels (annealed and non-

annealed) plotted against energy dose in the crosslinking procedure. For SR , the solid lines denote 
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the power-law dependence on the energy dose ν  with exponents -0.61 and -1.26 for the non-

annealed and annealed variants, respectively. Inset: Ratios of SR  and 0DD  between annealed 

and non-annealed samples 

 

Addressing now the diffusion coefficient, D, in Fig. 38b, the decreasing 0DD  is 

logically envisioned as either a crowding effect due to increased polymer volume 

fraction, φ , and /or reduced porosity of the hydrogel due to the decrease of the gel mesh 

size, ξ , as the crosslinking degree increases. 

An attempt on modeling 0DD  dependency can be based on a hydrogel-solution 

comparison. For polymer solutions (transient networks) with ξ<HR , the slowing down 

of D was recently found75 to depend only on the concentration, irrespectively of the 

polymer molecular weight and hence the mesh size, ξ . 0DD  for said effect can be 

found, as dependent on the solutions’ φ , as the dashed line in Fig. 39. As depicted, the 

0DD  values fall on a single master curve75 for the same molecular tracer in transient 

polymer networks, and 0DD  can be parametrized75 by a stretched exponential, 

)exp(0
βαφ−=DD , with 3.9=α , 35.1=β . 

Coming back to diffusion in the our hydrogels, tracer diffusion data addressed so far 

are also plotted in Fig. 39 (green diamonds, orange circles, first data point of both brown 

and purple triangles series) for comparison with the solutions’ master curve. In addition 

to the data extracted by diffusion in gels treated so far, Fig. 39 also reports the rest of data 

treated further in this treatment, and as such acts as a summary to the rest of data 

comparison of this sort, which will be detailed in the rest of the treatment. 

The gels are indicated by whether they are annealed previous to crosslinking (HGa) or 

not (HG), with the number following identifying the time equivalent (in minutes) of ν . 



 130 

10
-2

10
-1

0.01

0.1

1

D
/D

0

φ

   Alexa 647 diffusion:

 HGa-(5, 10, 15, 30, 120), water, 16.3 ºC

 HGa-(5, 10), PBS, 16.3 ºC

 HG-(10, 30), water, 16.3 ºC

 HG-15, water, (16.3 - 32) ºC (slow diffusion)

 HG-15, water, (16.3 - 32) ºC (fast diffusion)

 HG-120, water, (16.3 - 29) ºC (slow diffusion)

 HG-120, water, (16.3 - 29) ºC (fast diffusion)

 HG-15, acetate, (16.3 - 32) ºC

   GFP diffusion:

 HGa-(5, 10), PBS, 16.3 ºC (slow diffusion)

 HGa-10, PBS, 16.3 ºC (fast diffusion)

 

 

 

Fig. 39. Master curve for molecular tracer (Alexa 647) diffusion in several PNIPAAm 
hydrogels as indicated in the plot. The solid and dashed lines are stretched exponential fits (see in 
the text) of the normalized diffusion of the molecular tracer in the hydrogels and polystyrene 

homopolymer solutions75, respectively. 0D D  is plotted against the polymer volume fraction, φ . 

φ  is, in its turn, determined by different combinations of crosslinking degree and temperature-

induced collapse, as will be detailed in subsequent Figures. Deviations from the master curve are 
observed for the diffusion of the larger (GFP) probe, the fast Alexa 647 diffusion in PNIPAAm 
swollen in MilliQ water near the collapse transition (notice the “fast zone” above the master 
curve) and in PNIPAAm swollen in acetate buffer. 

 

As one can see, in Fig. 39 0DD  in gels is plotted as a function of the volume fraction, 

φ. However, the estimation of φ  for a gel is not trivial, an issue which was addressed as 

follows. 

φ  for the observed gels was calculated from the measured SR . Specifically, the 

relation 1−
= SRφ  was employed, the basis for which is the assumed one-dimensional 

swelling for the anchored gels, together with the fixed value 1=φ  for a dry gel. 

Of course, a confirmation of such hypothesis was in order. In order to obtain an 

independent information on φ, waveguide spectroscopy76,77,78,79 measurements were 

performed for four samples in MilliQ water at 16.3°C following the same treatment as for 

the FCS experiment; the samples were low- and highly-crosslinked, both annealed and 
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not annealed, thus representing a reasonable sample population of the samples employed 

in the FCS measurements. The refractive index profile for these gels is given in Fig. 40. 
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Fig. 40. Refractive index profile of four hydrogels in MilliQ water at 16.3°C. Annealed and 
non-annealed samples prepared under short and long UV-exposure times as indicated in the plot 

 

Data in Fig. 40 were obtained through the reversed Wentzel-Kramers-Brillouin 

(rWKB) approximation method80,81. Measurements were conducted in house at the MPIP 

by Isabel Hopp and fitted by Isabel Hopp and Bernhard Menges. The rWKB method is a 

well-tested approximation used for planar waveguide gradient index profile analysis29,29b, 

the fundamental idea behind which is that different waveguide modes probe different 

areas of the film because of the different field distributions. In detail, at the position of 

the electromagnetic field distribution, for which the oscillating and evanescent solutions 

of the wave equation are identical, the physical refractive index n is equal to the 

measured effective refractive index for each mode determined by the angular minimum 

position of the modes.  

Based on the refractive index profile a multilayer model is performed, which is the 

basis for the evaluation of both parts of the complex refractive index. 
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Once the refractive index profile is obtained, the polymer volume fraction φ  can be 

calculated from it. In the effective medium description, it is for a porous system in a fluid 

of gaseous environment that 
wd

ws

nn

nn

−

−
=φ , where sn  is the refractive index of the system 

plus the environment medium, dn  the refractive index of the system alone, and wn  the 

refractive index of the environment medium. In the present case, sn  is the refractive 

index of the hydrogels in the swollen state inclusive of water (obtained from data at Fig. 

40 by linear interpolation at height 0, for which actual experimental data do not represent 

the gel alone due to the technique probing the substrate underneath and the 

functionalization layer), dn =1.498 for dry PNIPAAm29a, and  332.1=wn  for  MilliQ 

water at 16.3 ºC.  The computed volume fraction based on said waveguide spectroscopy 

experiments is in very good agreement with the values obtained from SR  in the FCS 

experiment, as indicated by the values in Table 5. 

 

 φ, not annealed gels φ, annealed gels 

ν (J·cm-2) From WKB From FCS From WKB From FCS 

1.05 0.077 0.079 ± 0.004 0.063 0.06 ± 0.01 

12.56 0.151 0.19 ± 0.06 0.210 0.19 ± 0.02 

 
Table 5. PNIPAAm volume fraction in hydrogels as obtained from the WKB and FCS 

experiments 
 

Thus 1−
= SRφ  was assumed correct for all used samples in the FCS experiments, 

leading to the construction of Fig. 39.  As seen in the Figure, for the hydrogels treated 

until now and in general for the vast majority of hydrogel diffusion 

data, 0DD superimposes on a single curve which can be also represented by a stretched 

exponential using the same 35.1=β value as for the transient polymer networks, but 

assumes now a clearly larger value 7.05.20 ±=α . Still, diffusion of molecular tracers 

( ξ<HR ) in hydrogels observed until now allows for a safe prediction of the molecular 

tracer diffusion in swollen hydrogels. Fig. 41 reports data points for diffusion in non-
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annealed hydrogels probed at 16.3 ºC, and the physical property determining φ  for the 

various samples is the crosslinking degree. 
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Fig. 41. Master curves at Fig. 39 (continuous lines), with data points for non-annealed gels at 

Fig. 38. As depicted, increased irradiation time determines φ  consistent with the master curve 

 

However, inspection of Fig. 39 reveals deviations from the master curve in case of 

thermally-induced collapse and for the diffusion of larger than Alexa 647 tracers (e.g. 

GFP). Such effects are addressed below.  

 

8.3.1.2. Variable: temperature 

 

Thermal collapse, the specific property of PNIPAAm hydrogels which was to be 

addressed as main aim of the project, was then studied in MilliQ water for two 

specimens, HG-15 and HG-120. Different states of the gels were observed at fixed 

temperature (thermal equilibrium) below and above 32 ºC. For each, the macroscopic 

collapse was directly monitored by measuring SR , while the dynamics were probed by 

FCS. Fig. 42 shows the experimental ( )tG  for Alexa 647 diffusion in HG-15 at two 

temperatures, one far below and the other very close to the hydrogel collapse transition. 
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As discussed in the preceding section, ( )tG  at 16.3 °C is very well represented by a 

single Fickian diffusion (solid line) as seen in the residual plot (Fig. 42a). At 32 °C, ( )tG  

clearly becomes a double decay function which is best represented ( 2=n  in (4.21), solid 

line, resulting in the random residual plot, Fig. 42b) by two Fickian processes. The 

contribution of the fast component accounts to about 50% of the total ( )tG . 
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Fig. 42. Normalized FCS functions ( )tG  for Alexa 647 diffusing in HG-15 at two different 

temperatures. Solid lines indicate the representation of the ( )tG  by a single Fickian component (n 

= 1 in (4.21)) at 16.3 °C and two components (n = 2) at 32 °C in (4.17). The fit residuals at 16.3 
°C and 32 °C are shown in insets a) and b), respectively.  

 

For the HG-15 and HG-120 grafted layers, the swelling ratio and the normalized 

0DD  of Alexa 647 is shown in Fig. 43 as a function of temperature. Note that two 

Fickian processes are required above 29 °C for HG-15 and above 25 °C for HG-120; 

these two 0DD  are also plotted against φ in Fig. 39, as well as separately in Fig. 44. 

Above 32 °C for HG-15, and above 29 °C for HG-120, no dye could be detected inside 

the hydrogels; the fluorescence intensity was at the background noise level, and a 

featureless ( )tG  undistinguishable from the baseline was recorded. 
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Fig. 43. SR  (left axis) and normalized Alexa 647 diffusion 0DD  (right axis) as a function of 

temperature for HG-15 and HG-120 in MilliQ water. 
 
 

These observations corroborate the notion that both lowly and highly crosslinked 

PNIPAAm, achieving collapse at higher temperatures, squeezes even molecular 

diffusants out of the gel, the absence of autocorrelation signal being the proof. In fact, if 

this weren’t the case, two things might happen. In the case of diffusant entrapment, a 

progressively decreasing average intensity signal would have highlighted immobilized 

fluorescently molecular diffusants being bleached. On the other hand, absence of 

bleaching but presence of autocorrelation would have indicated molecular diffusants still 

moving in water pockets inside the collapsed PNIPAAm structure. Since neither 

phenomenon is present, we infer therefore that no sufficiently large space is available for 

Alexa (2.6 nm diameter) in the gel, and that collapse of the PNIPAAm grafted layer 

causes squeezing out rather than trapping. 
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Fig. 44. Master curves at Fig. 39 (continuous lines), with data points for gels at Fig. 43. 

Increasing temperature determines φ  consistent with the master curve for the slow diffusion 

component. The fast diffusion component generates points above the curve, with 0D D  in the 

order - when not of higher value - of 0D D  at 16.3 ºC. a) Data for a 15 minutes crosslinked gel; 

b) data for a 120 minutes crosslinked gel 
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Of the two diffusion processes contributing to ( )tG  of HG 15 at 32°C in Fig. 42, the 

slow 0DD  appears to follow the average volume fraction of the hydrogel as obtained 

from SR  (Fig. 39, Fig. 44). The slow tracer diffusion therefore reflects an effective 

medium behavior of the gel structure on the submicrometer (~ 02x ) scale and 0DD  

conforms to the master plot. On the other hand, the fast Alexa 647 diffusion falls above 

the master curve of 0DD , in a “fast mobility zone” with D values in the range of 4·10-7 - 

8·10-7 cm2s-1. Albeit the origin of this fast process is to be discussed, some hypotheses can 

be taken out. Among these, a possible relation to cooperative diffusion ( coopD ) of the 

network, a process which also appears at high φ values, should be excluded. First, it is 

highly questionable whether coopD  can be probed82 by FCS; second, coopD  measured by 

µ-PCS30 for PNIPAAm hydrogels is clearly slower (from 3 10-7 cm2/s at 20 °C to  2.10-8 

cm2/s  at 33 °C). 

We can relate this fast process to the formation of structural inhomogeneities within 

increasing temperature towards the collapse transition. As previously mentioned, as the 

hydrogel collapses a tendency towards phase separation is countered by permanent 

structural constraints, and nontrivial structures are formed. An inhomogeneous collapse is 

therefore to be expected. 

The conformity of the slow tracer diffusion to the master curve suggests that the 

hydrogel undergoes, on average, one-dimensional collapse, increasing its volume fraction 

and thereby reducing the mobility. Based on Fig. 39 and Fig. 44, however, there should 

also exist shallower (solvent-rich) regions with 2-3 times lower volume fraction than the 

average, allowing for fast diffusivity in the pretransition regime. Note that these shallow 

regions must extend over sizes being comparable with the lateral dimension of the focal 

volume (~300 nm) in order to impact ( )tG  but not the swelling ratio measurements. Also, 

the similarity of 0DD values in such shallow regions and in the swollen state (16.3°C) 

suggests similar local volume fractions, implying that the collapsing phenomenon is 

essentially local in nature, with the shallow regions remaining essentially unaltered from 

the swollen state until complete collapse is achieved. 
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The two drawn trajectories (1 and 2) for the molecular tracer provide a pictorial 

rational for the slow diffusion sensing an average concentration φ (path 1) and the fast 

diffusion (path 2) that resembles the single tracer diffusion in the homogeneous swollen 

hydrogel. 
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Fig. 45. Diffusion in water-swollen gel. The structure of the swollen gel, perceived by Alexa 
647 on the mesoscale. (a) Structure appears uniform justifying the observation of a single 
diffusion process. (b) A collapsing hydrogel develops structural inhomogeneities which Alexa 
647 diffuses through with different times. Diffusion trajectories 1 (reflecting the macroscopic, 

average SR  behavior) and 2 (fast region diffusion) can rationalize the slow and fast tracer 

diffusion contributions in the experimental ( )tG  

 

As a confirmation of the reported findings, the existence of two dynamic features for 

dissolved molecular species diffusing in the hydrogel films was also observed for the 

same hydrogel systems via electron paramagnetic resonance spectroscopy by Junk et 

al.70, and the presence of inhomogeneities is also known for gel systems through the work 

of Saalwächter et al.83,84 and different equipes85. In the reported experiment by Junk et al., 

rotational dynamics of a paramagnetic tracer molecule showed two distinct regions of fast 

and slow dynamics in the collapsing material, the ratio of which shifted with temperature 

increase (and concomitant hydrogel collapse) from an excess of the fast to an excess the 

slow component, which indicates the coexistence of hydrophilic and hydrophobic 

polymer network regions with temperature dependent volume ratio. The conjecture of 

spatial inhomogeneities to account for the dynamic heterogeneities in the PNIPAAm 

hydrogels is further examined by considering subtle interaction effects in the next section. 
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Quoting previous work
12

, an estimation of the mesh size can also be attempted 

through the relation 
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where b is the diffusants’ size. In terms of  0DD , this is equivalent to 
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Through this, a relative estimation of ξ  can be attempted via 0DD  comparison. 

Calling 
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 and Sξ  those for the slow/average diffusion, we see that for the same 

system and diffusant we can arrive, through (8.4), to 
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Similarly, a mesh size ratio, ξR , can be estimated between ξ  in the low-temperature, 

well swollen state and during collapse: 
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where refT  is a reference temperature for the swollen state. Taking 3.16=refT ºC, ξR  

data can be computed as seen in Fig. 46: 
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Fig. 46.  Mesh size ratio ξR  between ξ  during thermal collapse and ξ  at 16.3 ºC for slow 

diffusion (average ξ ) and fast diffusion (shallow ξ ). Data displayed for both HG-15 and HG-

120 

 

The data at Fig. 46, however, should be taken with a grain of salt, since, if previous 

experiment in ethanol12 are of any indication, the mesh size in the swollen state should be 

in the 3 - 5 nm range. Fig. 46 therefore implies mesh sizes going down to 0.3 - 0.5 nm 

during thermal collapse. For Alexa 647 (diameter 2.6 nm) to be a probe in this system, a 

substantial mechanical deformation of the meshes is implied. Barring this eventuality, the 

one-order-of-magnitude decrease of D during collapsing should be attributed to a 

modified, more complex gel geometry rather than simple, hard-and-fast mesh size 

decrease. Previous work of colleagues70 also appears to suggest the complex geometry 

thesis. In such an optic, the slow/average data points in Fig. 46 refer more to an apparent 

- effective, if one wants - mesh size than an actual one. 

Other than the considerations above, and keeping to the simple model it is based upon, 

Fig. 46 is most notable at, giving a quantitative estimate of the mesh size in the shallow 
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regions: in the order of, and slightly bigger, than that of the swollen state. It is easy to 

derive from this an image of a moderately elastic gel in the swollen state, with mesh 

chains outside the dense regions either not collapsing or failing to collapse due to being 

then stretched to shallow region configuration during thermal collapse. 

 

8.3.1.3. Variable: buffer 

 

As a further step in the hydrogel analysis, behavior in a buffer was addressed, the 

motivation being the ultimate goal of hydrogels engineering into biosensors. That is, the 

application of said gels in solvent environments other than pure water. 
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Fig. 47. Normalized ( )tG  for Alexa 647 diffusing in HG-15 swollen in acetate buffer (solid 

symbols) and MilliQ water (open symbols) at two temperatures. The solid lines denote the fits. 

Inset: SR  in the two solvents as a function of temperature 

 
In Fig. 47 we first compare the experimental ( )tG  of HG-15 in acetate buffer 

(Biacore, pH 5.0) and MilliQ water (as seen in Fig. 42) at 16.3 °C and 32 °C (notice the 

double ( )tG  decay for the hydrogel at 32 °C). While at 16.3 °C the two hydrogels exhibit 

very similar and single-component ( )tG , a qualitative disparity appears at higher 
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temperatures as seen at 32 °C, near the collapse transition. In MilliQ water, ( )tG  

becomes bimodal near the collapse transition temperature and the slow diffusion in HG-

15 at 32°C ( 0DD = 0.009 ± 0.003) is much longer than the single diffusion ( 0DD = 

0.34 ± 0.05) at 16.3 °C while the fast diffusion at 32°C ( 0DD = 0.3 ± 0.1) is comparable 

with the latter. In acetate buffer, HG-15 displays only a fast tracer diffusion being 

marginally slower ( 0DD = 0.22 ± 0.03) than the single diffusion at 16.3 °C ( 0DD = 

0.36 ± 0.01).  

An interpretation of this phenomenon can be given as the formation of structural 

inhomogeneities being more severe in the acetate buffer, rendering the dense regions 

inaccessible as inferred by the absence of the slow diffusion. Indeed, while the single 

process in acetate buffer (green pentagons in Fig. 39, reported alone in Fig. 48) at 16.3°C 

conforms to the master plot, the single fast process at higher temperature clearly fall in 

the “fast region” dynamics, like the fast process of the same gel in MilliQ water. Notably 

a slow process conforming to the master plot of Fig. 39 / Fig. 48 is absent during the 

hydrogel collapse. 
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Fig. 48. Master curves at Fig. 39 (continuous lines), with data points for gel referred to in Fig. 

47. Contrary to what observed in Fig. 44 for water selling, here a single diffusion process 
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generates data points exiting the master curve to go into the fast diffusion zone as temperature 

increases 

In contrast to the dynamics, the limited swelling SR  (inset to Fig. 47) in the two 

solvents near the collapse transition is quite similar, emphasizing the sensitivity of the 

tracer diffusivity to subtle structural changes. 
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Fig. 49. Diffusion in acetate buffer-swollen gel. The structure of the swollen gel, perceived by 

Alexa 647 on the mesoscale. (a) Structure appears uniform justifying the observation of a single 

diffusion process. (b) The structural inhomogeneities of the collapsing gel feature meshes too 

small for Alexa 647 to diffuse through. Dense region diffusion is absent 

 

In order to rationalize the observed effect, one can try and separate the two main 

effects a buffer can have on a charged system such as ours. The first effect is charge 

alteration; the second, an alteration due to salt presence. Of these, charge alteration would 

suggest a less swollen, more rigid gel in acetate buffer than in water, due to the presence 

of H+ ions shielding the previous anionic-based chain-chain repulsion. The result of this 

would be both a lessened SR  (the chains having a lesser tendency to distantiate) and 

larger perceived meshes (more neutrally-charged chains possessing a higher tendency to 

aggregate due to minimization of surface energy, thus resulting in larger meshes). Since 

neither of these effects is seen in the swollen state, the conclusion is that charge alteration 

is negligible in this context. 

As for a salt-based effect, a non-linear dependency in SR  and inhomogeneity degree 

was recently reported by Junk et al.86 as dependent salt concentration in PNIPAAm-based 

hydrogels. While the degree of inhomogeneity was monotonously increasing with buffer 
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concentration, a maximum in SR  was achieved for a concentration of 0.01 M, which 

corresponds to the concentration of acetate buffer as used in the present Experiment. 

 

As was mentioned, in the thermal transition region (32 - 35 °C), SR  assumes very 

similar values in both solvents. 

Indeed, for a PNIPAAm gel swollen in water, it has been found10,87 that the refractive 

index n can be plotted as a Boltzmann function of temperature, T: 
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where 0T  describes the function’s half-height temperature, and T∆  the function’s 

width and 1Z  and 2Z  are adjustable parameters. (8.7) can represent the experimental 

swelling ratio as shown for HG-15 in MilliQ water and acetate buffer in Fig. 50. In both 

solvent systems, 0T  is the same within errors ( 23050 ±=T  K for MilliQ water, 

6.00.3060 ±=T  K for acetate buffer) and so is the width T∆  (2 ± 1 K in water, 1.6 ± 0.3 

K in acetate). These data point towards a macroscopic behavior, on the macroscale, 

substantially analogous between water and acetate swelling. 

In order to quantitatively characterize the solvent quality as a function of temperature, 

an attempt was then done at modeling SR  on a finer scale. 

SR  is determined, other than buffer quality as seen in this section, primarily by 

crosslink density. The latter can, in turn, be linked to the average effective number of 

repetition units, effN , between crosslink points; the first, to the effective interaction 

parameter ( )Teff ,φχ , which represents the solvent quality. Approximating the gel with a 

perfect phantom network, the equilibrium swelling state is described by59 
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where 0φ  is the polymer volume fraction in the dry state and eφ  the volume fraction in 

the equilibrium (swollen) state. ( )Teff ,φχ  can be computed as a function of eφ  and 

temperature via: 

 

 ( ) ( ) ( ) ( ) 2
221100, φφφχ TBATBATBATeff +++++=  (8.9) 

 

The six ( iA  and iB ) parameters in (8.9), which characterize the gel and solvent 

interaction, have been reported for PNIPAAm gels swollen in water88. 

In order to check the reliability of these parameters, effN  for HG-15 swollen in MilliQ 

water was computed using (8.8) and (8.9). A temperature independent 150530 ±=effN
 

was obtained in the temperature range 16.3 - 29 ºC in which the good solvent assumption 

is tentatively valid. For the high crosslinked HG-120, the obtained 30150 ±=effN  is 

clearly smaller than in the lower crosslinked HG-15. For the two highest temperatures 

approaching the collapse transition, the computed effN  assumes negative values: as the 

gel starts to heavily collapse, the phantom network approximation is no longer valid, and 

the obtained values for effN  are not only not consistent anymore, but physically 

nonsensical, assuming seemingly random values above and below zero.  

A tentative, quasi-quantitative study of ( )Teff ,φχ  in acetate buffer can now be 

attempted, with the caveat of having its treatment resting on two assumptions: the first, 

that the described phantom network model be still valid in a charged environment such as 

the acetate buffer; the second, that we can assume effN  to be a structural invariant under 

different solvent conditions. Whether the first assumption is debatable, it is the second 

which requires special caution, since effN  as an effective quantity dramatically depends 

on the chains’ conformation and a system presenting an altered geometry, such as we 

expect the acetate-swollen buffer to be, could make the assumption invalid to begin with. 

Assuming effN  to be independent on the solvent, the different swelling behavior of the 

same gel in acetate buffer (inset to Fig. 47) should be attributed to the change of 

( )Teff ,φχ  and/or the collapse transition temperature in this system. The temperature 
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dependence of SR  (above 32 °C) of HG-15 in the two solvents (inset to Fig. 47) suggests 

very similar collapse transition temperatures. 

To estimate ( )Teff ,φχ  in acetate buffer from (8.9), the knowledge of effN alone does 

not suffice, since ( )Teff ,φχ
 
is dependent on both T and φ . Since φ  itself is dependent on 

T, it is not possible to attempt a fit of ( )Teff ,φχ  simply as a function of T.  
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Fig. 50. The inverse swelling ratio 
1−

SR  for HG-15 in MilliQ water and acetate buffer 

represented (solid lines) by (8.7). Inset: the effective interaction parameter, presented in both the 

complete ( ( )Teff ,φχ ) and approximated (“approx.”, ( )Teffχ ) forms for MilliQ water swelling, 

and in the approximated form for acetate swelling. Continuous lines denote fits of (8.9) and 4 to 

the experimental data where effN  assumes a meaningful value 

  
 

In order to reverse-engineer the calculation, and derive ( )Teff ,φχ  from effN , it was 

chosen to adopt a linearized version of (8.9), in which the four φ -dependent terms were 

neglected. What was sought after, therefore, was ( ) ( )TT effeff χφχ ≈,  : 

 

 ( ) 0 0eff T A B Tχ = +  (8.10) 
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This, in turn, also causes 
φ

χ

∂

∂ eff  to vanish in (8.8). A linear fitting following such 

simplification could now be performed, as it was for the HG-15/water experimental 

points, restricting the fitting range to the temperatures where the computed  effN  values 

were consistent. This lead to a slight decrease of the interaction parameter:
 

( ) TTeff ⋅+−= 044.04.12χ . The value of ( )Teffχ  for the HG-15/acetate system, 

computed in the same manner, is ( ) TTeff ⋅+−= 13.039χ , and curves are shown in the 

inset to Fig. 50. Assuming the assumptions made are correct, the values of ( )Teffχ  for the 

HG-15 in the two solvents indicate the a difference in the solvent quality which is 

observed at the nanometric scale (inset to Fig. 50):below the collapsing temperature 

range, acetate buffer is a better solvent and swells HG-15 more than MilliQ water does; 

above, a worse one. Said result is consistent with the behavior theorized in Fig. 49, in 

which thermal collapse causes collapsing region to collapse in tighter configuration - that 

is, in this interpretation, to become more hydrophobic upon temperature increase. 

 

 

8.3.2. Annealed gels 

 

In order to further address the properties of the gels, and their possible tuning for 

specific biosensing applications, a permanent alteration of the inhomogeneity degree was 

attempted. 

The permanent alteration was carried forward through thermal annealing, as described 

in section 8.2.5 (page 122), with the aim of relaxing residual mechanical stress in the 

PNIPAAm chains - and therefore creating a more homogeneous ensemble - previous to 

crosslinking and the subsequent creation of a permanent structure. 

The comparison of the experimental SR  and the normalized 0DD  for the non-

annealed and annealed hydrogels in MilliQ water at 16.3 °C is visualized in Fig. 40b. At 

low crosslinking densities, the annealed specimen exhibit a larger swelling, while the 

difference is less felt at high crosslinking. This is in line with what expected from the 
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addition of the annealing step: more relaxed chains previous to crosslinking, and a minor 

number of chain bundles, leading to a macroscopically more elastic gel, an effect which 

is felt more at low crosslinking degrees. Additionally, annealed gels proved themselves 

stable down to 5 mins crosslinking, while non-annealed ones have a lower stability limit 

around 10 mins crosslinking. 
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Fig. 51. Master curves at Fig. 39 (continuous lines), with data points for annealed gels. 

Depicted: the adherence of annealed gel data points to the master curve, and the strikingly close 

behavior of water-swollen and PBS-swollen gels 

 

If we observe 0DD  for the same gels, however, we see again larger values below 15 

minutes crosslinking ( 0DD  larger for the annealed gel, following SR ) while the 

tendency is inverted above 15 minutes crosslinking. One can argue that above 15 minutes 

crosslinking the SR  difference becomes less and less pronounced. In such a regime, when 

the macroscopic behavior does not dominate any more, the nanometric-scale quantity 

0DD  is determined by a different mechanism, which now plays the major role. What 

0DD  shows at high crosslinking degrees is an average smaller mesh size for the 

annealed gels. A possible interpretation of this is another aspect of the relaxing effect of 

the annealing on chains. In such a picture, annealing relaxes denser and shallower (less 
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dense) zones to a more uniform, average conformation, which includes the relaxation of 

larger meshes of chains previously present in bundles. Thusly, the picture of a more 

homogeneous annealed state is painted by the smaller average mesh size accessible by 

tracers. 

 

Returning to the analysis of gels described performed in section 8.3.1.1 (page 126), we 

can now compare the different power laws describing SR  for the annealed and non-

annealed gels. The fitted value, 53~ −a  for non-annealed hydrogels leads, together with 

(8.2), points to a relation 59−∝νcN  for ν  less than about 5 Jcm-2 (before the BP 

conversion saturation). For annealed hydrogels, the experimental value 45~ −a  

suggests 415−∝νcN . It appears therefore that the UV irradiation is more efficient (lower 

cN ) for the annealed hydrogels as, prior to the UV crosslinking, the PNIPAAm chains 

assume conformations and packing closer to the thermodynamic equilibrium. Hence, 

crosslinking is more efficient, faster, and deviation from power law is achieved at lower 

ν  values than for the non-annealed hydrogels (Fig. 40b). 

The higher SR  for the annealed gels at lowν , meaning larger number of chain 

segments between crosslink points, appears however to be at odds with their larger 

crosslinking efficiency, implying a lower CN  value.  

To solve this apparent contradiction, one should recall that CN  doesn’t represent the 

actual number of monomers between crosslink points on a chain. It instead represents a 

statistical, effective number of segments between crosslink points. That is, its nature is 

similar to what we refer to as effN  in the previous section. In the annealing case, the 

different geometry (or, in other words, the different packing) of the annealed systems is 

sufficient to explain both a larger SR  and a larger CN : they both are characteristics of a 

gel being comprised of more relaxed chains. In this context SR  is the physical 

macroscopic datum reflecting the higher gel elasticity, and CN  is a statistical parameter, 

the larger value of which denotes the meshes’ higher flexibility in the annealed gels. Both 
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these characteristics can be envisaged as an expression of less inhomogeneities and chain 

bundles being present in the annealed gels, thus making gel meshes less rigid. 

 

If observed in the collapsed state, annealed gels reveal further properties. While, as 

observed for the non-annealed counterparts, no dye could be detected inside the 

specimens in the collapsed state, something can be inferred by the observation of SR . In 

this sense, as reported in Fig. 52, three effects are noticed as induced by the interaction of 

thermal collapse, annealing, and crosslinking degree. 
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Fig. 52. SR  of annealed and non-annealed gels in MilliQ water versus crosslinking degree, 

both in the swollen and collapsed state 

 

The first and already reported effect is the decreasing SR  in the swollen state with 

increasing crosslinking time, shown again here for comparison purposes. 

Passing now onto the data points for the collapsed state, we can see a second effect in 

the form of an inability of the gels, both in the annealed and non-annealed version, to 

collapse back to its dry thickness ( 1>SR ). That is, a volume fraction is still occupied by 
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the solvent (despite the gel being able to squeeze out any trace of diffusants). Again, this 

is known from previous experiments29a. Notice, however, a third effect: an inverse 

dependency on the crosslinking degree of the collapsed SR . That is, higher crosslinked 

gels exhibit higher SR  in the collapsed state than lower crosslinked gels. This can be 

interpreted as an effect of the permanent structure of crosslinked gels preventing the 

architecture from fully collapsing, the effect being more marked the heavier the 

crosslinking and the more complex the permanent structure. In other words, the smaller 

number of locally closely-packed bundles in annealed gels, in combination with a high 

number of crosslink points, make for a more stable structure, which is more able to 

counteract the tendency of the chains to phase separate above LCST. 

 

 

8.3.2.1. Variable: protein diffusion and probe size dependence 

 

The following part of the Experiment, focusing on Green Fluorescent Protein (GFP, 

HR = 3.1 nm) diffusion, was conducted on annealed gels, due to the increased 

homogeneity and low-crosslink stability of such specimens (GFP data reported in Fig. 39 

as sideways blue triangles, and in Fig. 54). The gels are now swollen in PBS, necessary to 

prevent denaturation of GFP. Additionally, weakly crosslinked gels were used for this 

part of the experiment due to the necessity of allowing for large bodies such as GFP to 

diffuse in. Both swelling ratio and Alexa 647 tracer diffusivity are hardly influenced by 

the use of PBS over MilliQ water. 

The observed very clean, single-component Fickian behavior for GFP diffusion in 

HGa-5 can be taken as proof of principle of GFP non-interactivity with the gel. This was 

not trivial in the first place, as structure and subsequent charge distribution on GFP is 

much more complex and on a molecular dye such as Alexa 647, and therefore localized 

charges could lead to attractive interactions. However, due to the very smooth nature of 

the obtained ( )tG , we can infer attractive interaction to be negligible, and therefore we 

can treat GFP as a non-interactive probe in the same fashion as Alexa 647.  



 152 

On the other hand, the experimental ( )tG  for GFP displays deviations from a single 

Fickian diffusion for a weakly crosslinked gel (HGa-10) at 16.3 °C. As shown in the inset 

to Fig. 53, ( )tr 2∆  appears to have a linear dependency at both short and long times, and 

an intermediate behavior in between. 
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Fig. 53. Comparison of normalized ( )tG  for Alexa 647 and GFP in two annealed hydrogels 

gels (HGa-5 and HGa-10) swollen in PBS buffer (pH 7.4) at 16.3 ºC. Single (n = 1) and double (n 
= 2) Fickian components in (4.21) were used to represent (solid lines) the fast and (for HGa-10) 
slow experimental functions, respectively. Inset: Mean square displacement for the two tracers 

 

 

Two Fickian components were used for an optimal fit of ( )tG  for GFP diffusion 

dynamics in this gel. For comparison, the experimental ( )tG  for Alexa 647, 

simultaneously recorded in the same hydrogel, not only is markedly faster (as expected) 

but only presents only a single diffusion process. The two-component representation of 

( )tG  for the GFP tracer diffusion in HGa-10 highlights a situation analogous to what 

probed by Alexa 647 in the thermally collapsed hydrogel: some of the probes appear to 

travel through shallower zones. What distinguishes, however, the two cases is the probe 
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size that now more sensitively discriminates spatial inhomogeneities in these hydrogels. 

Larger diffusant size enables, therefore, the observation of different scale of 

inhomogeneities, not completely eliminated by annealing; the 2.6 nm large Alexa 647 

cannot perceive such inhomogeneities (it’s small enough to perceive mesh size above its 

own as an average) but the twice larger GFP can. 
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Fig. 54. Addition to GFP diffusion and comparison to data points in Fig. 51. Depicted: the 

different behavior of data points from GFP diffusion. Concerning the latter, two effects are 

evidenced: 1) the heightened slowdown due to GFP’s size (lower 0D D  values in the same 

conditions than for Alexa 647); 2) the presence of diffusion signal splitting in a 10 minutes 

crosslinked, swollen gel 

 

As mentioned, in order to prevent GFP denaturation, the system had to be investigated 

as swollen in PBS rather than in MilliQ water. The change of solvent, however, offered 

the chance to prove a minor theory of mine. It had been a point of discussion whether gel-

probes electrostatic repulsion would have resulted in a sensible alteration of the perceived 

structure. That is, whether electrostatic repulsion from the chains lead probes to perceive 

a tighter system. PBS in this case is especially indicated, since its stabilized pH of 7.4 

allows for a close comparison with MilliQ water. Although MilliQ water has typically a 

pH around 5, this is due to CO2 contamination from the atmosphere, and the 
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concentration of actual H+ ions is relatively low - the environment is still by and large 

neutral due to substantial lack of ions. The use of PBS allows for a comparison with an 

environment whose neutral pH is achieved through high ion concentration. This 

rationalization finds agreement with what observed for the acetate buffer swelling and 

collapse (section 8.3.1.3, page 141), where the structure of the gel appears to be 

influenced by the salt presence, but not by the charge. As a consequence of this, one can 

see how a change in net charge between water and PBS makes a difference concerning 

the quantity of dyes entering the gel, but not concerning the structure of the gel itself as 

perceived by the dyes. This reasoning, of course, also implies that the salt effect of PBS 

also be negligible. As a result, measured differences in 0DD  for Alexa 647 diffusing in 

the same gel swollen in MilliQ water and PBS should be dominated by, and attributed to 

the interactions between the dye and the chains. 

Notably, values for SR  and Alexa 647 0DD  in MilliQ water and PBS at the same 

crosslink density are consistent, if with minor fluctuations, suggesting a comparable 

perceived structure in the two solvents. For a comparison in this sense, see the very 

similar values of HGa data point for PBS and MilliQ water diffusion in Fig. 39 and Fig. 

54. 

More noteworthy is the difference brought by the different solvents to diffusants 

concentration inside the gels. In Fig. 55, the normalized Z-scan intensity 0II  is plotted 

in linear and logarithmic scale for fluorescents diffusion into a 5 minutes crosslinked, 

annealed gel, where I is the fluorescence intensity in kHz and 0I  the fluorescence 

intensity in kHz in the free solvent. As one can see, 0II  suffers a drastic dip inside the 

gel for Alexa 647 diffusion in MilliQ water. In fact, fluorescence drops two orders of 

magnitude, and single diffusion peaks can be distinguished above the background noise 

in the recorded ( )tI . 
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Fig. 55. Comparison of Z-scans obtained from small and large probe diffusion in MilliQ water 

and PBS buffer. Left: Linear scale. Right: logarithmic scale 

 

We infer therefore that Alexa 647 molecules have a particularly hard time diffusing 

through the gel. This is not the case of diffusion in PBS, though, where an analogous 

diffusional behavior is accompanied by such a high in-gel fluorescence as to render the 

Z-scan virtually useless to establish a profile. Indeed, to establish the profile of the gel is 

such conditions it is necessary to use the Z-scan from the larger GFP, which still 

encounters larger difficulties than Alexa 647 to get in due to its size. Clearly, the 

repulsion preventing the greater part of Alexa 647 from diffusing in the gel in MilliQ 

water are much lessened in PBS. The high presence of ions in PBS also suggests a 

possible charge shielding of the otherwise anionic chains, thus facilitating Alexa 647 

diffusion. Still, once the molecules manage to enter both gels, the diffusion is very 

similar. 

We infer from this a picture in which the electrostatic repulsion of the system on the 

diffusants has a sensible effect only when the diffusants are outside and, while inside, act 

as a zero-sum effect, thus further corroborating the assumptions of our general method, 

and corroboration the zero-sum effect first mentioned in the Conclusions section to the 

Experiment 1 treatment (section 6.5, page 96). 
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8.3.2.2. Variable: antibody functionalization 

 

As a final part in this Experiment, diffusion of GFP was measured in hydrogels 

functionalized with anti-GFP. The employed antibody is described in section 5.3.4.1 

(page 42), while the functionalization protocol is reported in section 8.2.6 (page 123). 

Following functionalization, the gels were swollen in PBS at 16.3 ºC and GFP was 

diffused through. 

The presence of residual antibodies in solution presented a problem in a first moment, 

as the coupling of such with our probe GFP would of course alter the parameters of the 

experiment. In order to get rid of such antibodies, the procedure was changed to rinsing 

the gel with GFP-in-PBS solution rather than simple PBS. This presented the double 

advantage of efficiently getting rid of free antibodies (only a 3%, long-time, easily 

separable signal was routinely detected in ( )tG  after 10 rinsing cycles) and loading the 

antibodies with which the gel was functionalized with GFP. Following this, the gels could 

effectively be studied. All samples used in this section were 5 minutes crosslinked, 

annealed gels. 
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Fig. 56. Z-scan of a single gel in three different XY positions. ( )tI  is normalized to the ( )tI  

above the gel, 0I  
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Fig. 56 shows both the effectiveness of antibody functionalization and the uniformity 

of antibody distribution in a gel on the micrometer scale. Contrary to what observed in 

unfunctionalized gels, the intensity inside the gel is now more than one order of 

magnitude larger than the intensity outside, which signals GFP being captured by the 

functionalized matrix. Also, different spots in a gel (hundreds of µm apart) present the 

same Z-scan intensity profile, thus proving a uniform antibody distribution. 

A second confirmation of successful functionalization was the GFP bleaching upon 

excitation, observed as a continuous decrease towards a baseline in the recorded ( )tI , 

signaling immobilized GFP inside the gels. All gels were bleached at the transmission 

(2%) normally used to investigate diffusion processes, in different spots in the XY plane 

and at a fixed height of 5 µm above the glass slide 

On the minus side, as one can see from the Figure, it is more problematic to establish a 

functionalized gel’s thickness than it was to establish an unfunctionalized one’s (compare 

Fig. 55). A way to do it, although less precise than the sharp Z-scan of unfunctionalized 

gels, is to record ( )tI  at different heights in the gel until no bleaching can be recorded. 

This method, employed by me on the samples, allowed for an estimate of a swollen 

thickness of 40 µm circa. However, such an evaluation method is less than optimal, as 

minor bleaching in the low chain density threshold region of a gel can be easily 

overlooked. 

Parallel SPR measurements were lead by Jakub Dostalek and Chun-Jen Huang at the 

Austrian Institute of Technology (AIT), Vienna, on gels prepared in house at the MPIP 

following the same preparation method up until crosslinking. The only difference was dry 

thickness, as SPR measurements benefit from a lesser thickness than optimal in FCS. To 

this end, the specimen studied in Vienna had an unrinsed dry thickness of 120 ± 1 nm. 

The last part of said gels’s preparation took place at AIT, where they were rinsed, dried, 

functionalized, and GFP was diffused in them. After rinsing, the Vienna gels exhibited a 

dry thickness of 46 nm, 38% the unrinsed one, in accord with the 40 ± 2 % measured by 

me on the thicker, FCS specimen, thus supporting the underlying hypothesis that the 

different dry thickness plays a secondary role in this comparison. 
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The gels’ n was measured in the dry and swollen state via SPR, the experimental data 

fitted vi a box model. Swollen-state n was measured both in the unfunctionalized and 

functionalized, GFP-loaded state, thus allowing to quantify the difference in swelling 

ratio between the two and the antibody concentration in the functionalized gel. 

SPR measurements for such gels revealed SR = 28 for the functionalized gel, less than 

the SR = 40 ± 4 for the unfunctionalized variant. When factored with the dry thickness for 

the equally functionalized, but thicker FCS-geared variant (1.7 ± 0.1 µm), SR = 28 

yielded a swollen thickness of 47 ± 3 µm. Such value is in good accord with the more 

approximate evaluation method via bleaching absence, enough to qualify both as a 

confirmation of each other, and establish itself as a reliable data source for the thickness 

of functionalized gels of the thick variety as well. 

As for the antibody concentration, the surface concentration prior to functionalization, 

as calculated from n via effective medium theory, was 47.1 ng·mm-2. Surface 

concentration after functionalization was calculated as 81.3 ng·mm-2, which again by 

effective medium theory yields a surface concentration of antibodies given by the simple 

difference, 34.2 ng·mm-2. This, translated into molar concentration, gives a concentration 

of 165 µM for the antibodies in the functionalized, swollen gel. 

 

Bleaching could be observed in a progressive decrease in ( )tI , which could be fitted 

as a double exponential. This is a first indication that the release time of the captured GFP 

is long enough to safely study the systems as purely bleaching during the observation 

window. 

As seen in Fig. 57, a single exponential fit is insufficient to properly fit the bleaching, 

and while the double exponential itself presents some residual deviations, it’s acceptable. 
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Fig. 57. ( )tI  for a single sample, probed in different XY spots at constant Z (5 µm). Red lines: 

fit curves. Insets: fitting residuals for one of the signals: a) double exponential fit; b) single 

exponential fit 

 

Fig. 58. ( )tI  for two different samples. Blue and green: two specimens measured in different 

sessions at 16.3 ºC. Green and orange: single specimen, measured respectively at 16.3 ºC and 45 

ºC in the same session. Red lines: fit curves 

 

Fig. 57 and Fig. 58 illustrate functionalized sample reproducibility and the effect of 

collapsing. In Fig. 58, bleaching for different samples is compared in the same swollen 
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state, and bleaching for the same sample is compared in the swollen and collapsed state 

(as measured in different XY positions). 

As seen in Fig. 58, the starting ( )tI  for different gels, prepared under the same 

condition, is less than precisely reproducible. One possible reason for this is the sharpness 

of the fluorescence peak in the functionalized gels (as can be observed in Fig. 56). Since 

minor thickness variations occur naturally during the preparation of different specimens, 

and considered the high SR  of 5 minutes crosslinked gels, it is likely that small the 

observed difference in starting ( )tI  be due to said difference in thickness (and therefore 

in the profile of the Z-scan peak) combined with the fixed Z position taken as measuring 

height for the bleaching measurements (5 µm). 

However, as reported in Table 6 below, the characteristic bleaching times are the 

same, as are the relative amplitudes of the two exponential components, hinting at a 

comparable situation at the nanoscale. 

 

 2010.04.29 specimen 2010.07.22 specimen 

 Swollen Swollen Collapsed 

I(∞) (kHz) 24.6 ± 0.2 21 ± 1 14.23 ± 0.02 

I1 (kHz) 498 ± 17 170 ± 24 378 ± 1 

t1 (s) 6.9 ± 0.3 7.8 ± 0.9 0.331 ± 0.002 

I2 (kHz) 128 ± 5 46 ± 5 69.8 ± 0.6 

t2 (s) 56 ± 2 63 ± 4 3.52 ± 0.03 

I1 + I2 = I(0) (kHz) 625 ± 44 217 ± 56 448 ± 5 

I1 / I(0) 0.80 ± 0.06 0.8 ± 0.2 0.844 ± 0.009 

I2 / I(0) 0.20 ± 0.01 0.21 ± 0.05 0.156 ± 0.002 

Table 6. Bleaching data for the gels reported in Fig. 58 

 

In the Table above, ( )∞I  indicates the average ( )tI  value at long times for bleaching 

in gels, i.e. the exponential baseline; 1I  and 2I  indicate the average ( )tI  values for the 

two exponential components, and 1t  and 2t  their respective decay times. ( )021 III =+  

indicate the total initial ( )tI , and 
( )0

1

I

I
 and 

( )0
2

I

I
 the normalized values of 1I  and 2I . 

If one observes the swollen and collapsed state on the 7.22 gel, two differences are 

marked: the first, the radically different bleaching times between the two states; the 
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second, the higher ( )0I  in the collapsed state, especially compared with the lower 

baseline if compared to the swollen state. If one now considers Fig. 57 for comparison, 

one sees that bleaching in the swollen state for different XY positions in the same gel is 

consistent in all its features. As a result, I can conclude that the higher ( )0I  value for the 

collapsed state is a product of the increased concentration caused by the collapse. 

 

Two data are immediately evident from these results. The first is a very well marked 

bleaching inside the gel, easily visible in the fluorescence signal, confirming the presence 

of GFP immobilized in the gel; the second is a still-present autocorrelation signal, which 

exists both superimposed to the rapidly bleaching-decaying fluorescence baseline, and in 

the long-time flat region. If fitted, such signal gives comparable data, which show a 

particularly weak slowdown. Moreover, the diffusion for this process is Fickian, which 

paints a picture in which the non-captured GFP diffuses devoid of nonspecific 

interactions. 

The picture we can obtain from this is one where a portion of GFP is fixed in place, 

while the rest diffuse non-interactively in the gel. We infer from this that GFP effectively 

occupied all antibody sites, leaving a non-interactive system for the rest of GFP to travel 

through. 0DD  for GFP diffusing in this system is 0.96 ± 0.03. That is, the only mesh 

size perceived by GFP is large enough that, statistically, it is almost not perceived at all. 

This leads us to conclude that either the antibody presence, or another factor in the 

functionalization process, permanently alters the electrostatic properties of the gel, 

analogously of how observed during the thermal collapse in Acetate buffer (section 

8.3.1.3, page 141). this, coupled with the already mentioned reduced SR  (compared to the 

unfunctionalized SR ) describes a system substantially more rigid, and possessing a 

longer-ranged geometry, than the unfunctionalized one: the reduced SR  translates into a 

reduced elasticity on the micrometer scale; the surprisingly high 0DD , into a nano- to 

suprananometric structure which is essentially comprised entirely of chain bundles (the 

thickness of which easily justifies the structural stiffness) inaccessible to GFP, leaving 

meshes large enough to cause minimal slowdown. 

 



 162 

While, therefore, a functionalized gel is essentially a different system (and thusly 

cannot be trivially compared on a quantitative level to a non-functionalized one in terms 

of SR  and 0DD , the effective functionalization is nevertheless verified, and can be 

studied in the context of this new system. 

 

A study of the dissociation constant, Dk , of the employed anti-GFP in our gels was 

attempted, by probing the same spots in the gel at various time spans after bleaching, the 

target being the observation of full fluorescence recovery, which would signal a complete 

release of bleached GFP from the anti-GFP and a subsequent refilling of anti-GFP sites 

with unbleached GFP. However, the desired complete recovery could not be observed 

within the experimentally available time window, since after six hours circa the water 

droplet between objective and glass slide evaporated. Since replacement of the water 

droplet requires the sample to be momentarily dismounted from the setup, and since the 

reinsertion is performed manually, probing again in the previously-bleached spot after 

droplet replacement was impossible. 

Whether this failed observed recovery was due to the antibodies’ high efficiency (low 

Dk ) or to a change in the GFP’s structure upon bleaching impeding its release, is not 

clear. 

Following the study in the swollen state, the functionalized specimens were thermally 

collapsed at 45 ºC. 

Thermal collapse of the functionalized gel reveals, again, different properties from the 

unfunctionalized variant, similarly to what observed between the two variant in the 

swollen state. While SR  of the functionalized variant is analogous to that of the 

unfunctionalized one, two differences are observed upon analysis of the fluorescence 

signal: the first is the presence of bleaching, analogously to what observed in the swollen 

state; the second, the presence of a correlation signal. 
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Fig. 59. Normalized z-scan of a functionalized gel, after GFP diffusion at 16.3 ºC and 

subsequent temperature raise to 45 ºC 

 

As seen in Fig. 59 above, the determination of a collapsed functionalized gel’s profile 

is not trivial, as a bump appears at the gel’s edge. The nature of this bump is not certain 

and, if probed, no bleaching is recorded in this region. This seems to exclude the 

possibility of skin effects due to the gel collapsing. Also, the diffusion times recorded in 

the bump are similar to those far above the gel, if a little shorted. This can lead to 

associate the bump to an abundance of GFP directly above the gel, which is also 

apparently faster than both GFP in the gel and far above. Furthermore, the presence of 

analogous bumps can be seen in Z-scans for unfunctionalized, collapsed gels as well. One 

possible answer to this small paradox can lie in the combination of the presence of 

uncrosslinked chains in solution, the chains’ charge, and the high density of the collapsed 

gels: since the chains’ charge generates chain-chain repulsion, the gels will consequently 

tend to repel whatever amount of uncrosslinked chains are hovering above them in the 

solution, thus tending to create a free chain depletion zone above the gel’s threshold, 

which in turn would be seen as the intensity bump in the Z-scans. Said depletion zone 

would be characterized by a higher average number of fluorescents (the available space 
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being occupied by less chains) which would also diffuse faster than in the rest of the 

solution due to the reduced viscosity. The fact that said bump/depletion zone is not 

observed in the case of swollen gels can be attributed to the comparatively low chain 

density of the gels in the swollen state, thus leading to a weak chain repulsion. In the 

collapsed state, on the other hand, repulsion would be much higher. 

 

Getting back to the collapsed functionalized gel features, the first of these highlights 

the functionalized gel’s capability to retain the captured bodies upon forced collapse; the 

second, the radically different structure compared to the unfunctionalized gel, again 

analogously to what seen in the swollen state: while all the unfunctionalized specimen 

displayed a squeezing mechanism capable of expelling the molecular dye Alexa 647, the 

functionalized gel still featured meshes in the collapsed state large enough to allow for 

the diffusion of a large body such as GFP. Furthermore, the aforementioned diffusion 

signal can be quantified by fitting ( )tG  as obtained after the bleaching of captured GFP. 

The main observed component displays 0DD = 0.835 ± 0.001 and a signal fraction 91.1 

%, while the secondary one displays 0DD = 0.0112 ± 0.0003 and a signal fraction 8.9 %. 

This is, again, radically different from the unfunctionalized gels: the observed 0DD  

values are analogous to what previously seen in Alexa 647 diffusion in unfunctionalized 

gels during thermal collapse, hinting at a structure possessing typical lengths in the same 

ratio with GFP dimensions as the ratio was with Alexa 647 dimensions in the 

unfunctionalized, thermally collapsing case. Also, while for the unfunctionalized case the 

signal fractions of the fast and slow diffusion components were comparable, we notice 

for the functionalized and collapsed case a large predominance of the fast component. 

This paints a picture, in accordance to what seen in the swollen state, of the 

functionalized gel as an entity in which the chains are predominantly, if not exclusively, 

arranged in bundles, leading to a lowered elasticity compared to the unfunctionalized case 

(as seen in the reduced swollen SR ) and to a massively large mesh size. The latter is, 

indeed, large enough that the majority of diffusing GFP hardly perceives it in the swollen 

state, and still large enough to allow for diffusion in the fully collapsed state. 
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Inhomogeneities and nontrivial geometry of the system are also evidenced in the 

collapsed state through the splitting of the signal. 

Admittedly, the fast diffusion component in the collapsed gel, as described above, 

needs to be taken with a grain of salt, since as it evident from Fig. 59, the collapsed state 

reveals both a very low thickness and a gradient in density. Thusly, it is possible that the 

observed fast diffusion component is influenced by threshold effects, and therefore one 

should be caution in assuming such as a sold quantitative value for the collapsed state 

without further confirmation. Nonetheless, the presence of the slow diffusion component 

and the observed bleaching still stand as confirmation of both the functionalized gel’s 

peculiar structure and functionalization effectiveness. 

 

 

8.4. Conclusions 

 

In this Experiment and its treatment, by restricting the experimental conditions to the 

simplest attainable (non-interactive, monodisperse probes), the complex, multi-variable 

behavior of notoriously impervious PNIPAAm hydrogels could be studied. Especially 

important, characteristics of said behavior could be studied in conditions which are both 

crucial to the knowledge the system’s nature, and seldom investigated in literature, due to 

the charge-interactive properties of the material itself in water-based conditions. 

Furthermore, the method applied to the study, FCS, allowed us to observe the system 

in quasi-ideal conditions, since the experimental requirements for the very working of 

FCS (small number of probes, system in a solvent) are what was required to intimately, 

yet non-intrusively probe the system. This is especially crucial for a system such as a 

hydrogel, since the intimate geometry of it is often determined by single molecular 

strands, therefore rendering more invasive techniques, such as cryo-TEM, of dubious 

value to begin with. 

By achieving this, a twofold objective could be reached: a more profound inquiry into 

the underlying structure and dynamics of a system which, although currently in use in 

applied science, is not yet fully understood; and, through the study of functionalized gels 
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and subsequent bleaching, a practical, field test of the feasibility of the system for 

biosensing application, which was the inspiring principle of the study in the first place. 

Lastly, the technique put in use both probed the system at the nanometric scale, and 

did so in a statistical fashion (over the span of hundreds of nanometers), therefore giving 

an estimate of said nanometric-scale behavior on the meso- and macroscale. 
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9. Concluding remarks and outlook 

 

Through the use of Fluorescence Correlation Spectroscopy, the presented thesis has 

focused on three different physical aspects of a single applied science issue - the 

engineering of hydrogels for the purposes of biosensors development and improvement. 

This was approached through both direct observation of the system concerned 

(Experiment 3), and modelization carried on different, but related systems and 

complementary questions (Experiments 1 and 2, focusing respectively on fine tuning / 

artifact separation in the measuring technique, and a general predictive model). 

In the presented thesis, as is common in science, not all was covered which could be 

thought of, and therefore many opportunities remain for the experimental threads started 

therein to be expanded and branched into new investigations. 

Concerning Experiment 1, the developed theory could benefit from both independent 

confirmation of the obtained values for the considered system, and an extension of the 

experiment itself to include different two-species, or even multiple-species interacting 

systems. As an example of the latter, the results of Experiment 1 can find a practical 

application, and even being systematically engineered, in a system where the fluorescent 

signal is produced not from a molecular dye, but rather from a dye-tagged body A, 

interacting with an untagged body B. More concretely: the treatment of Experiment 1 

already provides a phenomenological interaction model and a means to include positively 

interacting probes into diffusion experiments such as Experiments 2 and 3; furthermore, 

the method can also be applied to systems where the interaction between A and B has a 

more direct real-life relevance. One possible application can be the quantification of 

especially low-efficiency body-antibody interactions. 

More interestingly, one could systematically apply the results of the Experiment 1 

treatment to the measurement of charges of nanometer scaled objects, provided that the 

objects to be evaluated are fluorescently tagged and that they are diffused in solution 

together with reference particles of known charge - as a very easy example, metal 

nanospheres. By using reference particles of different charge and size, thus providing 

stronger/weaker interactions, the experimenter could evaluate the investigated bodies’ 
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charge from the hybrid diffusion coefficient and signal fraction, provided that the model 

be expanded to include the explicit dependency between residence time, attachment 

likelihood, and charge. 

Concerning Experiment 2, what was developed is a model to predict the size-

dependent confined diffusion behavior of monodisperse spherical bodies in a periodic 

structure. The exact geometry of the structure, including factors such as the number of 

holes in the iOpals’ voids, plays a crucial role in the slowdown calculation. Also, as 

detailed in Experiment 2’s treatment, the employed simulated potential needs further 

refinement, as does the model for the limit of point-like diffusants. As a result of these 

factors, in order to accurately represent diffusion in hydrogels, the method detailed in 

Experiment 2’s treatment still needs both adjustments in the general predictive behavior 

model, and to be generalized to the nanometer-scale irregular, macroscopically statistical 

structure of hydrogels. 

Finally, Experiment 3 succeeds in achieving the intended target, as detailed in its 

treatment. A further objective, in addition to evaluating the gels’ nanometric structure and 

dynamics, and the gel’s collapse as biosensing enhancement, is the fine tuning and 

engineering of hydrogel for specific applications. In a way, this constitutes reverse 

engineering on the gel structural inquiry part of the Experiment, in that instead of 

evaluating a gels’ mesh size and mesh size polydispersity as dependent on preparation 

and environment conditions, such quantities could ideally be fine-tuned based on the 

accumulated knowledge of their dependency. Of course, a far more extensive body of 

knowledge is required in order to do this. And of course, a precise, fully quantitative 

mesh size and mesh polydispersity evaluation method needs to be finalized before being 

able to pass on such next step. 

On a more imminent level, many aspects of the studied hydrogel remain to be 

investigated which are beyond the specific scope of this thesis. As a brief rundown, 

without venturing into non-PNIPAAm territory, variables to be investigated concerning 

the gels’ structure include different chain length, different chain length polydispersity 

(preliminary studies of which suggest a reverse influence on a gel’s homogeneity, i.e. 

high polydispersity leading to more homogeneous gels), alternative solvents to ethanol 

(believed to be able to tune a gel’s pre-crosslinking structure by better/worse solvency 
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properties) and alternative functionalizations to enable alternative means of 

collapsing/swelling to thermal, and combinations thereof. 
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