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Hydrogels are manufactured as scaffolds for 3D cell cultures in tissue engineering along with
other biomedical applications. Sufficient mass transport is fundamental requirement for scaffold
due to the need for necessary exchange of gases, nutrients and waste molecules to cell culture
viability. In hydrogels, mass transport is mainly occurring via diffusion and rate of it depends on
hydrogel’s physical and chemical properties. Characterization of diffusion behaviour in hydrogels
is studied commonly with fluorescence methods and is used to develop suitable scaffold materials
for 3D cell culturing.

The aim of this literature review is to map methods for diffusion characterization in hydrogels.
Different methods are described along with introduction to hydrogels as polymer material and
theory background for diffusion in hydrogel network. Transport of molecules can be estimated
with diffusion coefficient and value of it determined by tracking the mobility of fluorescent probe
molecule or measuring the concentration of diffusive molecule in hydrogel. Mobility of molecules
can be detected with measuring changes fluorescence intensities in detection area or volume
depending on the method. In addition to fluorescence methods, NMR and Raman spectroscopy
approaches to diffusion characterization were introduced. Phenomena in the background of the
techniques is briefly discussed for the fluorescence, NMR and Raman spectroscopy methods.

The methods that were introduced in this thesis can be used to study diffusion in different size
scales. Transport of molecules in hydrogels can be estimated from measurements in mobility of
individual molecules or imaging transport within the whole sample. Additionally, synthetic fluores-
cent probes are widely used in diffusion characterization studies in modelling the diffusion behav-
iour within fluorescence methods. It was found that the established diffusion characterization
method is in the process to be developed and obtaining accuracy with efficiency needs more
research on the current methods or creating new techniques.
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Hydrogeeleja voidaan kayttaa kasvatusalustana kolmiulotteisissa kudosteknologisissa soluvil-
jelmissa. Kasvatusalustassa elavat solut tarvitsevat toimivan vaihdon kaasujen, ravinteiden ja
metaboliatuotteiden valilla ja siksi aineensiirto-ominaisuudet ovat yksi tarkeimpid huomioon otet-
tavia ominaisuuksia kehitettdessa alustoja soluviljelmalle. Hydrogeeleissa aineensiirto tapahtuu
paaosin diffuusion kautta ja riippuu hydrogeelin fysikaalisista ja kemiallisista ominaisuuksista.
Hydrogeelien diffuusio-ominaisuuksia maaritetdan enimmakseen fluoresenssipohjaisilla menetel-
milld ja niitd voidaan hyddyntaa kolmiulotteisten soluviljelmien kehittdmiseen kudosmallinnuk-
sissa.

Tyon tavoitteena on kartoittaa hydrogeelien diffuusio-ominaisuuksien karakterisointimenetel-
mia. Tydssa kuvataan menetelmia ja esitelldan lyhyesti hydrogeelit materiaaliryhmana seka teo-
riakehys diffuusiolle hydrogeeleissa. Aineiden siirtoa voidaan arvioida diffuusiokertoimen avulla
ja sen arvo maarittaa tarkastelemalla fluoresoivan molekyylin liikkumista tai mittaamalla diffundoi-
tuvan molekyylin pitoisuutta hydrogeelissa. Molekyylin likkumisesta saadaan tietoa kuvantamalla
fluoresenssin intensiteetin vaihtelua tarkasteltavassa alueessa tai tilavuudessa. Ty0ssa esitelldan
myds NMR- ja Raman -spektroskopiamenetelmat, joilla voidaan selvittda hydrogeelien diffuusio-
ominaisuuksia. Menetelmien taustailmiot ja yksinkertainen teoriakehys esitellddn menetelmien
kuvailun ohessa fluoresenssi- NMR-, ja Raman-spektroskopiatekniikoille.

Tyossa esiteltyja menetelmia kaytetdan diffuusio-ominaisuuksien tutkimisessa ja niilla saa-
daan tietoja aineiden liikkeista eri kokoluokissa. Diffuusiota hydrogeeleissa voidaan tarkastella
yksittaisten molekyylien liikkeen kautta tai taltioida liikettd koko naytteessa samaan aikaan. Syn-
teettisten fluoresoivien kohdemolekyylien kaytté on yleista diffuusiota mallinnettaessa, kun kay-
tetdan fluoresenssipohjaisia menetelmia. Kirjallisuuskatsauksen perusteella havaittiin, etta lisa-
selvityksia tarvitaan niin olemassa oleville menetelmille kuin uusien kehittdmiselle. Vakiintunutta
menetelmaa ei ole viela muodostunut hydrogeelien diffuusio-ominaisuuksien tutkimisessa ja riit-
tavan tarkan ja tehokkaan menetelman Idytaminen vaatii lisaa tietoa ja tutkimuksia.

Avainsanat: hydrogeeli, aineensiirto, diffuusio, soluviljelma, fluoresenssi
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1.INTRODUCTION

Hydrogels are versatile agueous polymer networks that are used in contact lenses, con-
trolled drug delivery applications and tissue engineering in formation of artificial tissues
such as skin and cartilage [1]. Polymer materials are versatile and adaptable, and prop-
erties of hydrogels can be modified to form dynamic microenvironment to cell cultures.
Hydrogel scaffolds are aimed to mimic the extracellular matrix (ECM) in cell cultures
which is present in natural tissue. Since tissue engineering constructs usually lack vas-
cularization, mass transport properties are one of the key perspectives in designing
three-dimensional (3D) scaffolds and maintaining viability of the cell culture. Manufactur-
ing scaffolds with sufficient exchange of substances can be obtained with diffusion stud-
ies and methods for revealing diffusion behaviour in varying hydrogel materials have

been developed.

3D cell cultures are mimicking cellular environment in tissues and are a tool for studying
and modelling biological function in cellular, tissue and organ level. 3D cell culturing is
complex system in which environmental factors such as pH, temperature and supply of
oxygen are adjusted. In development of 3D cell cultures, mass transport is one of the
most important parameters to take into consideration as it is necessary to maintain the
sufficient change within gases, nutrients and metabolite and waste products. Sufficient
mass transport is limited by cell aggregation and therefore local environment can be
hypoxic and lack nutrients. Furthermore, environment can be toxic, as loss in exchange
of metabolites produces toxic waste products. Increasing porosity of scaffold material
can enhance mass transport properties even though the balance between porosity and
mechanical strength need to be considered. [2] Therefore, the aim is to modify properties
of 3D scaffold to enhance formation of 3D cell culture with required rate of mass

transport.

Hydrogels are used in tissue engineering scaffolds to 3D cell cultures and physical, mass
transport and biological requirements can be adjusted. Scaffold is designed to compen-
sate the extracellular matrix (ECM) in tissues and sufficient mechanical support for cell
culture in tissue models is essential physical parameter to achieve, along with desirable
degradation time and process. Additionally, mini-invasive application to the delivery site
can be obtained with adjustable gelation process. Mass transport is mainly occurring
through diffusion, and therefore optimizing parameters of hydrogels that have effect on

diffusion behaviour is essential as transfer of substances is critical for viability of the cell



culture as discussed previously. Requirements of tissue engineering scaffold include bi-
ological factors such as biocompatibility and enhancing cellular adhesion, proliferation
growth and differentiation. [3, p. 113] In this work, focus is kept on hydrogels’ diffusion
properties with consideration of parameters that have impact on diffusion behaviour in

hydrogels.

The aim of the literature review is to introduce and map the methods that are used to
measure diffusion in hydrogels. At first, hydrogels are briefly discussed in general along
with explanation of affecting parameters on diffusion in aqueous polymer network. Intro-
duction of basic principles of diffusion in hydrogels is followed by presenting fluores-
cence-based and other, non-fluorescence methods. Fluorescence methods are used to
detect the mobility of a probe molecule with measuring fluorescence intensities and es-
timating the diffusion coefficient from fluorescence signals. Several fluorescence meth-
ods are explained and principles of the techniques are introduced. Calculation of diffu-
sion coefficient can be obtained additionally from Nuclear Magnetic Resonance (NMR)
and Raman spectroscopy measurements, and those methods are additionally presented
with brief theory background. Summary and discussion of the methods are included in

the conclusion chapter.



2. HYDROGELS

Hydrogels as polymer materials are adjustable in chemical and physical properties and
utilized with various techniques. Necessary requirements such as sufficient diffusion for
biomedical purposes can be obtained by selecting suitable source materials and manu-

facturing method.

2.1 Hydrogel properties and structure

Hydrogel structure consists of hydrophilic crosslinked polymer chains that form 3D-net-
work [4, p. 146]. There is a growing rate of different hydrogel products, and hydrogels
can be classified based on origin and structure as well as chemical, physical and electri-
cal properties [5]. Network can be formed from natural or synthetic polymers and hybrid
polymer network contains both, natural and synthetic polymer types. [6, pp. 31-32]. Pol-
ymer network is formed from different monomer and macromer components and there-
fore can be homo- or copolymer [3, p. 107]. In addition, the basis of hydrogels can be
natural or synthetic cross-linked polymer combined with another polymer network and
those hydrogels are classified as Interpenetrating Polymeric Network (IPN) -hydrogels

and are not crosslinked with chemical bonds [7, p. 157].

Hydrogels have differences in concerning cross-links and their electrical properties.
Chemical hydrogels are cross-linked with covalent bonds and physical hydrogel’s cross-
links can be from hydrophobic interactions and hydrogen or ionic bonding [5]. The
amount of crosslinking polymer chains is described with hydrogel’s cross-linking density
(CLD) [8]. Electrical properties are classified based on the ionic nature of the chains in
crosslinks. Hydrogel can be nonionic, ionic as anionic or cationic, or contain both anionic
and cationic groups and classified as Zwitterionic. [4, p. 149] The space between cross-
linked polymers can be represented with a mesh size parameter (&) which is the length

between crosslinked polymer chains [8].

The classification of hydrogels is additionally made between different pore sizes of hy-
drogels. Hydrogels as hydrophilic porous materials, have free space between polymer
network chains and those pores filled with water. Porosity is classified as nonporous,
microporous (pore size 10 nm—10 pym), microporous (pore size >10 um) or superporous
[6, p. 34,54]. Varying porous structures can be achieved with different manufacturing
methods. The amount of porosity, pore shape, size and their connections affect to the

bioactivity, mass transport and mechanical features of hydrogels [6, pp. 65-66].



Hydrophilicity of hydrogel material is a key feature, and it causes swelling or shrinking in
different circumstances. The level of chains’ hydrophilicity and therefore amount of water
in the macromolecule network depends on functional groups and that can be adjusted
with varying the ratio of hydrophilic and hydrophobic monomers as synthetic polymer
being more hydrophobic [5]. Equilibrium swelling ratio (Q) is determined from weight of
the swollen hydrogel compared to the dry gel weight [6, p. 155] and swelling ratio (SR)
is calculated as ratio of weigh difference in swollen and dry states compared to the dry
weight. SR is equal to the water content of hydrogel and depends on hydrogel structure,
ionic strength, pH, hydrophobicity and the crosslinking. [8] Finally, increased porosity
enhances the swelling process due to the water filling the pore space [6, p. 62] and

therefore porosity and swelling affect diffusion behaviour.

Intelligent hydrogels have ability to change the volume based on the environment. Phys-
ical and chemical stimuli causes hydrogel to shrink or swell reversibly returning to original
shape. [6, p. 7] Changes in temperature, electric or magnetic field, light, pressure and
sound are physical stimulation. Chemical stimuli can be change in pH, ionic strength,
solvent composition and can be an enzyme for example. [5], [6, p. 150] The swelling of
hydrogel, biological contact as an example of stimuli, enables the usage of hydrogels in

controlled drug release applications [6, p. 13].

Versatile properties of hydrogels allow the usage in tissue engineering as scaffolds. De-
pending on the crosslinking state and size of porous structures in nanometre scale, hy-
drogels offer microenvironment to cells and cell clusters and interconnectivity of clusters
[6, p. 12]. In addition to biological advances that enhance cellular functions, differentia-
tion, proliferation and adhesion, physical and mass transport properties can be obtained.
Hydrogel synthesis, biodegradation and mechanical criteria are adjusted considering the
application. [3, p. 113] As a summary, tailoring requirements for tissue engineering scaf-
fold needs to be considered in physical, chemical and biological perspectives and
acknowledge them within the whole lifespan of hydrogel, from manufacturing to the deg-

radation process.

2.2 Hydrogel synthesis

Manufacturing of hydrogels and crosslinking process depends on the usage of natural
or synthetic polymers. Polymers, natural polymers included, can be crosslinked with

chemical reaction, radiation or formation of physical interactions depending whether the



hydrogel is physical or chemical hydrogel [5]. Figure 1 illustrates the differences in phys-
ical and chemical structure and gelation mechanisms. Synthetic hydrogels are manufac-
tured using separate initiator or irradiation with monomers and crosslinkers. Initiators can
be radicals such as benzoyl peroxide or ammonium peroxodisulphate that directly or
indirectly crosslink the chains to each other. [6, pp. 147—-148] Irradiation method can
include gamma rays, electron beams [5], UV rays or microwaves [6, pp. 147—148] as
initiator. Additionally, polymerization process can be bulk, solution, suspension, or in-
verse suspension polymerization and hydrogels are produced as form of matrix, film or

microsphere [5] depending on the used polymerization method.

Physical Crosslinking Chemical Crosslinking

\- + / ¢ Q 3 i
O ia 8o O | 8, o,

Hydrophobic

Hydrophilic

Physical gelation Chemical gelation
(chains self-association)

Figure 1: Physical and chemical hydrogel’s gelation mechanisms and structure. [9]

Formation of hydrogel scaffolds for medical purposes can be done with many techniques
and there are structural demands such as optimized porosity, pore size, pore intercon-
nectivity and geometry combined with mechanical properties [4, p. 154]. The fabrication
method can be chosen in a way that it has beneficial impacts on hydrogel’s diffusion
properties. For example, transport can be enhanced with fiber mesh technique [4, p.
152,154]. Additionally, crosslinker’s properties affect to the structural parameter, mesh
size and selecting crosslinker with higher molecular weight can increase the rate of dif-
fusion [10] and therefore tailoring diffusion properties with fabrication techniques can be

done in different structural levels.



10

Deciding the fabrication method for a cell culture scaffold needs consideration of bio-
compatibility and toxicity. After polymerization, possible residues from initiators, mono-
mers, oligomers, crosslinking agents and possible side reaction products are removed
[5]. Residual monomers can be toxic and leaks of monomers from hydrogel can occur
[6, p. 147]. Particulate leaching method uses compounds such as salt to produce a po-
rous structure and there might be residues of pore-making molecules or other solvents
[4, pp. 150—154]. Diverse polymer scaffold manufacturing methods have been developed
and therefore requirements in biological properties for hydrogels in medical applications

could be reached.

2.3 Diffusion in hydrogels

Mass transport through membrane occurs due to the gradient in pressure, concentration,
temperature and electrical potential in different sides of the material [11, p. 21]. Mass
transfer depends on the gradient as driving force and described with mass transfer co-
efficient. Mass transfer coefficient is affected by characteristics of both the mobile mole-
cules and the material as membrane. [11, pp. 32—33] In this work, molecular diffusion
and concentration gradient as mass transport force, are used as mass transport mech-
anism and mass transfer therefore considered with diffusion coefficient which is used to

demonstrate the diffusivity of fluxing molecules in the material.

Molecular diffusion can be modelled with Fick’s first law in which transfer rate, the flux

(J) is written as

] = _DABd_C' (1
dy
and it is directly proportional to the diffusion coefficient (D,5) of the molecule A flux in
solute B and depends on the concentration (C) gradient of A in direction (y). Molecular
diffusion in hydrogels is characterized with diffusion coefficient and can be in scale of
10% cm?/s to 108 cm?/s [12].

Permeability, the molecules’ ability to permeate the hydrogel membrane, can be meas-
ured and calculated with permeability (P;) of a diffusive molecule. The value of permea-
bility can be determined from multiplication of partition coefficient (K), which is the ratio
between solute concentrations in the gel membrane and in the solution, and solute’s

diffusion coefficient (D;) as follows
Pi = KiDi' (2)

Permeability depends on both thermodynamic and diffusion properties of the diffusive

molecule and can be used in estimation of diffusion properties of hydrogel. [12]
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Diffusion can be modelled with calculated probabilities of the molecule movement
through the hydrogel polymer network and in hydrogels, the diffusion mainly occurs via
water that is surrounding the polymer chains. The polymer network of a hydrogel has
free space between polymer chains and free volume theory is used to estimate the prob-
ability of a molecule to find free pathway. Additionally, obstruction theory can be used to
model molecular diffusion. Polymer chains of hydrogel network act as barrier and change
the direction of solute and diffusion is characterized with probability of passing polymer
chain. The two models estimate the diffusion in consideration of hydrodynamic radius of

fluxing molecule and molecular weight and mesh size of hydrogel. [13]

In hydrodynamic theory, diffusion is affected by the aggregation of diffusive molecules in
the polymer network due to polymer-solvent interactions in their interface [14]. Therefore,
diffusion coefficient of a molecule A is affected by its effective hydrodynamic radius (rs)
which is the spherical radius of the molecule, and viscosity (i) of the solute B. Stokes-
Einstein equation diffusion coefficient can be calculated with equation

kT
- 6nry’

(3)

DAB

in which k is Boltzmann’s constant, n viscosity of solute and T temperature. [11, p. 70,72]

Molecular diffusion in gel network is affected by the properties of diffusive molecules and
larger molecular weight decreases the diffusion coefficient in hydrogel [14], [15]. Addi-
tionally, hydrogel bonding and hydrophobic interactions between fluxing molecule and
polymer network restrict the diffusion. When hydrodynamic interactions are considered,
polymer network restrains solute flow-movement and that decreases the diffusion coef-
ficient. A diffusive molecule with small hydrodynamic ratio compared to the mesh size of
the hydrogel, diffuses higher rate than the hydrodynamic ratio being in the same scale
with mesh size or even larger. [14] The figure 2 illustrates these affecting factors in the

polymer network.
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Figure 2: Molecular diffusion in gel network depends on (a) hydrodynamic radius and
therefore the size and (b) intermolecular interactions. (c) Diffusion of relatively large
molecule compared to the mesh size, could require consideration of change in the
polymer structure to transport the molecule as movement is restricted in the polymer
network. [16]

In addition to diffusive solute properties, hydrogel network properties such as polymer
chains, crosslinking density, mesh size and swelling degree have impact on diffusivity.
Polymer chain’s ability to move in the structure and possible functional groups that attract
the diffusive molecules, affect to the diffusion of molecules [13]. Crosslinking density
arises from characteristics of used polymer chains and increasing CLD decreases the
mesh size and swelling ratio and therefore restricts the diffusion [8]. Finally, enhanced
porosity can be used to increase the ratio of swelling and the pore structure and proper-

ties of polymer chains are considered in optimizing diffusion behaviour.

The basic principles and affecting factors of diffusion in hydrogels have been considered
and introduction to the methods to measure and determine diffusion coefficient is pre-

sented in further chapters.
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3.FLUORESCENCE-BASED METHODS

Fluorescence is a form of photoluminescence along with phosphorescence and the phe-
nomenon is based on the conservation of energy and the fluorescent material’s nature
to absorb and emit energy of light. An electron of a fluorescent material has a normal
state of energy (So) and due to the absorption of a photon, the electron is lifted to the
upper level of energy. After the full excitation, non-radiative transitions occur as heat
released by vibrational relaxation and electron falls to the lowest excited state (S+). Emis-
sion of fluorescent light can be seen in radiative transitions when the excitation dis-
charges and electron’s energy decreases towards to the ground state. There can be
additional non-radiative transitions between reaching the ground state and the figure 3

illustrates the fluorescence cycle. [17], [18, pp. 86—90]

Material’s excitation and emission spectre is defined by the absorbed light's wavelength
with molecule-dependent energy loss in vibrational relaxations [13]. The fluorescence
peak in the emission stage has a transition compared to the peak of excitation and that
is referred as Stokes shift. The transition is caused by non-radiative decreases in energy
states of the fluorescence molecule and causing emission wavelength to be longer and
in lower energy. [18, p. 88] Dependence of fluorescence excitation and emission to the

wavelength is shown in the figure 3.

Fluorophore is a compound that has ability to produce fluorescent light and they are used
as labels. Molecules that are targeted, can be modified with organic fluorescent dyes or
genetically encoded fluorescent proteins. As mentioned earlier, fluorescent molecule has
characteristic ability to produce fluorescent signal and in addition to excitation and emis-
sion, fluorophores vary in fluorescent lifetime. [18, pp. 133—-136] In diffusion studies, flu-
orescein isothiocyanate-dextrans (FITC-dextrans) are common chemically conjugated
fluorophores to dextran polysaccharides and they are used in various molecular weights.
FITC-dextrans in different sizes can be modelling diffusion of necessary compounds that
are needed in hydrogel cell cultures such as glucose, proteins, proteoglycans and waste

molecules [19].
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Figure 3: Excitation and emission of a molecule correlates to its fluorescence spectra
as energy level (S) in radial axis and wavelength of light in horizontal axis. The second
diagram illustrates the probability for excitation and emission in different wavelengths.
[17]
Fluorescence is conventionally measured with confocal microscopy as fluorescence
spectroscopy method. In confocal microscopy, laser beam is guided to the sample from
light source and emission of a fluorescent light measured with detector. The main prin-
ciple is that all light that is emitted from the focus area, is directed through lens and
pinhole to the detector. By changing the depth in which the sample is measured, two-
dimensional (2D) optical information can be detected and 3D-illustration of a sample can

be reconstructed. [18, pp. 166—169]

In detecting fluorescent light with microscopy, different wavelengths of light are sepa-
rated with filters and dichroic mirror. Excitation and emission filters are determined to
reach the fluorescent spectre of a molecule that is used, and Stokes shift transition
acknowledged in selecting the filter. Wavelength of excitation is chosen considering the
phototoxic effects along with reducing the autofluorescence of the biological sample. Ad-
ditionally, unintentional photobleaching which is determined as fluorochromes loss in flu-
orescent function due to high-power light can be avoided with selecting the suitable ex-
citation light. The dichroic mirror reflects the excitation light from the light source and
transmits the emission light to the detector. [18, pp. 98, 134-136] Schematic array is
represented in the figure 4 and it illustrates basic elements of fluorescence detecting
setup.
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Figure 4: Schematic illustration of the fluorescent detecting array with excitation and
emission filters in the fluorescence microscope. [20]

Fluorescence microscopy can be utilized in diffusion studies with tracking the diffusive
molecule’s mobility and localization. Furthermore, fluorescent sensors enable estimating
diffusion properties in hydrogels with measuring quantity of diffusive molecule in hydro-
gel structure. These fluorescence methods are discussed further in the following chap-

ters.

3.1 Detecting mobility of fluorescein molecule

Several fluorescence methods have been applied to diffusion characterization of hydro-
gels and tracking the movements of fluorescein probe with measuring fluorescence in-
tensity is used to calculate diffusion coefficient. Fluorescence microscopy approaches

can be used, and their ground principles are introduced with experimental studies.

3.1.1 Mobility in capillary hydrogels

Hettiaratchi et al. introduced a method to measure diffusion coefficient with tracking flu-
orescent proteins in hydrogels manufactured as capillary tubes. The diffusion coefficient
was determined from diffusion from bulk solution with theoretical model and experimental
arrangement and that is illustrated in the figure 5. Fluorescence intensity of diffusive pro-
teins in different molecular weights such as bone morphogenetic protein-2 (BMP-2) was
detected with inverted laboratory microscope as intervals of 4 minutes for 2 hours. The
researchers used two natural-derived hydrogels with different mass concentrations: 2%
(w/v) alginate and 6% (w/v) collagen and additionally synthetic cross-linked hydrogel, 4%

(w/v) poly(ethylene glycol) (PEG-MAL) and the size of capillary tubes was 100 mm in



16

length and 600 uym in diameter. The method was showed to be efficient when considering
the low consumption of fluorescence label and observing time of the diffusion. Accuracy

of the method could be applicable in optimizing hydrogel’s diffusion properties. [21]

z
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Figure 5: (A) Research arrangement of diffusion coefficient measurements in capil-
lary hydrogels and (B) the correlation between theoretical and experimental results.
Fluorescent intensity of a protein and diameter of tube are considered with the meas-
urement time. [21]

Diffusion coefficient in synthetic hydrogel, PEG-MAL was found to be lower in all re-
searched proteins compared to alginate and collagen hydrogels. Additionally, diffusion
coefficient was larger in proteins with smaller molecular weight as expected. The math-
ematical model is based on the one-dimensional diffusion, and it was found that the ex-
perimental results followed the model even though the determined diffusion coefficients
were higher compared to literature overall. Higher values of diffusion coefficients can
depend on the setup. Polymer concentration, crosslinking density, concentration gradi-
ent and geometry of the research arrangements varies between different set-ups and

that effects on the comparison of the results. Diffusion was guided through an empty
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hydrogel network from a relatively large path of solution and there might have been other
forces than concentration gradient. Protein aggregation depends on hydrodynamic ra-
dius of a protein and high concentrations and literature values might have been lowered
by the phenomenon. [21] The efficient method offered possibility to measure many sam-

ples simultaneously in large imaging area and therefore sample size is not restricted.

3.1.2 Fluorescence recovery after photobleaching

Fluorescence Recovery After Photobleaching (FRAP) is a method based on the gener-
ated loss to the molecule’s ability to emit a fluorescence signal, defined as photobleach-
ing. High intensity light is used to generate fluorochrome destruction or create covalent
modifications that restrain the fluorescence in the region of interest (ROI), which is the
detection area of mobility measurements. After photobleaching, the recovery of fluores-
cence in ROl is detected. The recovery process can be used to understand the diffusion
of molecules and compartments’ movements through the sample. Due to the loss in
amount of fluorochromes in ROI, total intensity of fluorescence decreases in the re-
searched sample. FRAP can be used to target molecular diffusion, intracellular move-
ments and interactions and molecular binding to proteins and structures. Additionally,
immobilization of different compartments in the material can be studied. [22] Figure 6

illustrates the principle of FRAP and intensity curve of fluorescence after photobleaching.
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Figure 6: The basic mechanism of fluorescence photobleaching and recovery in
FRAP and in inverse FRAP (iFRAP). The area around the ROl is photobleached in
iIFRAP and it is used in studying smaller ROIs. [22]
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The protein mobility can be understood from the detected fluorescent intensity curves.
After the photobleaching, the basic intensity of fluorescence (/) falls to the lowest value
(fo) and during the recovery process intensity raises to the highest recovery level, referred
as maximal plateau value (/»). Diffusion properties can be determined from the recovery
curve with mobile fraction (M), which is the intensity between the lowest intensity after

photobleaching and maximal plateau value (/). Recovered intensity at maximal plateau
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value is lower than pre-bleaching intensity and the difference is determined as immobile
fraction (/M). The value of immobile fraction can be used to understand the rate of move-
ment of molecules in ROI. Mobility is classified within three description based on FRAP
recovery curve: highly mobile which is not affected by immobile fraction, intermediate
with immobility fraction and immobile without significant recovery. [22] The mobility clas-

sification along with basic principle of FRAP-curve is illustrated in the figure 7.
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Figure 7: (A) FRAP intensity curve illustrates the fall of fluorescence after photo-
bleaching and the recovery process with equations of mobile fraction (M;) and inten-
sity in half of the mobile fraction (Iy). Immobile fraction (IMy) is determined as the dif-
ference between pre-bleach intensity and the plateau value (lx). Rate of mobility of
the researched molecule can be estimated from fluorescence intensity recovery time
curve and described as (B) highly mobile without immobile fraction, (C) intermediate
and (D) immobile. [22]
Richbourg and Peppas studied diffusion of three fluorescent molecules in hydrogels with
FRAP and measurements were analysed with high-throughput method. Diffusion behav-
iour was studied considering size of the diffusive solute and hydrogel polymerization rate,
polymer volume fraction and mesh properties. Solute immobilization in the hydrogel net-
work considering solute size and type and hydrogel mesh size and its correspondence
to diffusivity was researched. Diffusion of fluorescein, three sizes of FITC-dextran and
FITC-poly(ethylene glycol) (FITC-PEG) from bulk solution to 18 variant hydrogels in the
size of 5 mm diameter and approximately 2 mm in height was measured. Photobleaching

was created with high-intensity laser and a confocal microscope to image the fluores-
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cence. The more efficient automatic analysis method was found to be reliable in com-
parison to manual data-analysis which was performed parallel with the high-throughput

version. [23]

Diffusivity and hydrodynamic radius of a fluorescent molecule was measured as fluores-
cein having smallest solute size and therefore highest diffusion coefficients. FITC-dex-
tran with increased solute size compared to fluorescein expressed lower diffusivity but
FITC-PEG had increased diffusivity with increasing hydrodynamic radius. All three fluo-
rescents showed enhanced diffusion with larger mesh radius which interprets the esti-
mated radius of a solute that can diffuse through hydrogel network. Immobilization of a
solute in hydrogel network was calculated and it was found that polymer volume fraction
affects to the immobilization in addition to the mesh radius. FITC-dextran showed higher
immobilization and therefore lower diffusion rate with increasing solute size. Controver-
sially, immobilization in FITC-PEG was found in smaller size in low polymer volume frac-

tion. [23] Figure 8 illustrates these results from FRAP measurements.
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Figure 8: (A) Diffusivity of three fluorescent molecules considered with initial polymer
volume fraction of hydrogel. Diffusion coefficients’ dependence on mesh radius of the
hydrogel for (B) fluorescein, (C) FITC-dextran and (D) FITC-PEG. [23]
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Avendano et al. introduced a combinatory method that evaluates structural and mechan-
ical properties with transport characterization of modified collagen | hydrogel matrix. Hu-
man recombinant tissue transglutaminase Il (hrTGIl) and hyaluronic acid (HA) was
added to collagen hydrogels in concentrations of 3 mg/ml and 6 mg/ml and the impacts
of additives on mechanical, structural and transport parameters were examined and set-
up for the study is represented in the figure 9. HrTGII was used as enzymatic crosslinker.
Mass transport properties were examined with hydraulic permeability testing and FRAP-
imaging using fluorescent trace dyed tetramethylrhodamine isothiocyanate bovine serum
albumin (BSA-TRITC) in microfluidic devices. Diffusivity testing was done in hydrogel
microchannels with 20 mm length, 3 mm width and 20 uym thickness. FRAP-imaging was
used in examining the ROI in the size of 40 um and diffusion coefficient calculated from

the half-recovery time as illustrated in the figure 10. [24]
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Figure 9: Avendano et al. combined mechanical, mass transport and structural stud-
ies to characterize collagen | hydrogels and researched impacts of additives: HA and
hrTGIl on those properties. [24]

Hydraulic permeability was determined with pressure gradient directed to hydrogel rec-
tangular microchannel with 5 mm length, 500 ym width and 1mm height and movement

of BSA-TRITC detected with microscope. Compressive testing was used to examine me-
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chanical strength and microstructural characterization with confocal reflectance micros-
copy, in which the reflection from the sample is additionally collected to form the visuali-
zation of the structure, offered knowledge on collagen fiber radius and alignments. Pore
size was determined with the nearest obstacle distance (NOD) method and results were

used to estimate average pore radius. [24]
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Figure 10: (A) lllustration of ROI and its recovery process, (B) fluorescence intensity
recovery curve of ROl and (C) calculated diffusion coefficients from FRAP measure-
ments of hydrogels in two densities and with consideration of the effect of additives
(hrTGIl and HA). [24]

Addition of hrTGII modified the matrix structure and enhanced the hydraulic permeability
whereas HA did not have effect on transport properties and impacted mainly on mechan-
ical and structural characteristics. Because BSA having smaller hydrodynamic radius
compared to pore size of the hydrogel, the modified hydrogel structure and densities
were not found to have impact on diffusivity although additives changed the fiber and
pore properties. Diffusivity FRAP measurements were compared to literature values and
theoretically calculated value and those found to correlate. Based on the article, HA in
vitro studies reduces the hydraulic permeability because of cell-mediated altering to the
localization and distribution of HA in the hydrogel network. [24]
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FRAP-imaging was additionally used as a combination with rheological studies to char-
acterize mechanical, rheological, structural and diffusion properties of hydrazone cross-
linked hydrogels. Karvinen et al. estimated elastic and viscous behaviour of poly(vinyl
alcohol) (PVA) -based hyaluronan (HA-PVA), alginate (AL-PVA) and hyaluronan (HA)-
based gellan gum (GG-HA) and hyaluronan (HA-HA) hydrogels. Rheological studies
were used to estimate elasticity and viscous behaviour and mesh size, crosslinking den-
sity and average molecular weight of hydrogel was calculated. Diffusion of FITC-dextran
in four different molecular weights (20, 150, 500 or 2000 kDa) and hydrodynamic radius
was traced in the hydrogel sample in volume of 200 ul. FRAP-imaging was performed
with confocal laser scanning microscope and FITC-dextran molecules added during the
gelation to the hydrogel. Half maximum was determined from the fluorescence intensity
recovery curve and recovery modelled with Virtual Cell software to fit the measured flu-

orescent data. [25]

FRAP recovery was found to be higher in smaller dextran molecules and diffusion coef-
ficient reaching water’s value but larger molecular weights showed decreased recovery.
Diffusion might have been affected by heterogeneity of hydrogel structure and therefore
be restrained. Additionally, polymer chain mobility and opening can alter the diffusion.
Research provided microstructural information combined with rheological and diffusion

studies and they were found to be correlating. [25]

3.1.3 Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) was originally developed in late 1900s and
can be used to examine molecular movements and interactions by detecting the fluctu-
ation of fluorescent molecules. Fluorescence fluctuations can be measured in femtoliter-
scale (fl) in molecular level with 3D confocal microscopy and fluorescent data is further
analysed with correlation calculation to determine the causes of fluctuations. [18, pp.

186—188], [26] FCS measurement array is represented in the figure 11.

Correlation analysis separates locations from emitted photons and duration of the fluo-
rescent signal from the same molecule and location. Within the timescale, photons emit-
ted from same molecules are correlated and their movement through the confocal vol-
ume of the microscope can be detected. Autocorrelation function is formed from combi-
nation of similar signals captured in different points of time. The time between the first
detected signal in certain intensity compared to the second signal is referred as time

delay (z). Fluorescence signals that have same intensity are collected and correlation is
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decreasing as time delay is increasing. [18, pp. 187—189] Fluorescent molecule’s diffu-
sion time (zp) is the average time of molecule moving through the confocal volume. Dif-
fusion coefficient (D) of a fluorescent molecule can be determined based on the Ein-
stein’s equation

2

Wiy
D = , 4
a7, (4)

in which the wy, is the width of the confocal volume. [26]
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Figure 11: (A) FCS set-up with confocal microscope with (B) an illustration of the FCS
-signal of fluctuations in detection volume and (C) a schematic curve of autocorrela-
tion as intensity (G) with time delay(z) from the fluctuation results. 7 is the diffusion
time. [27]
Zustiak et al. measured protein diffusivity in poly(ethylene glycol) (PEG) hydrogels and
results were validated with bulk diffusion studies. Effects of solute hydrodynamic radius
and density, mesh size and swelling of hydrogel on diffusion was discussed. FCS was
used to estimate the crosslinking, swelling dynamics, solute-hydrogel interactions. Free
volume theory from Peppas and Reinhart was applied to diffusivity (De/Do) and measured
values are given as ratio of effective diffusion coefficient (De) and effective diffusivity in
water (Do). Diffusion of Rhodamine 6G (R6G), enhanced green fluorescent protein
(EGFP), bovine serum albumin (BSA) and y-globulin (Ig) was estimated in in three den-
sities (w/v): 5%, 10% and 15% of PEG-hydrogels. In bulk diffusion studies, diffusion co-

efficient for BSA was calculated with measured release of proteins from hydrogels as
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content analysis of solution in which hydrogel was places and results compared to the

results from FCS as illustrated in the figure 12. [28]

Diffusivity of protein was decreased in the increase of solute hydrodynamic radius and
polymer density. Swelling ratio decreases as polymer density increases and additionally
it was shown that diffusivity was enhanced as swelling proceeded until the equilibrium
swelling state was achieved. It was found that in high concentrations of BSA, interactions
between PEG and BSA occurred and caused lowered diffusivity even though PEG are
thought to be rather inert. Measurements of FCS and bulk solution studies showed cor-
respondence, and FCS offered information about interactions within diffusive proteins
and hydrogel. Mesh size was calculated considering hydrogel as homogenous matrix
and used solute size that is considerably smaller than mesh radius, but physical entan-
glement and protein aggregation could have had reduction impact on solute diffusion.
[28]
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Figure 12: Dependence mesh size (nm) on polymer density (% w/v) of hydrogel in
the upper graph and effect of polymer density on diffusivity (D«/Dy) determined with
FCS and bulk diffusion method. [28]

Another study of FCS in diffusion characterization is introduced by Zhang et al. with con-
siderations of electrochemical charge. PEG or dextran solutions in different molecular
weights (15-500 kDa) were mixed with fluorescent probe molecules and effect of charge
on diffusion in PEG hydrogel studied with positively charged diethylaminoethyl-dextran
(DEAE) and negatively charged carboxymethyl-dextran (CM-dextran). FCS imaging was
repeated 20 times and measured in time range of 30 seconds. Fluorescent probes’ dif-
fusion coefficients were estimated from uncharged PEG solutions in varying polymer
concentrations of 1, 3 and 5 wt-%. Diffusion of Alexa Fluor488 (A488) was studied in

charged dextran solutions as Alexa488 being negatively charged naturally in neutral pH.
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Diffusivity was modelled with Brownian simulation (BD) with considerations of attraction
between negative probe and positive polymer environment and rejection force via repul-

sion of negative probe and negative polymer environment.

Results show that negative probe in positively charged dextran causes reducing effect
on Alexa488 diffusion in the gel as expected. Additionally, it was found that the diffusion
behaviour of negatively charged A488 in negative dextrans was similar and repulsive
interactions to slow the rate of diffusion was not obtained. An agreement with BD simu-
lations and experimental results of diffusion rate being decreased with attraction interac-
tions was found, although hydrophobic and hydrodynamic interactions were not consid-
ered in the model. [29]

FCS has been improved with usage of correlation to produce super-resolution knowledge
of solute movement in porous material. Kisley et al. introduced a method which combines
FCS and Super-resolution optical fluctuation (SOFI) technologies to reveal from particle
tracing structural parameters such as pore size and estimate diffusion coefficient. With
fluorescence correlation spectroscopy super-resolution optical fluctuation imaging (fcs-
SOFI), diffusion coefficients are determined in every pixel from FCS autocorrelation anal-
ysis. Pixel intensities which is the data about brightness in each pixel, are collected.
Fusing the information from calculated diffusion coefficients in pixels and pixel intensi-
ties, the super-resolution colormap of diffusion properties can be obtained from the sam-
ple. Colormap is based on the hue saturation value (HSV) in which the hue is normalized
logarithmic value of diffusion coefficient. Diffusion in the pores can be determined in na-

noscale and pore size evaluated from the amplitude of the FCS correlation curve. [30]

Kisley et al. studied diffusion of N,N’-Bis(tridecyl)perylene-3,4,9,10-tetracarboxylic
diimide (DTPDI), which is a single-molecule fluorochrome in fluidic channels and agarose
gel with fcsSOFI. Liquid crystal gels were produced from F127 and C12EO10 for capil-
laries and water composition was 38.6% and 44.1%. Agarose gel was used in concen-
tration of 1 and 2 w/w-%. Diffusion coefficients were calculated, and spatial diffusion map
constructed for samples. Compared to single-particle tracking (SPT) and diffraction lim-
ited fluorescence imaging, it was found that fcsSOFI gives more accurate and versatile
information from diffusion and pore size. Information from structural and diffusion prop-
erties can be obtained simultaneously and showed efficiency in detecting signal from

background noise. [30]

Preparation of samples for fcsSOFI measurements is uncomplicated but heavy and ex-
pensive computational data processing can be limiting the utilization. This was acknowl-

edged by Yoshida et al. and software was developed to enhance the accessibility and
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speed in fitting the experimental result to diffusion model. [31] As stated, fcsSOFI does
not occur without limitations but if the cost and efficiency in data analysis would be cor-
relating, the method could be applicable to measure diffusion in other hydrogels. Com-
binatory knowledge about movements of probe molecule and structure could be benefi-
cial in understanding the diffusion in hydrogels. More research is needed on systematic
and efficient utilizing the method in hydrogel diffusion characterization and possibly in

cell culture systems.

3.1.4 Optical projection tomography

Optical Projection Tomography (OPT) microscopy method allows optical 3D-imaging of
complex structures such as small tissues. In OPT, the light is guided with lenses straight
through the rotating sample and rotation allows the imaging in different angles and
depths. Light that passes the sample placed in the liquid path is directed to the camera
and scanned information is used to create 3D-illustration with algorithms. OPT can be
used in transmission or emission mode and the latter alternative is used to obtain detec-
tion of fluorescence signals. Transmission mode is used to detect the absorption of light

to the sample and therefore used to study the structures and shapes. [32]

In addition to conventional microscopy techniques, OPT have been adapted in estimat-
ing diffusion properties of hydrogels. Soto et al. introduced an OPT-method for imaging
the microtextural and diffusion characteristics of gellan gum (GG) hydrogels with different
crosslinking methods. Mass transport was measured as amount of FITC-dextran in dif-
ferent depths as diffusion progressed. Fluorescence of FITC-dextran in different molec-
ular weights was measured with OPT emission mode in hydrogel samples in volume of
1 ml. OPT was targeted in the middle of the hydrogel and FITC-dextran pipetted on top
of GG and diffusion of fluorescein imaged each minute in different projection. Structural
studies were obtained with transmission OPT and hydrogel’s microstructure was deter-
mined with projection images reconstructed to 3D-illustration. [19] Figure 13 presents the

schematic setup for OPT-imaging.
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lenses (L, Ob, LF and TL), light producers (LED1 and LED?2 for fluorescence) to opti-
mize the light observation. The sample is rotating (S) in water batch (B) and light that
has passed the sample, is captured by camera (sCMQOS). [19]
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Structural studies with transmission OPT showed that the method can be used to under-
stand crosslinking density and distribution and additionally the heterogeneity of the hy-
drogel structure. with time and molecular weight of dextran molecule. The diffusion of
FITC-dextran to the hydrogel were considered with depth, time and molecular weight
and result showed that in measure times dextrans’ with smaller molecular weights dif-
fused deeper. [19] Microstructural properties of GG affect to the mass transport and
therefore OPT- imaging is a method for estimate both perspectives. Additionally, OPT-
imaging can be utilized in hydrated environment and that is beneficial when studying

biological samples.

3.1.5 Forster resonance energy transfer

Forster Resonance Energy Transfer (FRET) is a photophysical process that occurs when
two molecules, acceptor and its fluorescent donor are in close distance, at most 10 nm
and donor emission and acceptor absorption dipoles in similar angular orientation. Long-
distance dipole-dipole-interactions between acceptor and donor results the energy trans-
fer from donor to acceptor without radiation. Both molecule’s fluorescence can be meas-
ured because energy transfer to the donor molecule accomplishes its fluorescence. In
addition to proximity of the molecules, the fluorescence spectres are required to be in-
terwoven with each other in the region between emission of the donor and excitation of
the acceptor. [22] Basic mechanism of FRET is presented in the figure 14. FRET-imaging
can be used to research individual molecules and their interactions in 3D-cell cultures
seeded to hydrogels. The transparency of hydrogel matrix and adjustments in permea-
bility properties can be achieved and therefore hydrogel scaffolds used in FRET-imaging.
[33]
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Figure 14: FRET-imaging is based on the FRET-process which occurs when donor
and acceptor are in proximity and similar orientation of donor emission dipole moment
and acceptor excitation dipole moment. The Férster radius (Ro) is the characteristic
distance in half of the maximum FRET efficiency. [22]
FRET-pair was utilized in detection of amount of protein release of cells with sensing
hydrogel. Son et al. incorporated FRET-pair in ring-like PEG-hydrogels to measure the
diffusion of matrix metalloproteinases (MMPs) from the middle hole to the ring structure.
MMPs are enzymes that cleave the proteins with protease activity. Studies were per-
formed with MMP-solutions and MMPs which were secreted by lymphoma cells cultured
in the middle of the hydrogel ring. MMPs diffused to hydrogel ring and cleaved con-
structed peptides that include both FITC and DABCYL of the FRET-pair. Cutting the
peptide induced FRET phenomenon between the pair, and fluorescence is measured
and concentration of MMPs estimated from increase in fluorescence intensity of sensing
hydrogel. Along with experimental studies in protein release, diffusion reaction model
was established to simulate the secretion rate and concentration of MMPs. Model
showed the concentration profile in the hydrogel ring in different regions and concentra-
tion values were calculated from fluorescence increases with time as secretion of MMPs
occurred. MMP concentration was found to be estimated in range of 0.6 nM to 40 nM.

[34]

Diffusion coefficient was not calculated from the results as Son et al. used the literature
value in concentration calculations. As discussed, FRET-imaging can be used in detect-
ing molecular interactions with accuracy of singe molecules. FRET-signals give infor-

mation about the localization of the interaction, and it would be interesting approach to
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study transport of a molecule with FRET-imaging as the localization of occurring interac-
tions could be changing during diffusion. Son et al. estimated the concentration of MMPs
inside the hydrogel from increase in fluorescence. FRET-imaging might be limited to de-
termine whether the interaction is occurring or not. If rate of interactions in same locations
would be observed, the transport of different molecules could therefore be estimated with
measuring the fluorescence intensity in different regions of hydrogel with FRET non-
invasively. In the previous study, the FRET-sensor for the reaction was incorporated in
the polymer network and therefore considerations about impact of FRET pair in biomed-
ical hydrogel would be needed. More comprehensive study and development could be

obtained to define the possible role of FRET-imaging in hydrogel characterization.

3.2 Fluorescence sensors

Diffusion properties of hydrogels were evaluated with fluorescence sensors and oxygen
and glucose diffusivities determined by Figueiredo et al. Silated-hydroxypropylmethyl-
cellulose (Si-HPMC) — hydrogels were used in varying concentrations, in values of 1, 2,
3.3 and 4 w/v %. Si-HPMC -hydrogel was molded to a cylinder in the size of 1 cm in
height and 1.56 cm in diameter for glucose measurements. Glucose sensors were used
to detect the concentration inside the hydrogel in 0.5 cm depth and in time range of 50 s
as surrounding glucose solution (25 mM) diffused to Si-HPMC. Permeability and diffu-
sion coefficient calculations were accomplished from glucose concentration data gath-
ered with sensors. Si-HPMC in similar size and corresponding positioning of sensor to
the hydrogel were used in oxygen studies. Fluorescence oxygen microsensors detected
oxygen concentration in two incubation conditions: in hypoxic, in which oxygen content
being 5 % and in normoxic as content of oxygen being 20 %. Core pressures of oxygen
were measured from incubations firstly in normoxic and secondly in hypoxic environ-
ments and calculations of permeability and diffusion coefficient performed from concen-
tration and pressure data. Additionally, studies were performed with in vitro evaluation of
cell viability with human adipose derived stem cells (hASCs) in times of 6, 72 and 168
hours with Live and Dead assay and impacts that 3D cell culture has on diffusion of
glucose and oxygen estimated. Finally, rheological properties were studied and storage

modulus (G’) determined and average mesh size calculated. [35]

Glucose and oxygen diffusion was altered by mesh size and reducing mesh size had
stronger lowering impact on glucose diffusion. Hydrogel concentration affect to glucose
diffusion was not significant whereas oxygen diffusivity decreased with increasing the
concentration. The differences in glucose and oxygen diffusivities could be understood

because of the chemical properties of them. Oxygen diffusion could be altered because
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of the interactions with polymer network. Both glucose and oxygen diffusion are affected
by the pore size and geometry of a hydrogel, but it was stated that glucose as water-

soluble molecule is affected more by pore parameters. [35]

Cell viability results showed that in higher cell numbers than 4 million/ml when reaching
the time of 72 hours, the oxygen level was drastically lowered, and all cells died in the
density of 8 million/ml. In densities of 1 and 2 million/ml, viability was high in oxygen
measurements. Glucose concentration lowered after 72 hours, in the samples where the
cells were seeded with 4 or 8 million/ml densities, but concentration and viability were
high in samples of 1 and 2 million/ml even after 168 hours. Based on these findings,
oxygen was main reducing factor in the cell culture but additionally, the cell density had

impact on glucose concentration. [35]

Sensors have been additionally utilized in other hydrogel applications. Demol et al. used
sensors in fibrin hydrogels and mathematical and experimental methods to estimate ox-
ygen diffusion and corresponding cell density in vitro. Effect of oxygen tension on cell
growth, viability and distribution was evaluated with human periosteum derived cells
(hPDCs) seeded to fibrin hydrogel and oxygen consumption of cells modeled with com-
putational method. Fibrin carrier was used as cylinder in size of 4 mm in height and radius
and the cell culture was seeded in density of 10® cells/ml after polymerization. Cell den-
sity and oxygen tension was modelled in three layers: medium, surface and fibrin carrier
hydrogel with cells. Cell viability was analysed in live-dead-assay with fluorescent dye
after 0, 7, 14 and 21 days of culturing and cell distribution evaluated at the day 21 with
6-diamidino-2-phenylindole (DAPI) staining and nuclei imaged with fluorescence micros-
copy. Oxygen diffusion coefficient was measured with setup that consists of two cham-
bers and fibrin hydrogel being placed in between them. The complete system, chambers
and fibrin hydrogel is filled with culture medium. The chamber above fibrin hydrogel is
aired and oxygen pressure is 21 %. In the lower chamber, nitrogen is used to deoxygen-
ate the space and oxygen microsensor is placed to detect the oxygen tension changes

as diffusion through fibrin occurs from upper chamber through hydrogel layers. [36]

Results for diffusion coefficient were calculated from the time range of 0.5 h to 15 h and
value of the coefficient was found to be lower than in water. Oxygen tension was de-
creasing when measured from medium towards the fibrin carrier. In the surface layer,
where cell density was highest, amount of oxygen decreased 2.3 % and in hydrogel
interiors, oxygen tension falls 16.5 % towards zero and anoxic conditions are formed
inside the fibrin carrier. Cell distribution highest in the surface as predicted with the model
but cell density was lower inside the hydrogel compared to expectations with mathemat-

ical model and degradation might have caused disagreement between experimental and
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mathematical results. As studies were utilized in vitro, it was possible to evaluate the
oxygen consumption of cells, which affect to the oxygen tension additionally to diffusion
properties. Computational model of oxygen consumption agreed with experimental re-
sults. Diffusion results were gathered in the gas phase and in liquid environment the

diffusion is altered and might be lower. [36]

Computational and mathematic models offered effective tool to model oxygen tension
and cell density in hydrogel constructs even though there were some parameters that
did not fit to the experimental results such as cell distribution inside the fibrin carrier.
Additionally, study offered in vitro oxygen diffusion and consumption studies for 3D cell
culture which were mainly noninvasive. Oxygen microsensors were invasive and meas-
ured the pressure of oxygen which could limit the understanding of oxygen diffusion.
Along with Demol et al, Figueiredo at al. used invasive sensors and diffusivities were
determined with measuring local concentrations and therefore reliable estimation of dif-
fusion in the hydrogel material from local measurements could need more studying and

consideration on the movements of probe molecule in the hydrogel sample.
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4. OTHER METHODS

Non-fluorescent method for characterizing the diffusion properties of hydrogels have
been utilized. Raman scattering and nuclear magnetic resonance are additional molec-

ular properties and are exploited in diffusion studies.

4.1 Raman spectroscopy

Raman scattering was observed first in 1928 and Raman spectroscopy is used to image
the phenomenon. Raman scattering occurs when a molecule is directed with light and
molecule excites higher energy level. In Raman scattering, the excitation is not as com-
plete as in fluorescence spectroscopy and emission of light in Raman scattering is
caused by the transitions in vibrational energy levels. Wavelength of Raman scattering
depends on molecular properties that interacts with light, not the wavelength of absorbed
light as in fluorescence. Therefore, Raman spectroscopy can be used to detect vibrations
in different molecular structures such as bonds. The energy difference between the en-
ergy states before and after the scattering of light is determined as Raman shift. The
energy of emission scattering compared to the excitation light can be in the same level
as in Rayleigh scattering, lower as in Stokes Raman scattering or higher as in Anti-
Stokes Scattering. Raman spectroscopy results are expressed as light intensity with Ra-
man shift or wavenumber. [37] Different classes of Raman scattering are illustrated in

the figure 15.
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Figure 15: Depending on the scattered wavelength and therefore vibrational ener-
gies, Raman scattering can be classified as Anti-Stokes, Stokes and Rayleigh scat-
tering. [38]
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Raman spectroscopy can be adapted on diffusion characterization of hydrogels and
combined with fluorescence lifetime imaging microscopy (FLIM). Zini et al. introduced a
method that can observe Raman scattering of Metronidazole and Vitamin C with com-
plementary metal-oxide-semiconductor (CMOS) single-photon avalanche diode (SPAD)
sensor. Rapid laser pulse was used to detect Raman scattering in limited time window
and then fluorescence decay was measured in anionic nanofibrillated cellulose (ANFC)
hydrogel with three concentrations. Diffusion of a molecule from hydrogel with partially
dissolved drug to the area of ANFC not containing drug was detected in two depths.
Raman spectroscopy results were given with intensity being the function of wavenumber
of scattered light in the diffusion timescale of 5 h to 120 h. FLIM is used to detect the
attenuation of fluorescence and therefore characteristic lifetime of molecule to produce
fluorescent signal is measured. Vitamin C was measured for fluorescent decay. Fluores-
cence lifetime analysis was performed in the wavelengths that were lacking Raman scat-
tering. Fluorescence decay was modeled with exponential decay curve fitting and fluo-
rescence intensity formed from summation of intensities in different wavelengths be-

tween 1852 and 2022 1/cm. [39] Research setup is presented in the figure 16.

ANFC 0.9, 0.45 or
0.225%

High sampling points

Interface between
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ANFC + drug FE. - | Low sampling points
\ Diffusion flux

Reservoir, ANFC

0.9, 0.45 or 0.225% + e Dissolved drug molecules

drug 3] ¢ Undissolved drug crystals

Figure 16: Setup for measuring diffusion coefficient with Raman spectroscopy. Diffu-
sion of drug molecule is occurring from hydrogel (ANFC) with drug to hydrogel without
drug. Intensity data of drug molecules is collected from six sampling points in two
different depths with Raman sensor. [39]
Diffusion coefficients were calculated from drug concentrations that are estimated from
Raman peak amplitudes in different sampling points. Raman and fluorescence radiation
were measured simultaneously, and results given as fusion of fluorescence decay with

Raman spectra and time. Diffusion of Vitamin C was not significantly altered in different
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concentrations of ANFC as Vitamin C being a small hydrophilic drug. Metronidazole dif-
fusion was lower in higher ANFC concentrations. Measured FLIM decay curves were not
found to reveal significant interactions with drug and polymer network or degradation as

curves were fitting to the calculated exponential decay model. [39]

Diffusivity results were obtained with invasive sensors and that could limit the usefulness
of the study even though the measurement was not needing any specific labels and can
be utilized in high-water content samples because of the water insensitivity. Raman
spectroscopy combined with fluorescence decay offered molecular chemical and physi-
cal information about the diffusive molecule and additionally its environment. For exam-
ple, revealing diffusive molecule’s possible binding and degradation during the measure-

ments.

4.2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) as a physical phenomenon which describes the
ability of nucleus to emit electromagnetic signal when it stimulated with extrinsic mag-
netic field. Radiofrequency pulse causes protons of nucleus to excitation and therefore
rise to higher energy level and that is determined as magnetic resonance. Nucleus con-
sists of protons and neutrons, and those components have magnetic dipole moments,
explained as spins. Magnetic dipole moment appears in nuclei that have an odd number
of protons and neutrons and therefore the weak magnetic field of the nucleus is possible
to form. Random orientation of magnetic dipoles is changed when the external magnetic
field is targeted to the sample and direction rotates parallel with the direction of magnetic
field due to the torque strength. The relaxation of nucleus occurs as the excitation dis-
charges when external magnetic stimulation is removed, and dipole orientation returns
to the original state. Energy emission during the relaxation can be measured with
changes in local magnetic fields and that is the detected NMR-signal in NMR-imaging.

[40] Figure 17 illustrates the basic principle of nuclear resonance.



35

Figure 17: The orientation of nuclear magnetic dipoles changes when external mag-
netic field is applied. In the first picture, the dipoles are in random orientation (arrows
express the direction) without external magnetic field. The second picture illustrates
that the orientations rotate to parallel direction with magnetic field as the arrow in the
middle of the field and the direction of the field (By) express. [40]
Structures and chemical compositions of the material are detected with NMR spectra.
Chemical components such as functional groups and bonds have different nature to pro-
duce NMR signal due to the different proton and electron cloud and therefore their char-
acteristic resonance frequency matches to the absorbed and emitted energy during the
radiative stimulation. The energy difference is called as chemical shift () given in parts
per million (ppm) and it represents the change in local magnetic field as the simulation
occurs. NMR spectra is formed with comparing the signal peaks in different energy

states. [40] Figure 18 presents an example of NMR spectra.

P-Cr

ATP

Sugar-P P,

L

20 10

Figure 18: Schematic illustration of the NMR spectra. Chemical shift () is in the hor-
izontal axis and given in unit of parts per million (ppm). NMR peak for sugar-phos-
phate (Sugar-P), inorganic phosphate (P;), phosphocreatine (P-Cr) and adenosine tri-
phosphate (ATP) are given as example molecules. [40]
NMR-imaging can be used to study chemical nature of the gel material as well as mo-
lecular mobility, solvent diffusion and distribution. Diffusion of molecules can be studied
with detecting the attenuation of NMR as the probe molecule is moving further from the
targeted radiative simulation point. Different concentrations, compositions, temperatures

and molecular interactions are factors that can be understood with NMR-imaging. Those
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results can be obtained based on chemical shift, and differences in spin relaxation times
or NMR-signal intensities. Additionally, magnetic resonance imaging (MRI) can be used

to detect swelling and polymer chain mobility of hydrogel. [41]

NMR-imaging was used to determine diffusion coefficients of various dextran molecules
in polyacrylamide (PAAm) -hydrogels along with fluorescence-based Macroscopic
Transmission Imaging (MTI) and FCS as Multiparameter Fluorescence Image Spectros-
copy (MFIS) -method. Sandrin et al. determined diffusion in hydrogel after polymerization
of PAAm-discs with 0.3 cm radius in MTI and FCS — methods and for NMR-imaging
molded as PAAm-cylinder in height of 5 cm and radius of 0.5 cm. Dextran molecules
were used as unlabeled for NMR and labelled with Alexa fluor 488 (A488), tetramethyl-
rhodamine (TMR) or fluorescein (FLU) for fluorescence measurements in varying con-
centrations. PAAm disc was incubated from 2 to 7 days to reach the solution equilibrium
in hydrogel and then FCS-imaging was used with confocal detection volume of 0.55 fl
and imaged in 18 spots 30 minutes. Hydrogel disc was placed to the dextran solution for
MTI and diffusion detected in the time-period of 3 to 72 hours as fluorescence intensity
imaged each 5 seconds in the beginning and later in duration of 300 s. Additionally,
interactions of small dextrans with polymers were studied in solutions: water, KCIO4, KCI
and potassium carbonate buffer and at pH-level 10. NMR-measurement was performed
with diffusion duration of 0.1 to 0.2 s which is the time between pulses and 600-1400
micros long bipolar gradient pulses were used. For NMR-studies, dextran molecules
were dissolved to deuterium oxide (D-O) and water signals from the sample were atten-
uated. [42]

Dextrans in different size scales were found to correspondent expected rate of diffusion
as dextrans with higher molecular weight were determined to have decreasing diffusion
coefficient. These results were obtained with all three methods, MNR, MTI and FCS.
Information from the methods is gathered in different sizes as FCS is measuring the
fluorescence in the confocal volume in spots and MTI was used to image the fluores-
cence in the whole disc. The impact of accumulation of diffusive solutions with dextrans
was minimized during the NMR-studies and therefore lower concentrations used for
larger dextran molecules. For MTI-results, dextran concentrations of 0.1 to 10 uM the
diffusion coefficients did not vary in that range. FCS-measurements showed interactions
between A488-dextran and hydrogel and additionally in MTI-studies, there were higher
concentration of the solution inside the PAAm than outside. That indicates that the
charge of the dye can affect to the diffusion and that perspective be taken into consider-

ation in diffusion studies. Furthermore, movement and possible interactions within the
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dextran molecules and polymer network was modeled and simulations fitted to the ex-
perimental results for three methods. [42] The study offered three individual methods for
diffusion coefficient estimation and NMR-imaging was found to be comparable to other

methods and giving similar information about diffusion in PAAm-hydrogels.

NMR-imaging was applied on diffusion measurements as an individual method. Matsu-
kawa et al. used pulsed field gradient spin echo (PFGSE) -NMR method to determine
diffusion coefficients of poly(amidoamine) dendrimer in agar gel and pullulan polysac-
charide polymer in gellan gum (GG) hydrogel. During the agar gel formation, before
polymerization, the dendrimer solution in concentration of 0.1 wt-% was mixed with agar
gel solution. Pullulan solution was added to the GG-solution after swelling and the final
amount of pullulan (0.1 wt-%) was reached. NMR spectra was determined in varying
temperatures in range of 20 to 60 °C and 1 ms radiofrequency pulse was performed
every 10 ms. Rheological parameters, mesh size and diffusion coefficients and their re-
lationships were evaluated in different temperatures as gelation occurred. Gels were uti-
lized in high temperature and cooled 0.5 °C in minute and diffusion and mesh size meas-

uring was continued for 12 days. [14]

Gelation process was detected with NMR, and it was found that diffusion coefficient of
dendrimer is decreasing as temperature is decreased. Rapidly cooled agar gel was
stored for 10 days, and it was found that diffusivity along with mesh size was increased
during the time. The reason to the behavior was stated to be agar molecules in solute
form and their interactions with gel network. Viscoelastic parameters were measured
with GG with pullulan solution and GG-solution molecules were found to interact with GG
network in the same manner as with agar gel. Dendrimer and pullulan did not significantly
interact with gelation process, and they were lacking intermolecular interactions with gel
network. It was found in the study that additive solute molecules were not interacting
straightly with the network and therefore interactions might not be the limiting factor the
diffusion. [14] NMR measurements were performed partly in high temperatures and
might be limited by the sensitivity to water. The method offers understanding about the
impact of temperature on diffusion coefficient and mesh size as well as additive solute

role in the gelation process.

Diffusion characterization methods have been introduced in previous chapters and pa-
rameters of the gathered methods are represented briefly in appendix A in a form of
table. Additionally, shallow discussion of advantages and disadvantages between fluo-

rescent and non-fluorescent methods is offered in the table.
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5.CONCLUSIONS

Sufficient availability of necessary substances such as nutrients and oxygen in 3D tissue
engineering constructs is one of the required properties. Hydrogels are polymer struc-
tures with modified porosity and high water content and exchange of nutrients and waste
products is occurring mainly through diffusion. Tailoring the mass transport, biological
and physical requirements for 3D cell cultures is a challenge and it has been found that
despite of high porosity and water content, diffusion in hydrogels is limited and therefore
characterization of mass transport properties of hydrogels is essential when designing
and manufacturing hydrogels for 3D tissue constructs. Diffusion coefficient is commonly
used value for describing the diffusion properties and it is affected by chemical and phys-
ical parameters of hydrogel and diffusive molecule. Established methods for characteri-
zation of mass transport properties are still being evaluated and validated and this thesis

gathered fluorescence and non-fluorescence method for the purpose.

Hydrogels were briefly introduced and discussed about parameters that constitute the
diffusion properties. Characterization methods were described with introduction to the
ground principles of fluorescence, NMR and Raman spectroscopy methods. Majority of
the methods used fluorescent probe to detect the mobility of molecules and diffusion
coefficient was calculated from the results in changes of fluorescence intensity in hydro-
gel. Fluorescent sensors were used to detect glucose and oxygen and possibility to uti-
lize FRET- sensors in diffusion studies briefly discussed. Fluorescence measurements
can be obtained with simple equipment and sample procedures and compared to NMR,
microscopy setup be more accessible. Along with diffusion studies, hydrogel structure
was characterised and therefore methods that can offer information about both perspec-
tives, such as OPT, could be important method in mass transport studies as diffusion
behaviour is affected by both of solute and hydrogel properties. Fluorescence methods
are limited to the lacking autofluorescence of diffusive molecules and specific fluores-
cence dyes are needed and they are used widely. Therefore, NMR and Raman spec-
troscopy approaches would be decent tools to study without fluorescence as Raman
spectra is measured outside the fluorescence energy range and NMR-imaging is ob-
tained with magnetic properties of materials. Additionally, NMR and Raman spectros-

copy can give information about chemical structure of a molecule and hydrogel.

Along with experimental arrangements, computational and mathematical models were
obtained for diffusion and structure studies. With understanding the theoretical frame-

work of diffusion in hydrogels and as a phenomenon, simulations were used to model
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and predict the diffusion behaviour. Additionally, hydrogel’s structural properties such as
mesh size and crosslinking density were calculated, and impact of those structural pa-
rameters used to understand the diffusion measurements. New models and simulations
were introduced with comparison between experimental results and computational esti-
mations. Finally, if diffusion behaviour could be reliable predicted with models, it might
reduce the costs and increase the efficiency of understanding the impacts of different
hydrogel parameters, such as crosslinker and crosslinking density, have on diffusion in
hydrogels. Those impacts cold be modelled beforehand and valuable information could

be used to optimize the samples for experimental studies.

Several approaches to measure fluorescence intensity and detect probe molecule’s mo-
bility were introduced. Transport of molecules was studied imaging the fluorescence
within the entire sample or depending on the method, in detection area or volume. Fol-
lowing the movements of fluorescent probe molecule in rather large hydrogel and calcu-
lating the value of diffusion coefficient from local measurements arises questions. In
FCS, confocal volume is narrow and results from local movements are interpreted as
diffusion in the whole hydrogel material. FRAP measurement results are obtained in ROI,
the 2D detecting area where photobleaching is performed and movements in depth di-
rection not captured. Additionally, sensors are detecting the local concentration and dif-
fusion is simulated from those sampling points. Even though there can be multiple de-
tection points which increase the reliability, hydrogel structure is heterogenic, and mole-
cules might be stirring inside a certain pore and moving therefore very slowly along with
diffusion gradient. That local movement would not simulate the diffusion mobility through
the hydrogel sample. However, as in fcsSOFI, the local movement of probe molecules
can particularly give information about the pore structure and that could be advanced in

structure characterization.

Fluorescence methods widely used fluorescent dyes in detecting the diffusion behaviour
and especially FITC-dextrans in various sizes were used to estimate mobility. Fluores-
cence dyes are thought as inactive additive agents to the body protein or molecule an
FITC dextrans can be used to model the diffusion of proteins in different sizes. However,
as discussed, the interactions between solute molecule and polymer network along with
aggregation of solute molecules decrease the rate of diffusion. Additionally, electrochem-
ical attraction forces can have negative impact on mobility. Interactions depend on the
chemical nature of interacting molecules. Synthetic probe molecules are used instead of
following the movements of glucose, or other necessary ingredients for cell cultures and
therefore there might be alterations in interactions. Raman spectroscopy and NMR im-

aging can detect mobility without using fluorescence and therefore specific fluorescence
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probes would not be needed. Finally, most of the methods in this literature review were
performed without cell cultures and effects that cells have on reached diffusion properties
could not be assessed. The number of possible interactions can increase in presence of
medium, cellular consumption and metabolism, possible biodegradation of hydrogels
and other in vitro processes. Furthermore, cells can proliferate to form plugs to prevent
the diffusion. In conclusion, modelling diffusion with consideration of interactions that
might have effect on diffusion can be complex but with many of the introduced methods,
possible interactions between probe molecule and polymer network can be detected or

excluded.

As discussed, sufficient availability of nutrients and necessary molecules is challenge in
optimizing hydrogels for cell cultures and therefore diffusion characterization techniques
are needed. Methods, such as FCS can reach the high level of accuracy and detect the
movements of individual molecules. Along with detecting local diffusivities, imaging
movements of diffusive molecules in the range of whole sample, reveals information
about diffusion in larger scale. Both approaches can estimate the diffusion behaviour
although there is a need for finding efficient method with necessary accuracy and decent
costs. Accessible equipment and high-performance data-processing could be developed
and comprehensively considered in creating mass transport testing methods. Deeper
research on the current or new methods to reach the balance of efficiency, accuracy and
reliability in mass transport characterization are needed to develop suitable hydrogel

scaffolds for cell cultures.
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APPENDIX A: TABLE OF CHARACTERIZA-
TION METHODS

Table 1: Mapped characterization methods with advantages and disadvantages. Abbrevia-
tions of molecules and materials expressed in the table are explained below:

*FITC-dextran
*FITC-PEG
*BSA-TRITC
*R6G
*EGFP
*BSA

*Ig

*R110
*A488
*BMP-2
*IgG

*aCT
*FLU

*TMR
*PVA

*HA

*PEG
*PAAM
*Si-HPMC
*GG
*ANFC

Fluorescein isothiocyanate-dextran,
Fluorescein isothiocyanate-poly(ethylene glycol)
Tetramethyl rhodamine isothiocyanate bovine serum albumin
Rhodamine 6G

Enhanced green fluorescent protein
Bovine serum albumin

y-globulin

Rhodamine 110

Alexa Fluor 488

Bone morphogenic protein 2

Human immunoglobulin G

Bovine alpha-chymotrypsin
Fluorescein

Tetramethyl rhodamine

Poly(vinyl alcohol)

Hyaluronan

Poly(ethylene glycol)

Polyacrylamide

Silated hydroxylpropyl-methylcellulose
Gellan gel

Anionic native nanofibrillated cellulose
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