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1 | Introduction and Objectives

In recent years there has been revolutionary advances in the fields of structured and
intelligent materials science and nanomaterials properties [1]. Beside the variety of chemical
structures, the power of precise control of the molecular architecture and morphology, pave
the road of utilization of polymers in high-technology and biological and medical applications
[1]. The need to improve patient care has always been a challenging task in medical
diagnostics and therapeutics; hence, there is a continuous effort to enhance methods,
materials, and devices. The development of novel biomaterials and their application to
medical problems have shown great potential in the treatment of many diseases [2].

Despite the extensive use of materials in medicine, many biomaterials lack the desired
functional properties to be associated with biological systems and have not been engineered
for optimized performance. Consequently, there is an increasing need to develop new
materials to address such problems in medicine and biology. Hydrogels, are a class of
biomaterials that have demonstrated new possibilities for biological and medical applications

[2].

Hydrogels are cross-linked networks made up of hydrophilic polymers, capable of retaining
large amounts of water but yet remaining insoluble and maintaining their three-dimensional
structures. The reason behind this insolubility is that the polymer is physically and/or
chemically cross-linked [3-5].

Due to their unique biocompatibility, various methods of synthesis and desirable physical
characteristics, hydrogels are good candidates and have been the material of choice for
different tasks in medical applications. Furthermore, hydrogels mimic native tissue
microenvironment due to their porous and hydrated molecular structure [6, 7]. Their high
water content and soft nature make them similar to natural extracellular matrices and
minimize tissue irritation and cell adherence [8]. In addition, their capacity to embed
biologically active agents in their water-swollen network makes them very attractive for
controlled release of therapeutics [9].

Serum Albumin, the most abundant plasma protein in mammals with the concentration of 40
to 50 mg.ml™tin plasma, is a versatile and easily obtainable biomaterial. It is temperature and
pH responsive, dissolvable in high concentrations and gels readily in well-defined conditions.
This flexibility, together with its inexpensiveness and biocompatibility, makes albumin an
attractive biomaterial for biomedical research and therapeutics [10-12].
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Serum albumin serves as a transporting agent for various endogenous compounds and drug
molecules. Its capability to bind and transport multiple fatty acids (FA), in particular, has been
studied extensively in the past [13, 14]. Human serum albumin (HSA) is a 66.5 kDa (585 amino
acids) helicoidal protein, consisting of three structurally similar domains |, Il, and Ill), each of
them formed by two subdomains (A and B) [15]. It represents about 60 % of the total protein
content in the blood serum [15]. HSA has the ability to bind insoluble substances such as fatty
acids, porphyrins, and a wide variety of drugs. The pharmacokinetics and pharmacodynamics
of any drug is strongly dependent on its interaction with HSA [16, 17]. Our model proteins are
both Bovine Serum Albumin (BSA) and HSA. Both albumins share 76% sequence homology
[18].

To obtain hydrogels from albumin different synthesis methods have been developed [19, 20].
Moreover, there are different techniques to study different characteristics of these gels.
Figure 1 illustrates the various methods and tools used in this research.

Rheology
pH-Value EPR
I Spectroscopy
Tatens Synthesis Analysis R
ture Methods Tech niques Spectroscopy
Incu.bation TEM
time
Ethanol

Figure 1: Different synthesis methods and techniques to obtain and study hydrogels from serum albumin.
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2 | Rheological Characterization and Viscoelasticity

2.1 Objectives:

The main two inter-related goals of the discussions of the mechanical properties of polymeric
materials are [21]:

1. to obtain an adequate macroscopic description of the specific facet of polymer behaviour
under consideration.

2. To seek an explanation of this behaviour in molecular terms, which may include details of
the chemical composition and physical structure.

2.2 Linear Viscoelastic Behaviour

2.2.1 Viscoelasticity

The behaviour of materials is usually discussed in terms of two main types of ideal material: the elastic
solid and the viscous liquid [21].

e Elastic solid
o Has a definite shape and deforms under external forces
o Stores all energy that is obtained from external forces
o Stored energy restores the original shape once the force is removed

e Viscous liquid
o No definite shape
o Flows irreversibly under the action of external forces

One of the most fascinating features of polymers is that a given polymer can exhibit all the
intermediate range of properties between an elastic solid and a viscous liquid depending on the
temperature and the experimentally chosen timescale [22]. Material response which combines both
liquid and solid like features is termed viscoelasticity, it implies that the mechanical properties are a
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function of time due to intrinsic nature of the material and material possess a memory (fading) of past
events [22].

2.2.2 Linear Viscoelastic Behaviour

Mechanical behaviour is, in most general terms, defined as the deformations which occur under
loading. In a more specific case, the deformations is dependent on details such as the geometrical
shape of the specimen or the way in which the load is applied [22]. One of the simplest constitutive
relations is Hooke’s law, which illustrate the relation between the stress o to the strain e for the
uniaxial deformation of an ideal elastic isotropic solid [23].

Equation (1)

o= Ee
Where E is the Young’s modulus. For elastic behaviour (ay,, )E = Gey,, , where G is the shear modulus.
On the other hand, Newton’s law of viscosity defines viscosity 7 as:

Equation (2)*

oc=nN—
n dy
Where g is stress, V is the velocity, and y is the direction of the velocity gradient.

Hooke’s law describes the behaviour of a linear elastic solid and Newton’s law that of a linear viscous
liquid. It can be deduced that the shear stress o is directly proportional to the rate of change of shear
strain with time. This formulation makes the analogy between Hooke’s law for elastic solids and
Newton’s law for viscous liquids apparent. In the former, the stress is linearly related to the strain, in
the latter the stress is linearly related to the strain rate.

A simple constitutive relation for the behaviour of a linear viscoelastic solid is obtained by combining
these two laws.

Equation (3)
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1. For velocity gradient in xy plane:

ny
v, 6Vy - .
Oy = NG+ =2
Y dy  0x
_ 0u _ ov —
x = @ y = @ y j Vx
_ [6 <6u+ av)] /
Py = M 5e\ay ™ ox .
X
Oeyy
Oxy = 1 at Figure 2: The velocity gradient.

The Equation (3) represents the Kelvin or Voigt model for linear viscoelastic solid [21]. Two main
phenomena observed in materials as a result of viscoelastic deformation are [24]:

1. Creep
2. Stress Relaxation

Creep displays the tendency of a solid material to move slowly or deform under the influence of
mechanical stresses [24]. It Occurs as a result of long-term exposure to high levels of stress that are
still below the yield strength of the material. On the other hand, Stress relaxation is a time-dependent
decrease in stress under a constant strain. For a linear viscoelastic solid, the instantaneous stress will
be proportional to applied strain and will decrease with time [24].

2.2.3 Mechanical Models

Viscoelastic behaviour can be described by mechanical models constructed using elastic springs
obeying Hook's law and viscous dashpots obeying Newton's law of viscosity. By an arrangement of the
element's spring, dashpot, and an element for friction, nearly all polymers can be modelled. The
arrangement of these elements is based on a serial or parallel connection or a combination of these
[22, 25].

Elastic springs follow Hooke’s law:

o= Ee

Figure 3: Elastic spring.
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Viscous dashpots follow Newton’s law of viscosity:

deyy
Oxy = 1 ot

Figure 4: Viscous dashpot.
2.2.3.1 The Kelvin or Voigt Model

This model (illustrated in Figure 5a) consists of a spring of modulus Ef, in parallel with a dashpot of
viscosity ng. If a constant stress o is applied at time t = 0, there can be no instantaneous extension
of the spring, since it is the dashpot which prevents it. Deformation then occurs at a changing rate,
with the stress shared between the two components until, after a time dependent on the dashpot
viscosity, the spring reaches a finite maximum extension. By removing the stress the reverse process
occurs: there is no instantaneous retraction, but the initial unstretched length is eventually recovered

(Figure 5.b).

(a) (b)

Strain

01, el,EK [—J 02,€2, Nk

Time
Figure 5: (a) The Kelvin, or Voigt, unit; (b) creep and recovery behaviour.

The model represents the time-dependent component of creep to a first approximation [25]. The

. . . de
stress—strain relations are, for the spring, ; = Exe; and for the dashpot o, = ng d—:. The total stress
o is shared between spring and dashpot: 0 = g; + 0y; but the strain in each component is the total strain:

e = el = e2.

Equation (4)
de
o =Ege + "KE
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Solvingfor 0 < t < t1, when the stressis o

t e

Ex de

— dt — f—

Nk o/Ex — 1
0 0

where g /Ex has the dimensions of time, and represents the rate at which the deformation occurs:
it is the retardation time 7’ . Hereafter by integration

o/Ex

t
7 MR-

Giving
7 - (- e)exp ()
— = (=——¢e)exp (—
B ‘Ex P
By rrearranging

Equation (5)

% [1—exp (=]
e= —|[1—exp(—
Ex P T
The main limitation of Kelvin model is that it is unable to describe stress relaxation.

2.2.3.2 The Maxwell Model

The Maxwell model consists of a spring and dashpot in series as shown in Figure 6(a). The equations
for the stress—strain relations are ; = E,,,e; relating the stress o; and the strain e; in the spring, and

d . . . . L .
0y = Nm % relating the stress o, and the strain e, in the dashpot. Since the stress is identical for the

spring and the dashpot, the total stress 0 = o1 = o2. The total strain e is the sum of the strain in
the spring and the dashpot, thatise = el + e2[21].
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(a) (b)

g4, €, Em

Strain

02,€2,NMm

Time

Figure 6: (a) The Maxwell unit and (b) creep and recovery behaviour

. d0'1 del
Stress can be writtenas 0y = Ejeq > — = E,,—
dt dt
Equation (6)
doy deq
dt ™ dt

Hence, total strain rate

Equation (7)
de 1do o

— = — 4
dt E,dt n

The Maxwell model is of great importance in considering a stress relaxation experiment [22]. In this

case,
de _ 0 1 do o 0
dt E,dt ¢

Thus,
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Attimet = 0,0 = g, the initial stress, and integrating results in:

Equation (8)

—E
o = opexp (—)t

m

This equation shows that the stress decays exponentially with a characteristic time constant

_ m
En

where T is called the “relaxation time” [21]. Equation (8) can be written as:

—t
0 = 0pexp (T)

Limitations of Maxwell model [22]:

e Under constant stress (creep)

da_o de
dt

- — = —
dt n

m
where Newtonian flow is observed which is generally not true for viscoelastic materials.

e Stress relaxation behaviour cannot be usually represented by a single exponential decay
term

2.3 Dynamical Mechanical Measurements: The Complex Modulus and Complex
Compliance

An alternative experimental procedure to investigate creep and stress relaxation is to subject the
specimen to an alternating strain and simultaneously measure the stress [22]. For linear viscoelastic
behaviour, when equilibrium is reached, both stress and strain will fluctuate sinusoidally; however,
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the strain lags behind the stress [22]. To characterise the viscoelastic behaviour, material is
sinusoidally deformed and resulting stress is recorded:

Equation (9)
strain: e = ey sin(wt)
Equation (10)

stress: o = oy sin(wt + 6)

where w is the angular frequency and § is the phase lag.

For anideal elastic material, stress and strain are in phase i.e. phase shift § = 0 and for an ideal viscous
material, stress and strain are 90°out of phase § = 90 [21]. So stress can be written as:

Equation (11)

o = 0a,cos(d) sin(wt) + o0y sin(d) cos(wt)

For viscoelastic material, stress has two components [22]:
First of magnitude gy cos(9) in phase with strain
Second of magnitude g, sin(§) which is 90° out of phase with strain

The stress—strain relationship can therefore be defined by a quantity G in phase with the strain and
by a quantity G 90° out of phase with the strain, i.e.

Equation (12)
o = ey,G sin(wt) + ey G cos(wt)

where

. 0y . 0Oy .
G = e—cos(d) and G = e—sm(6)

0 0
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A phasor diagram indicates that G" and G"* define a complex modulus G*, shown in Figure (7).

G

Figure 7: Phasor diagram for complex modulus G*=G +iG"".

If e = egexp (iwt) and o0 = agyexp [i(wt + §)], thus:

Equation (13)

o 0 , 0 . L
G*= —= —exp(i6) = —(cosé +isind) =G + iG
e e eo

where G’, which is in phase with the strain, is called the storage modulus since it defines the energy
stored in the specimen due to the applied strain, and G”, which is 90° out of phase with the strain,
defines the dissipation of energy and is called the loss modulus [22].

To calculate the energy dissipated per cycle, AE"

Equation (14)

2m/w
de
AE = 7€Jde= f o—dt
dt
0

Substituting for o and e,

Equation (15)
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21/ w

AE = we? f (G sin(wt) cos (wt) + G cos?(wt)) dt
0

The integral is solved by using sin(wt) cos (wt) = %Sin(Zwt) and cos?(wt) = %(1 +

cos2wt) to give:

Equation (16)

AE = G e}
If integral for AE is evaluated over a quarter cycle rather than over the complete period, the first term

21/ w

G we? J sin(wt) cos (wt) dt
0

1.,
gives the maximum stored elastic energy, E, E = 5 G eg

The ratio of loss modulus to storage modulus can be written as:
Equation (17)
G~ AE
o tand = o

Where AEis energy dissipated per cycle and E is maximum stored elastic energy [22]

3 | Principal Component Analysis (PCA)

3.1 Objectives:

Analyzing high-dimensional data, such as wide range spectra of an IR measurement, comes
with some difficulties and data interpretation is difficult is nearly impossible. However, high-
dimensional data often has properties that we can exploit. For example, high-dimensional
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data is often overcomplete, i.e., many dimensions are redundant and can be explained by a
combination of other dimensions. Furthermore, dimensions in high-dimensional data are
often correlated so that the data possesses an intrinsic lower-dimensional structure.
Dimensionality reduction exploits structure and correlation and allows us to work with a more
compact representation of the data, ideally without losing information. We can think of
dimensionality reduction as a compression technique [26].

Principal Component Analysis (PCA) is an algorithm for linear dimensionality reduction. PCA
is one of the most commonly used techniques for data compression and data visualization. It
is also used for the identification of simple patterns, latent factors, and structures of high-
dimensional data [27]. In PCA, we are interested in finding projections X,, of data points x,,
that are as similar to the original data points as possible, but which have a significantly lower
intrinsic dimensionality [27]. Figure 8 gives an illustration of what this could look like.

X2
]
o
]
°
°
°
®
®
°
o
o
L J
o
o]
[
[
®
a
a

X1

Figure 8: (a) Dataset with x1 and x2 coordinates. (b) Compressed dataset where only the x1 coordinate is relevant.

3.2 Maximum Variance Perspective

Figure 8 is an example of how a two-dimensional dataset can be represented using a single
coordinate. In Figure 8 (b), the X2-coordinate of the data is ignored due to the fact that it did
not add too much information, so that the compressed data is similar to the original data in
Figure 8 (a). On the other hand, When the X1-coordinate is ignored, then the compressed
data had been very dissimilar from the original data, and much information in the data would
have been lost.

The information contained in the data can be described by looking at the spread of the data.
The variance is an indicator of the spread of the data, and we can derive PCA as a
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dimensionality reduction algorithm that maximizes the variance in the low-dimensional
representation of the data to retain as much information as possible. Figure 9 illustrates this.

Figure 9: PCA finds a lower-dimensional subspace (black line) that maintains as much variance (spread of the data) as
possible when the data (Violet) is projected onto this subspace (blue).

The goal is to find a matrix B that retains as much information as possible when compressing
data by projecting it onto the subspace spanned by the columns by, b, ..., by of B. Retaining
most information after data compression is equivalent to capturing the largest amount of
variance in the low-dimensional code [27]. Considering that u is the mean of the data and
using the properties of the variance, we obtain:

Equation (18)

V(2] = VIB"(x — w)] = V[B"x — BTu] = V[B"x]

That means, the variance of the low-dimensional code does not depend on the mean of the data.

The approach to maximize the variance of the low-dimensional code is sequential approach. The
starting point is to find a single vector b; € RP that maximizes the variance of the projected data,
i.e., the aim is to maximize the variance of the first coordinate z; of z € RM 71 of z 2 RM so that

Equation (19)
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is maximized. The first component of z, is given by z;, = blx,, i.e., it is the coordinate of the
orthogonal projection of x,, onto the one dimensional subspace spanned by b,. By substitution:

Equation (20)

N N
12 12 12‘
V& = — (b{xn)zzz Ri b{xnx£b1== b{ }V xnx£ lh»: b{Sbl

n=1 n=1 n=1

”2 —

Where S is the data covariance matrix. All solutions are restricted to ||b,||* = 1 ,where the direction

along which the data varies most is sought.

With the restriction of the solution space to unit vectors the vector b, that points in the direction of
maximum variance can be found by the constrained optimization problem

max b]Sb,

By comparing this with the definition of an eigenvalue decomposition, it can been seen that b; is an
eigenvector of the data covariance matrix S, and the Lagrange multiplier A; plays the role of the
corresponding eigenvalue.

Equation (21)

V1 = b{Sbl = Alb?l‘bl = Al

i.e., the variance of the data projected onto a one-dimensional subspace equals the eigenvalue that is
associated with the basis vector b; that spans this subspace. Therefore, to maximize the variance of
the low-dimensional code, the basis vector associated with the largest eigenvalue of the data
covariance matrix is chosen. This eigenvector is called the first principal component.

The effect/contribution of the principal component b; in the original data space can be determined
by mapping the coordinate z;, back into data space, which gives the projected data point in the
original data space.

Equation (22)
in = blzln = b1b711xn € ]RD

Although X,, is a D-dimensional vector, it only requires a single coordinate z;,, to represent it with
respect to the basis vector b; € RP.

3.2.1 M-dimensional Subspace with Maximal Variance

Based on spectral theorem [28], if the first m — 1 principal components as the m — 1
eigenvectors of S that are associated with the largest m — 1 eigenvalues, then Since S is

19| Page



symmetric, these eigenvectors can be used to construct an orthonormal eigenbasis of an
(m — 1) — dimentional subspace of RP. The mth principal component can be found by
subtracting the effect of the first m — 1 principal components b4, b,, ..., b,,_; from the data,
thereby finding the principal components that compress the remaining information [29].

Equation (23)
m-1

X=X- b;bTX =X -B,,_1X
i=1

Where X = [x1, X5, ..., xy] € RP*N contains the data points as column vectors and B,,,_; =
Zﬁ‘ll bibiT is a projection matrix that projects onto the subspace spanned by by, by, ..., by, _1.
To find the mth principal component, the variance should be maximized [29].

Equation (24)

N N
1 1 ~
Vm = V[Zm] = NE Z%nn = NZ(bmen)z = bngbm
n=1 n=1

subject to ||b,,lI> =1 and S as the data covariance matrix of the transformed dataset X :=
Error! Bookmark not defined..

3.3 Projection Perspective

In the following, PCA is derived as an algorithm that directly minimizes the average
reconstruction error. This perspective allows to interpret PCA as implementing an optimal
linear auto-encoder. PCA has been derived by maximizing the variance in the projected space
to retain as much information as possible. In the following, the difference vectors between
the original data x,, and their reconstruction X,, is taken into consideration as well as
minimizing this distance so that x,, and X,, are as close as possible [29, 30].

By assuming an (ordered) orthonormal basis (ONB) B = (by, by, ..., bp) of RP, i.e., b} b; =
1ifand only ifi = j and 0 otherwise. Moreover, for a basis (by, b, ..., bs) of RP any x €
RP can be written as a linear combination of the basis vectors of R?, i.e.,

Equation (25)

D M D
X = Z (dbd = Z (mbm + Z (]b]
d=1 m=1 j=M+1
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for suitable coordinates {; € R. The goal is to find vectors ¥ € R?, which live in lower
dimensional subspace U € R?,dim(U) = M, so that

Equation (26)

is as similar to x as possible [31]. The premise is that the coordinates z,, of X and {,,, of x are
not identical. Using this kind of representation of X helps to find optimal coordinates z and
basis vectors by, b,, ..., by, such that X is as similar to the original data point x as possible. The
objective is to minimize the (Euclidean) distance ||x — X||. Without loss of generality, the
assumption is that the dataset X = (xq,X,,...,xy), X, € RP,iscentered at 0, i.e., E[X] =
0. Without the zero-mean assumption, the solution could be derived, but the notation would
be substantially more cluttered. The objective is to find the best linear projection of X onto a
lower dimensional subspace Uof RP,dim(U) =M and orthonormal basis vectors
(b1, by, ..., byy). This subspace is called U the principal subspace [29-31].

The projections of the data points are denoted by

Equation (27)

M
Xy = z Zynbm = Bz, € RP
m=1
where z, := [z, ..., Zyn]? € RM is the coordinate vector of X,, with respect to the basis

(bq, by, ..., by). More specifically, There is a need for the X, to be as similar to x,, as possible.

The similarity measure used in the following is the squared distance (Euclidean norm)
llx — %||?> between x and ¥. Thus, the objective is to minimize the average squared Euclidean
distance (reconstruction error)

Equation (28)

N

1 ¥ |2

Jmi= ). 20— Tl
n=1
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The subspace onto which we project the data is projected is M .A linear projection is found
by finding the orthonormal basis of the principal subspace and the projection coordinates
z, € R™ with respect to this basis. To find the coordinates z,, and the ONB of the principal
subspace, a two-step approach will be followed. First, optimizing the coordinates z, for a
given ONB (bq, by, ..., by); second, finding the optimal ONB [31].

3.4 Practical Aspects

PCA is one example where only a few eigenvectors are needed. Completing the full
decomposition and discarding all eigenvectors with eigenvalues that are beyond the first few
would be wasteful. The iterative process, which directly optimizes the first few eigenvectors
(with the largest eigenvalues), is computationally more efficient than an eigendecomposition
(or SVD), if we are interested in only the first few eigenvectors [32].

In the extreme case of only needing the first eigenvector, a simple method called the power
iteration is very efficient. Power iteration chooses a random vector x, that is not in the null
space of S and follows the iteration

Equation (29)

Sxk

= — k=0,1,..
Mt = sl

This means the vector xj is multiplied by S in every iteration and then normalized, in other
words, it will always be the case that ||x,|| = 1. This sequence of vectors converges to the
eigenvector associated with the largest eigenvalue of S. The original Google PageRank
algorithm uses such an algorithm for ranking web pages based on their hyperlinks [33].

4 | Continuous Wave Electron Paramagnetic Resonance Spectroscopy
(CW EPR)

4.1 Objectives:

CW EPR Spectroscopy is used to evaluate the structure of the protein and its interactions with
smaller molecules, such as fatty acids, on a nanometer scale. Electron paramagnetic
resonance (EPR) spectroscopy involves measuring the resonance frequency of unpaired
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electrons inside an external magnetic field. Using EPR spectroscopy methods, one can
determine (i) nuclear spin transition frequencies or (ii) electron spin couplings via resonance
excitation of electron spins. Depending on the system, one can gain information about the
structure, dynamics, and spatial distribution of paramagnetic centers [34].

4.2 CW EPR spectroscopy in Theory:

4.2.1 Electron spin and resonance condition

EPR (also known as electron spin resonance, ESR) spectroscopy dates back to 1944, when E. K. Zavoisky
observed the first EPR signal [35]. EPR spectroscopy was originally used to study the electronic
structure of inorganic or organic paramagnetic samples. An EPR spectrometer uses microwaves to
irradiate samples containing unpaired electrons while exposing them to a relatively homogeneous
magnetic field [17].

The electron is a negatively charged particle which possesses orbital angular momentum as it moves
around the nucleus. The electron also possesses spin angular momentum S as it spins about its own
axis. These are intrinsic property of the electron [34]. The magnitude of S is given

Equation (30)

5= Gols(s + 1)1

where S is the spin quantum number and h is the Planck’ s constant. The component of spin angular
momentum can only take two values if the dimension is restricted to one direction, usually assigned
the z direction.

Equation (31)

5 _ Msh
27 2;

The term Mg can have (25 + 1) different values: +S, (S — 1),(S — 2) and so on. If the possible
values of S differ by one and range from - S to +S then the only two possible values for M are
+1/2 and —1/2 for a single unpaired electron.

An electron's spin has an important physical consequence: its magnetic moment . This magnetic
moment is directly proportional to the spin angular momentum and one may therefore write

Equation (32)

He = —YgelpS
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The negative sign arises from the fact that the magnetic momentum of the electron is collinear but
antiparallel to the spin itself [34]. The factor (g.Up) is referred to as the magnetogyric ratio and is
composed of two important factors. The Bohr magneton, up , is the magnetic moment for one unit
of quantum mechanical angular momentum

Equation (33)

_ eh
T 2m,

129:3

. . h .
where e is the electron charge, m, is the electron mass and h = p The factor, g, , is known as the

free electron g-factor with a value of 2.002 319 304 386 (one of the most accurately known physical
constants) [36].

This magnetic moment interacts with the applied magnetic field. In classical terms the energy of the
interaction between the magnetic moment u and the field B is described by

Equation (34)

E=—-u-B

For a quantum mechanical system one must substitute u by the corresponding operator, giving the
following simple spin Hamiltonian for a free electron in a magnetic field [34, 37].

Equation (35)

H=g.upS-B

If the field is defined along the z direction, then the scalar product simplifies to the following
Hamiltonian

Equation (35.2)

H=g.upS, B

The S, value in the equation 35.2 can then be replaced by M, giving
Equation (36)

E=g.ugBMg

Since Mg = +1/2 only two energy states are available, which are degenerate in the absence of a
magnetic field [38]. However, as B increases this degeneracy is lifted linearly as shown in Figure 1.1 .
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The separation of the two levels (Zeeman levels) can be matched to a quantum of radiation through
the Bohr frequency condition [38].

Equation (37)

AE = hv = gugB

a
/ Ms = +1/2
E

—-1/2

s

Figure 10: Energy levels for an electron spin (S = + 1/2) in an applied magnetic field B

The EPR spectroscopy is based on the existence of two Zeeman levels, and the possibility of inducing
transitions between them [38]. Historical perspectives have divided resonance frequencies
corresponding to external magnetic fields into separate bands. There are three main bands commonly
used by commercially available spectrometers: X-band (9.4 GHz), Q-band (34 GHz), and W-band (94
GHz). The resonance experiment can be conducted in two ways; either the magnetic field is kept
constant and the applied frequency varied, or the applied frequency is held constant and the magnetic
field is varied. EPR spectroscopy generally uses the latter case since it is easier to change magnetic
field over a wide range than to change frequency [37].

From Equation 37 it can be seen that the frequency required for the transition to occur is about 2.8
MHz per Gauss of applied field. This means that for the magnetic field usually employed in the
laboratory, the radiation required belongs to the microwave region. For organic radicals the magnetic
field used is in the region of 3400 Gauss and the corresponding applied frequency is in the microwave
region of the electromagnetic spectrum (9 — 10 GHz). This corresponds to a wavelength of about 3.4
cm and is known as the X - band frequency. Higher and lower frequencies have different advantages,
depending on the paramagnetic system, but X-band provides the best balance of resolution, intensity,
and simplicity.

The SI units of magnetic field strength are Tesla, T, and millitesla, mT, though many people, for
historical reasons, still use the older Gauss unit, G, which equatesto 1 mT=10G.
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There are two fundamental differences between EPR and NMR (Nuclear Magnetic Resonance) and
other spectroscopic techniques. Firstly, the magnetic component of the applied electromagnetic
radiation (microwave) interacts with permanent magnetic moments created by the electron (or
nucleus in the case of NMR). In many other spectroscopic techniques, permanent or fluctuating
electric dipole moments in the sample interact with the electric field component of the
electromagnetic radiation. Secondly, a distinguishing feature of EPR is the experimental setup, which
is based on a monochromatic radiation source coupled with a variable magnetic field. EPR spectra are
basically plots of microwave absorption (at constant frequency) in response to applied magnetic fields
[37].

The Maxwell-Boltzmann law states that the spin population at thermal equilibrium and under external
magnetic fields is divided into two Zeeman levels (Figure 10) [34].

Equation (38)

nq —AE

— = e kT

n;
where k is the Boltzmann constant, T the absolute temperature and n,; and n, the spin populations
characterized by the Mg values of +1/2 and —1/2 respectively. At 298 K in a field of about 3000 G
the distribution shows that:

Equation (39)

nq —AE —9geleB
— =e kT = e kT

This gives a value of% = 0.9986.

2
Thus, the populations of the two Zeeman levels are almost equal, but the slight excess in the lower
level causes a net absorption. This would, however, very quickly result in the disappearance of the EPR
signal since energy absorption would equalize these two states. It is therefore necessary to have a
mechanism for releasing energy. Such mechanisms exist and are known as relaxation processes [37].

4.2.2 Relaxation Processes

A continuous promotion to a high energy level of electrons would result in the populations of the two
energies balancing out and no net radiation absorption would occur [37]. In order to maintain a
population excess in the lower level, the odd number of electrons from the upper level give up the hv
guantum to return to the lower level and satisfy the Maxwell — Boltzmann law. Spin relaxation releases
this energy through two types of relaxation: spin-lattice relaxation and spin-spin relaxation [34, 37].
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In the first case, known as spin—lattice relaxation , the energy is dissipated within the lattice as
phonons, that is, vibrational, rotational and translational energy. It is characterized by an exponential
decay of energy as a function of time. The exponential time constant is denoted T;, and is called the
spin—lattice relaxation time. The second case can also result in an initial equilibrium through a
different process. Energy could be exchanged between spins without transferring to the lattice. This
phenomenon, known as spin — spin relaxation is characterized by a time constant T,, called the spin—
spin relaxation time [37]. When both spin — spin and spin — lattice relaxations contribute to the EPR
line, the resonance line width ( AB ) can be written as

Equation (40)

1 1
AB X — + —
Tle TZe

In general, T;, > T,, and the line width depends mainly on spin—spin interactions. T, increases on
decreasing the spin concentration, that is, the spin—spin distance in the system.

Conversely, if T;, becomes very short, roughly below 1077 seconds, its effect on the lifetime of a
species in a given energy level makes an important contribution to the linewidth. T;, is inversely
proportional to the absolute temperature (T}, o« T~™) with n depending on the precise relaxation
mechanism [38].

As a result, cooling the sample increases T and usually produces lines that are detectable. Therefore,
it is often the case that EPR experiments are conducted at liquid nitrogen (77 K) or liquid helium (4 K)
temperatures [34]. On the other hand if the spin—lattice relaxation time is too long, electrons do not
have time to return to the ground state. The populations of the two levels (n; and n,) tend therefore
to equalize and the intensity of the signal decreases, being no longer proportional to the number of
spins in the sample itself. It is possible to avoid this saturation effect by using low incident microwave
power on the sample.

4.2.3 The Nuclear Zeeman Interaction and Hyperfine Coupling

In the scenario that EPR could detect only electron interactions with an external magnetic field, all
spectra would consist of a single line and would be of little significance to chemists. Though, the most
valuable chemical information that can be derived from an EPR spectrum generally results from
nuclear hyperfine structure. This hyperfine structure results from the interaction between magnetic
nuclei and the unpaired electron magnetic moment within paramagnetic species [34, 37]. Many
molecules contain nuclei that have a magnetic moment, and these can interact with the electron to
cause hyperfine structure [37].
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When neutrons and protons have uneven numbers, some nuclei also possess spin angular momentum.
Spin quantum numbers, I, describe the spin of a nucleus. The angular momentum of a nucleus with
spin I can be calculated by:

Equation (41)

() = AA+D]Y2

As with electron spin angular momentum (Equation 30 ), the orientation of the vector along an axis is
quantized. The magnitude of the angular momentum along the z-axis is given by M;h , where M; can
have the values given by M; = +I,(I — 1),(I — 2), and so on. As nuclei possessing nuclear spin
result in magnetic dipoles, the magnitude of this moment would be:

Equation (42)

_ gneph

e [1(1+ 1)]Y/2

p

where g,, is the nuclear g-factor, e,, is the proton charge and m,, is the mass of nucleus.

Several constants in Equation 42 can be substituted with the nuclear magneton (uy) to make it
simpler [36].

Equation (43)

e, h
P -29 -1
My = — = 5.050 x 10 ]G
Zmp

As a result:
Equation (44)

My = yNI

where the factor yy is referred to as the nuclear magnetogyric ratio. The simple spin Hamiltonian for
a nuclear spin can therefore be given as

Equation (45)
H= —y,B I
and the eigen state values for this are:

Equation (46)
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E = _YBMI

Considering the case of a proton, which has M; = + 1/2, then there are two spin states. In the
absence of an external magnetic field the two spin states are degenerate. Though, if an applied
external magnetic field is applied the degeneracy is lost and results in two states of different energy.
In this circumstance, the lower energy state (the a state) has both the magnetic moment and the spin
parallel to the applied field. The magnetic moment of an unpaired electron can now not only interact
with the external applied field, but also with local nuclear magnetic moments. In the EPR spectrum,
hyperfine structure results from this interaction between electron magnetic moments and nuclear
magnetic moments [37, 38].

A unpaired electron's energy will no longer be determined solely by the interactions between the
unpaired electron (Zeeman level) and the nucleus (Nuclear Zeeman level) with a magnetic field applied
outside it, but will also be determined by its interaction with magnetic nuclei. For such a system the
energy terms can be derived, for instance, for a simple two - spin system (S = 1/2, [ = 1/2) by
considering the simplified spin Hamiltonian for this two - spin system (S = 1/2,1 = 1/2) in an
external applied field B [38].

Equation (47)

H= Hgz; + Hyz; + Hyps

where EZ is the electron Zeeman term, NZ is the nuclear Zeeman term, and HFS is the hyperfine
interaction. This equation can be rewritten as [38]:

Equation (48)
H= gu,BS;— g,u,BI;+ hSal

taking a as the isotropic hyperfine coupling in Hertz. In the equation 48 it is also presumed that the g
value is isotropic and the external magnetic field is aligned along the z axis. Neglecting second order
terms, and in the high field approximation where the electron Zeeman interaction dominates all other
interactions, the energy levels for the two - spin system (§ = 1/2,1 = 1/2) can be shown as [38]:

Equation (49)
E(Ms,M;) = guyzBMs— g,u,BM; + haMsM,

To simplify the equation, the electron and nuclear Zeeman energy terms can be stated in frequency
units giving:

Equation (50)

E(Ms,MI)/h = VeMS— VNM1+aMSM,
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where v, = gugB/h and vy = g, uyB/h. The four possible energy levels resulting from equation 50
can be expressed as follows

Equation (51.a)

1 1 1 1 1
Ea = — EgﬂBBO + EgNuNBO + Zha — E + E

Equation (51.b)
1 1 1 1 1
Ea = +Eg”BBO +EgN”NBO +Zha+E+E

Equation (51.c)
1 1 1 1 1
E, = +EguBBO _EgN”NBO +Zha+z—z

Equation (51.d)
1 1 1 1 1
E, = —58ugBo — 5 8nHyBo —Jha—2 -2

By application of the EPR selection rules (AM; = 0 and AMg = + 1), it is found that the two
transitions give rise to two absorption peaks at different magnetic field positions and are separated
by a, the isotropic hyperfine coupling. These frequencies are accessed in hyperfine techniques such
as ENDOR and ESEEM, and are extremely important for measuring very small hyperfine couplings,
particularly in cases when a is unresolved in the EPR spectrum [34, 37].

Figure 11 illustrates an example of energy level diagram of a nitroxide spin label in the presence of a
static magnetic field (By). The inset traces show the corresponding electron paramagnetic resonance
(EPR) spectrum in the absence and presence of a ¥*N (I = 1) hyperfine interaction [39].
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Figure 11: An energy level diagram of nitroxide spin labels in the presence of a static magnetic field (By). Inset traces show
corresponding electron paramagnetic resonance (EPR) spectra without and with 1N (I = 1) hyperfine interactions.

4.2.4 Physical State of the Sample

In EPR spectroscopy, it is possible to measure spectra of paramagnetic samples in a variety of forms,
including fluid solution, frozen solution, powdered solid or single crystal. For polycrystalline
heterogeneous systems, such as oxides, the problems of solvent choice, lossy samples, poor glass
quality when frozen, etc., are all eliminated, facilitating the analysis of such heterogeneous systems.
The dielectric loss of polycrystalline samples is usually not a problem, except for ionic compounds with
large ionic charges and for large samples. With powdered solids it is important to grind the sample
sufficiently to avoid any preferential orientation of the crystallites. Re-recording the spectrum after
rotating the sample tube to give a different orientation with respect to the magnetic field may reveal
preferential orientations of paramagnets in either powders or glasses. When the spectrum changes,
there is some preference in the orientation of the paramagnet, and interpretation of the spectrum
must then be taken with caution [40].
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5 | Abstract: The Thesis Objective

5.1 Motivation and Concept:

In the following the main three publications, based on the theoretical part discussed in
previous chapters, are presented in a nutshell. Full publications are included in the Appendix.

In our initial publication, our primary focus centered on unraveling the intricate relationships
among pH, temperature, and incubation time in the synthesis of hydrogels. This
comprehensive investigation spanned both the nanoscale and macroscale properties of
hydrogels produced under a wide range of pH values, temperatures, and incubation
durations. This systematic exploration provided a solid foundation for the exploration of these
biomaterials, employing various gelation agents.

Our research then delved into the role of ethanol as a catalyst in the synthesis of serum
albumin hydrogels. Ethanol emerged as a key influencer, notably affecting the secondary
structure of proteins within these hydrogels. This influence led to a diverse array of synthesis
possibilities, each imparting unique macroscopic and microscopic characteristics to the
resulting hydrogels.

Furthermore, we conducted a thorough examination of the relationship between ethanol
concentration and protein denaturation, a topic of significant relevance in molecular
biophysics. Ethanol's impact on protein structure and stability yielded intriguing insights,
shedding light on the complex interplay between solvent composition and macromolecular
conformation.

The recent findings, combined with prior research on the molten globule (MG) state using
electron paramagnetic resonance (EPR), have sparked a fascinating idea. We began to
consider whether this unique MG state might persist even within a gel state. This concept led
us to embark on our third major publication, where we successfully confirmed the presence
of the MG state within the gel matrix. This discovery not only enhances our understanding of
macromolecular behavior within gels but also sheds light on the significant impact of the MG
state on gel properties, bridging the gap between physical chemistry and biomaterial
characterization. Below, you'll find further elaboration on each publication and the methods
employed for characterization.

In the first publication, “Serum albumin hydrogels in broad pH and temperature ranges:
characterization of their self-assembled structures and nanoscopic and macroscopic
properties” the key focus was to synthesis and characterize new biocompatible materials for
smart drug delivery systems. The study was conducted to examine the materials and
molecular properties of different types of hydrogels prepared from human and bovine serum
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albumin, a major transport protein in mammals' blood. Three levels of properties of these
hydrogels are described: (1) their viscoelastic (macroscopic) behaviour, (2) changes in protein
secondary structures during gelation (via ATR-FTIR spectroscopy), and (3) the ability of
hydrogels to bind fatty acids (FA) and derive from this the generalized tertiary structure
through CW EPR spectroscopy. Hydrogels can be prepared from serum albumin under mild
conditions such as low temperatures (notably below albumin's denaturation temperature)
and neutral pH values. Consequently, most of the protein's secondary structure remains
intact. In summary, all the combined data indicate that gelation occurs in two stages. Our
phase diagrams for HSA and BSA gel states summarize these findings and their dependence
on pH, temperature, concentration, and incubation time. In future, it will be possible to test
gels for, e.g., drug delivery applications, which will have the desired nanoscopic and
macroscopic properties.

To comprehensively understand the properties and behavior of serum albumin hydrogels,
multiple characterization methods were employed. Rheological characterization using a
rheometer provided insights into gelation kinetics, viscoelastic behavior, and mechanical
properties by measuring the loss and storage modulus. This technique facilitated the
determination of gelation start-time and evaluation of modulus changes during gelation.
Transmission electron microscopy (TEM) allowed visualization and examination of the
microstructure of albumin precursor solutions of hydrogels prepared under different
conditions and shedding light on the impact of gel preparation methods on resulting
structures. Attenuated total reflection infrared (ATR-IR) spectroscopy, specifically ATR-FTIR
spectroscopy, analyzed secondary structure changes during hydrogel formation by examining
characteristic IR bands like amide | and amide Il, providing insights into conformational
alterations, and assessing stability and behavior. Principal component analysis (PCA) of IR data
enabled the evaluation of complex changes and correlated variations observed in the IR
spectra, facilitating the identification of trends and patterns within large datasets. Plotting
the scores on principal components over time aided in assessing gel transition kinetics.
Continuous wave electron paramagnetic resonance (CW EPR) spectroscopy investigated the
fatty acid binding capacity of hydrogels by monitoring the interaction between albumin and
spin-labeled fatty acid derivatives. This technique revealed information on rotational motion
immobilization upon fatty acid binding and changes in environmental polarity, offering
insights into fatty acid binding sites' availability and chemical nature in the hydrogels.
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Hydrogels can be formed at temperatures significantly lower than those necessary to
denature the proteins. It is discussed explicitly how the gelation incubation time plays a
critical role in protein aggregation and the gelation. Phase diagrams for HSA and BSA are

Serum Albumin Hydrogels

Rheology

Synthesis Characterization

gHSAT  gBSAr -
- . . J CHAPTER 2
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CHAPTER 4

Figure 12: Schematic illustration of the experimental investigations in this work.

drawn to illustrate the phase spaces of thermally induced and electrostatically triggered gels
based on temperature, concentration, pH, and time. We were able to provide additional
details on the electrostatically triggered BSA hydrogel and its gelation mechanism. Partial
denaturation of the protein is caused by changing the charge distribution on BSA by adjusting
the pH value. A low-temperature hydrogel formation of BSA is facilitated by newly exposed
hydrophobic areas and counter-ions. In addition to showing that the pH range is significantly
broader than what was previously thought, this research has been extended to HSAs as well.
Furthermore, the results of our experiments indicate that counterions not only affect the
minimum protein concentration required for gelation, but they also affect the stability and
gelation kinetics of the hydrogels, as well as their mechanical properties and, particularly, the
ability of the gels to bind fatty acids (FA).

The focus of the “The Effect of Ethanol on Gelation, Nanoscopic, and Macroscopic Properties
of Serum Albumin Hydrogels” publication is to investigate other factors which might cause
change in the macroscopic and nanoscopic properties of the gels and give more insight to
tailor the properties according to practical needs.
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A chemical denaturant, ethanol, is used in this study to investigate the basic mechanisms of
albumin gelation at 37°C. We showed that the denaturation of serum albumin and
subsequent gelation can also be triggered by ethanol. This temperature corresponds to
human body temperature, and albumin is in a non-denatured N conformation under
physiological conditions. In this study, we investigated the conformational and physical
properties of aloumin hydrogels induced by ethanol, complementing our earlier findings on
the effects of pH, temperature, and incubation time. Ethanol can be employed as a suitable
agent to achieve desired gel properties at both nanoscopic and macroscopic scales. In order
to characterize the gels, we combined spectroscopic data and mechanical data
(rheology). The binding capacity of gels for fatty acids is studied with electron paramagnetic
resonance (EPR) spectroscopy, which implies observing the effects of ethanol on binding sites
of stearic acids in gel-form. The addition of ethanol to bovine serum albumin (BSA) hydrogels
results in a significant reduction (by 52%) in the fraction of strongly bound fatty acids (FAs).
This ethanol-induced effect leads to BSA hydrogels exhibiting relatively weak mechanical
properties, as evidenced by a maximum storage modulus of 5000 Pa. The weak mechanical
properties, besides the loosely bound FAs in ethanol-based hydrogels introduce interesting
new materials for fast drug delivery systems.

The third publication “Hydrogels from serum albumin in a molten globule-like state” sheds
light into persistence and/or formation of molten globule-like state in gel state.

In this study, the preservation of a molten globule-like state of BSA protein within self-
assembled hydrogels adds complexity to the understanding of the nature and characteristics
of these partially folded conformations. This research expands the knowledge on albumin
hydrogels and their potential applications in drug delivery systems.

The presence of a molten globule state in human serum albumin (HSA) has been established
under acidic conditions at pH 2.0, as confirmed by various techniques including circular
dichroism and binding assays. Similarly, the existence of a first molten globule state in alkaline
BSA solutions at pH 11.2 has been well-established through spectral analyses. Additionally,
experimental evidence suggests a potential second molten globule state of BSA in the acidic
pH range, supported by small-angle X-ray scattering and protein fluorescence studies.

Based on CW EPR, it has been demonstrated that basic molten globule states exist in the basic
BSA hydrogels (but not in acidic hydrogels). In this method, hydrophobic patches in the MG
state are more exposed than they are in the native or unfolded states, which can be detected
using CW EPR spectroscopy on amphiphilic fatty acid derivatives (16-DSA). The findings
indicate that albumin molecules persist in their MG state during and after gelation, allowing
16-DSA molecules to attach to exposed hydrophobic areas. Despite the strong intermolecular
interactions in the gel state, the MG state of albumin remains robust. Other conventional
methods for verifying the MG state, such as IR spectroscopy and rheological measurements,
were not applicable due to the high protein concentration and rapid gelation process.
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The present study is the first, to the best of our knowledge, to propose the presence of the
molten globule state in a high-crowding hydrogel environment. Additionally, the MG-state
was observed to be more stable (in independent measurements by different experimenters).
It is clear from these results that experimental studies of MG states in proteins can be
redirected to a "polymer under constraints" perspective, and since protein structures range
from globally folded via MG to intrinsically disordered states, testing the persistence of many
MG state proteins under high crowding conditions may be of interest. It is even possible to
fine-tune the macroscopic gel properties by adding equimolar amounts of other amphiphilic
molecules like long-chain fatty acids. Although BSA MG hydrogels require too high pH values
for direct practical use, it is possible to envision new biocompatible materials (probably
derived from proteins in MG states that are induced under milder conditions) with unique
properties that can be used in biomaterials science, such as drug delivery. Biophysically, it is
remarkable that the enigmatic molten globule state persists in a high concentration
environment and dominates the nanoscopic and macroscopic properties of a hydrogel.

Collectively, these publications contribute to the advancement of serum albumin hydrogels
as promising biomaterials for smart drug delivery systems. The hydrogels exhibit desirable
properties, including biocompatibility, nanoscopic stability, and controlled drug release
capabilities. The studies emphasize the significance of factors such as pH, temperature,
concentration, and incubation time in tailoring hydrogels with specific properties.
Furthermore, the utilization of ethanol as a denaturant and the exploration of the molten
globule state offer avenues for manipulating the properties of hydrogels to meet practical
requirements. These scientific advancements hold great potential for the development of
novel biocompatible materials for drug delivery applications in the field of biomedicine.

To comprehensively understand the properties and behaviour of serum albumin hydrogels
for drug delivery applications, various characterization methods were utilized. These methods
provided insights into different aspects of the hydrogels, including gelation kinetics,
viscoelastic behaviour, secondary structure changes, fatty acid binding capacity, and
molecular dynamics. The following list highlights the key methods employed in this study:

1. Rheological characterization: Rheological characterization was performed using a
rheometer to investigate the gelation kinetics and viscoelastic behaviour of the hydrogels.
The measurement of loss and storage modulus provided valuable information on the stability,
steady-state behaviour, and mechanical properties of the gels. This characterization method
helped determine the gelation start-time and evaluate the changes in modulus during the
gelation process.

2. Transmission electron microscopy (TEM): TEM was used to visualize and examine
the microstructure of albumin precursor solutions of hydrogels prepared under different
conditions. This technique allowed us to visualize the morphology and self-assembled
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structures of the hydrogels and helped understand the impact of gel preparation methods on
the resulting structures.

3. Attenuated total reflection (ATR) infrared (IR) spectroscopy: ATR-FTIR spectroscopy
was utilized to analyse the secondary structure changes of serum albumin during hydrogel
formation. By examining the characteristic IR bands of proteins, such as the amide | and amide
Il bands, the alterations in the protein's secondary structure could be determined. This
method provided insights into the conformational changes occurring during gelation and
helped assess the stability and behaviour of the hydrogels.

4. Principal component analysis (PCA) of IR data: PCA was employed to evaluate
complex changes in peak intensities and correlated variations observed in the IR spectra. By
transforming the data into orthogonal variables called principal components, this analysis
method facilitated the identification of trends and patterns within the large datasets. Plotting
the scores on the principal components over time helped assess the kinetics of the gel
transition.

5. Continuous wave (CW) electron paramagnetic resonance (EPR) spectroscopy: CW
EPR spectroscopy was utilized to investigate the fatty acid binding capacity of the hydrogels.
By introducing spin-labeled fatty acid derivatives into the hydrogels, the interaction between
albumin and fatty acids was monitored. This spectroscopic technique provided information
on the immobilization of rotational motion upon fatty acid binding and changes in
environmental polarity, enabling insights into the availability and chemical nature of fatty acid
binding sites in the hydrogels.

The combination of rheological characterization, TEM, ATR-IR spectroscopy, PCA of IR data,
and CW EPR spectroscopy provided valuable insights into gelation kinetics, mechanical
properties, microstructure, secondary structure changes, and fatty acid binding capacity. This
knowledge contributes to the development of efficient and controlled drug delivery systems
using albumin hydrogels.
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We report extended pH- and temperature-induced preparation procedures and explore the materials and
molecular properties of different types of hydrogels made from human and bovine serum albumin, the
major transport protein in the blood of mammals. We describe the diverse range of properties of these
hydrogels at three levels: (1) their viscoelastic (macroscopic) behavior, (2) protein secondary structure
changes during the gelation process (via ATR-FTIR spectroscopy), and (3) the hydrogel fatty acid (FA)

binding capacity and derive from this the generalized tertiary structure through CW EPR spectroscopy. We
describe the possibility of preparing hydrogels from serum albumin under mild conditions such as low
temperatures (notably below albumin’s denaturation temperature) and neutral pH value. As such, the pro-
teins retain most of their native secondary structure. We find that all the combined data indicate a two-

stage gelation process that is studied in detail. We summarize these findings and the explored depen-

dences of the gels on pH, temperature, concentration, and incubation time by proposing phase diagrams for
both HSA and BSA gel-states. As such, it has become possible to prepare gels that have the desired
nanoscopic and macroscopic properties, which can, in future, be tested for, e.g., drug delivery applications.

Introduction

Serum albumin is the most abundant protein in the blood plasma of
mammals, reaching a concentration of 40 to 50 mg ml~' in
plasma, and it is the primary carrier of various solutes in

plasma.!? Its high abundance, stability and availability at high
purity and low cost make serum albumin a model protein in
many physicochemical and biomaterials science studies.>* We
have, in the past, elucidated the structural versatility and flexi-
bility especially of human (and bovine) serum albumin through
an electron paramagnetic resonance (EPR) spec- troscopy-
based research platform.>~’

Concurrently, in the biomedical sciences there is an
increasing need to develop new materials which simul-
taneously have the desired affinities to biological and thera-
peutic materials and high biocompatibility. Hydrogels made
from synthetic or bio-macromolecules have exhibited great
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potential for biological and medical applications.?~'* Among
them, protein gels can be assumed to be cage-like unit struc-
tures forming a matrix in which the solvent (water in the case
of hydrogels) and potentially releasable drugs and adjuvants
are trapped.!!

There has been an ongoing endeavor to synthesize hydro-
gels from serum albumin in such a way that robust,
biocompa- tible hydrogels are delivered while preserving
protein function- ality, i.e. the capability to bind, retain, and
release a variety of molecules in a well-defined manner. So
far, very few (consider- ing the abundance and availability of
albumin) different syn- thetic methods have been
developed'>™!® and so far only hydrogels from bovine
serum albumin (BSA), which has a

primary sequence identity with human serum albumin (HSA)
of ~76%,'¢ have been reported. Here, we report, to the best
of our knowledge for the first time, gels made from HSA (as
well

as from BSA, which have been described before), and we
par- ticularly focus on (i) systematically studying the
conditions (temperature, pH and incubation time) under
which gelation can take place, (ii) the characterization of the
gels at the macroscopic level (mechanical properties as seen
in rheologi- cal measurements) as well as (iii) the
characterization of the accompanying changes in structure,
dynamics, and functional-
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ity at the molecular level as seen in ATR-IR and electron para-
magnetic resonance (EPR) spectroscopy.

Thermally induced BSA hydrogels (see Fig. 1) are already
well established and one finds long-standing work on the
mechanism of thermally induced gelation of proteins such as
BSA."7"1° Heating-induced gel formation consists of two
sequential processes. First, unfolding of polypeptide segments
induced by heating causes conformational changes and an
altered tertiary structure in the protein. A subsequent phase of
protein—protein (secondary structure element) interactions
results in a progressive build-up of a network structure leading
to the final gel.? The main disadvantage of this method is the
extensive protein denaturation, with the risk of compromising
protein functionality and biocompatibility.?! The currently
accepted working hypothesis?-?>~2 states that in order to obtain
thermally induced albumin hydrogels at pH, the
temperature must be set above the denaturation tempera- ture of

neutral

the protein (at pH 7.4 the denaturation temperature of serum
albumin is 62 °C (ref. 26)).

Another preparation method for albumin hydrogels has
recently been introduced by Baler et al. (2014),?> which the
authors called electrostatically triggered serum albumin hydro-
gels. In this method, the pH of the precursor solution (solu- tion
of serum albumin dissolved in water) is lowered to the value of
3.5 using 2 M HCI; consequently, the net charge on the protein
(according to a theoretical PROPKA analysis)
changes from -16 at pH 7.4 to +100 at pH 3.5.27 One effect of
this charge inversion is that now positively charged protein
domains repel each other, which causes partial denaturation of
the protein and results in solvent exposure of the buried
hydrophobic areas of the albumin. This then triggers inter-
molecular self-assembly of the proteins into a hydrogel at
37 °C. It has been suggested that hydrophobic interactions
and counter-ion binding are the key drivers of protein aggrega-
tion in this system.?” The gelation process takes place at much
lower temperatures when the pH is adjusted. It has been
reported that this mechanism works in the pH range of 3.0 to
4.0 for BSA with the optimum value of 3.5.22

The incubation time # during gelation, i.e. the time after
which the gelation process is quenched, is a critical factor that

(&) gHSAr ® ©

gBSAT

16-DSA

Fig. 1 (A) Bovine and human serum albumin hydrogels are formed at 50
°C and pH 7.0 and 7.2, respectively. (B) Superimposed three-dimen-
sional structures of HSA and BSA are shown in blue and red. The protein
topologies from pdb IDs 1BMOHSA*" and 3v03BSA.*¢® (C) Chemical
structure of 16-DSA used as a spinprobe.

This journal is © The Royal Society of Chemistry 2018
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has remarkably not been studied systematically thus far. Aswill
be shown in the following, by changing # it is possible to obtain
serum albumin hydrogels (from both HSA and BSA) at
temperatures far below the denaturation temperature of the
proteins at neutral pH. Furthermore, it will be shown that by
varying i, also the pH range in which electrostatically triggered
albumin hydrogels form is much broader than reported.
Changing the incubation time # affects the mechanical pro-
perties of the hydrogels in a highly complex manner. Some
gels harden with longer #, while others start to decompose
again; the rise times of gelation can be very different, ranging
from instantaneous to several hours, and many other non- trivial
differences are observed. Herein, we report a systematic study
of the combined effects of pH, temperature and incu- bation
time on albumin hydrogel formation and its properties and
provide explicit phase diagrams for both human and bovine
serum albumin. Besides the mechanical properties as studied by
rheology, the changes in secondary structure are characterized
using their IR-spectroscopic signatures. Our investigation is
complemented by a nanoscopic view on the fatty acid (FA)
binding capacity in albumin hydrogels as seen by continuous
wave (CW) electron paramagnetic resonance (EPR)
spectroscopy, which on the one hand is of great impor- tance
with respect to the capability of these hydrogels for con- trolled
drug release and on the other hand has been developed into a
method of characterizing the proteins’ tertiary structure in an
experimental, “coarse-grained” manner.>~’

Materials and methods

Bovine serum albumin (lyophilized powder, essentially fatty
acid free, >96%, A6003, Sigma, St Louis, MO, USA) and
albumin from human serum (lyophilized powder, essentially
fatty acid free, A1887, Sigma, St Louis, MO, USA) were used in
the experiments. In ref. 22 and 27, the authors introduced
“TBSA” and “PBSA” as nomenclature for thermally and electro-
statically (pH) triggered BSA hydrogels, respectively. Since we
here extend the work to gels made from HSA and we wish to
clearly discriminate the gel-state from the non-gelated precur-
sor solutions, we introduce a notation as follows: gXSA; (O,p,?),
where g denotes the gel-state, X = B, H clarifies the origin (B =
bovine, H = human) and the index i = T, p indicates the prepa-
ration method (T = thermally induced or p = electrostatically/
pH-induced). Since we present a larger variety of different gels and
their physical properties as a function of temperature (@), pH ( p),
and incubation time (¢ ), these parameters can be specified in
parentheses (© = temperature in °C, p = pH,
time in minutes). This means that, e.g., gHSA(65,3.5,60) denotes
an HSA-based hydrogel that was

electrostatically prepared at pH 3.5, 65 °C for 60 minutes.

t = incubation

Thermally induced human/bovine serum albumin hydrogels
(gHSAT, gBSAT)

Serum Albumin (HSA/BSA) was added into a flask equipped
with a magnetic stirrer. Then, according to the desired concen-
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tration of HSA/BSA in water, deionized water was added into
the flask with final concentrations in the range of 12 to 20
wt% (1.8 to 3.0 mM). The protein—water solution was stirred at
a low rate, 100 rpm, until the dissolution of the albumin
precursor solution in water was completed. The pH values of
the solutions were 7.0 and 7.2 for BSA and HSA, respectively.
The final solution was sterilized with a 0.2 pm nylon syringe
filter into vials. The vials were kept at different temperatures
(37 to 80 °C) in a thermomixer for different durations in order
to yield gHSAT and gBSAr,respectively.

pH-Induced human/bovine serum albumin hydrogels (gHSAp,
¢BSAp)

gHSA), and gBSA;, were prepared according to the procedure
explained above for the gXSAr analogues with some extra
steps. After the preparation of the precursor solution, the pH was
lowered or increased by addition of different acids or bases (2
M HCI, 0.1, 1, 2 M H2S04, 2 M H3PO4, 2 M

CH2(COOH)z2, 2 M NaOH) to the solution. In contrast to the pH
range reported by Baler et al. (pH 3.0—4.0)?> we obtained gBSA,
and gHS A, at pH values of 4.3 or lower (down to 1.0) and even
above pH 10.6. As shown below, at high pH, we obtained
hydrogels at temperatures as low as room temperature. Again,
the incubation time needed for the hydrogels to form depends
on the temperature, the concentration of the protein solution and
the used acid/base and varies from several seconds to several
days.

Loading FAs into the hydrogels

Three different methods of loading FAs into the hydrogels were
tested: (1) 16-DSA (the spin-labeled stearic acid, Fig. 1C) was
first dissolved in 0.1 M KOH. Then, according to the desired
albumin : FA molar ratio, the 16-DSA solution was added to the
precursor solution of the hydrogel. Finally, the gel was
synthesized by changing the temperature and/or pH to obtain
FA-loaded hydrogels (gXSAt and gXSAj;). (2) The solid
powder 16-DSA was added directly to the precursor solution of
the hydrogel. (3) Hydrogels were prepared as described above
without fatty acid. At the desired stage in the formation process
of the hydrogel, a solution of 16-DSA dissolved in 0.1 M KOH
was simply poured onto the stable hydrogels.

Rheological characterization

The rheological characterization was performed to investigate
the gelation kinetics as well as the viscoelastic behavior of the
hydrogels. We define the gelation start-time as the time when
loss and the storage modulus (GG" and G', respectively) start to
deviate, i.e. where the elastic behavior of the material is more
pronounced than its viscous properties (G' > G"). Additionally,
an evaluation of loss and storage modulus during this process
has been recorded in order to obtain an insight into the stability
of the hydrogels, the time they take to show steady state
behavior and more generally the mechanical properties of the
gels.

The experiments were performed using a Physica MCR 301
rheometer (Anton Paar, Graz, Austria) equipped with a CP50-2/

480 | Biomater. Sci., 2018, 6, 478-492
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TG cone/plate measurement system. To avoid evaporation of
water during the measurements the measuring gap was covered
with silicon oil and the closing cap of the bracket was down.
0.5% oscillatory strain was applied throughout the experiment.
The frequency of oscillations (W) was set to

1 rad s

Transmission electron microscopy (TEM)

The samples of albumin precursor solutions (1 wt% (0.15
mM)) were prepared according to different gel prepa- ration
methods, explicitly, (1) incubated at 65 °C for 2 hours at neutral
pH, (2) incubated at 50 °C for 24 hours at neutral pH,

(3) incubated at 37 °C for 12 hours and the pH was set to 3.5 using
2 M HCI. The samples were prepared by spreading 5 pL of the
dispersion onto a Cu grid coated with a Formvar-film (PLANO,
Wetzlar, Germany). After 1 min, excess liquid was blotted off with
filter paper and 5 pL of 1% aqueous uranyl acetate solution were
placed onto the grid and drained off after 1 min. The dried
specimens were examined with an EM 900 transmission electron
microscope (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany). Micrographs were taken using an SSCCD SM-1k-120
camera (TRS, Moorenweis, Germany).

ATR IR spectroscopy

The secondary structure content of a protein sample can be
characterized using vibrational (infrared and Raman) spec-
troscopy.?® The characteristic IR bands of proteins are the amide
I and amide II bands.?*3° While the amide I band is mainly due
to the stretching vibration of CvO bonds of the amide group, the
amide II band is primarily caused by bending vibrations of N—
H bonds.30-3?

Attenuated Total Reflection (ATR) Fourier Transform Infrared
Spectroscopy (FTIR) was used to examine how the sec- ondary
structure of serum albumin changes during hydrogel formation. A
Bruker Tensor 27 FT-IR spectrometer equipped with a
BioATRCell II and an LN-MCT photovoltaic detector and the
OPUS Data Collection Program (all from Bruker, Ettlingen,
Germany) were used for these experiments. 30 puL of an XSA
precursor solution were pipetted onto the Si-crystal surface before
heating the sample to the desired temperature by means of a
circulating water bath using a HAAKE C25P thermostat. Spectral
recording was started once the desired temperature was reached.
The lag time due to heating was approx. 2 min. The spectra were

obtained with the following

parameters: resolution 4 cm™!, scanning was conducted from
4000 to 900 cm™! (256 scans recorded), scanning velocity: 20

kHz, zero-filling factor: 4, apodization function: a Blackman-
Harris 3-term. spectrometer and an ATR cell were purged with
dry air. As areference, an empty ATR cell was used. Each spec-
trum was corrected for water contributions by subtracting a
spectrum of H2O recorded at the same temperature and pH.

Principal component analysis (PCA) of IR data

PCA is a technique which transforms a number of possibly
inter-correlated variables into a smaller number of orthogonal
variables called principal components. In general terms, the

This journal is © The Royal Society of Chemistry 2018
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dimensionality of large datasets would be reduced by using a
vector space transform. This way the user could spot trends and
patterns in large datasets.’® The goal is to de-correlate the
original data by finding the directions along which the var-
iance is maximized and then use these directions to define the
new basis.?* The first principal component (PC1) has the largest
possible variance. The direction of the second largest variance
in the data, which is orthogonal to PC1, is the second principal
component (PC2). By using orthogonal projection of the data in
the new principal component coordinate system onto PC1 or
PC2, we achieve scores on PC1 and scores on PC2, respectively.
The scores are plotted over time to assess the kinetics of the
transition. Mathematically, the principal com- ponents are the
eigenvalues of the covariance matrix of the data matrix X,
where PC1 is the eigenvector with the highest eigenvalue, PC2
the eigenvector with the second highest eigen- value, etc. Xi;
contains the spectral intensities, where columns ( j ) represent
rows (i) the different
temperatures of measurement. After data transform-

ation, X;; = S;j-P;j where §;;is the score matrix and P;; contains

the probed wavenumbers and

rows of PC1 to PCj. There is an extensive body of literature
regarding PCA analysis and multivariate data analysis.343¢

As our IR spectra contain several intricately linked and cor-
related changes in peak intensities,?’>® we evaluated them in

a principal component analysis. The PCA was applied to the
spectral range of 1600 to 1700 cm™! after subtraction of alinear
baseline and vector normalization of the spectra.

Principal component analysis was performed using the prin- comp
function of MATLAB (MathWorks, Inc., USA).

Continuous wave (CW) EPR spectroscopy

CW EPR spectroscopy was used to investigate the fatty acid
binding capacity of the hydrogels.?’

CW EPR spectroscopy as a magnetic resonance technique
can be used to monitor and characterize the electronic and
molecular structures, self-assembly, and dynamics of natively
paramagnetic species and selectively introduced paramagnetic
probe molecules under different conditions.*%#! To investigate
the FA binding capacity of the serum albumin hydrogels, spin-
labeled FAs were introduced into the hydrogels. Albumin—FA
interactions can then be monitored by observing immobiliz-
ation of rotational motion upon FA binding to albumin’° and
according to changes in environmental polarity.**~** We use
spin-labeled stearic acid derivatives, which we have shown to
be bound by albumin (both HSA and BSA) in solution and
which report on the availability and chemical nature of long-
chain fatty acid binding sites.>!® The stearic acids are spin-
labeled at position 16 from the carboxylic acid headgroup,
hence called 16-DSA (16-doxyl stearic acid, free radical,
253596, ALDRICH), bearing a nitroxide doxyl group, Fig. 1C.

CW EPR spectra were recorded using a MiniScope MS400
(Magnettech, Berlin, Germany) spectrometer working at X-
band (a microwave frequency of approximately v =9.4 GHz and
a magnetic field sweep of 15 mT centered at 340 mT).

Temperatures were adjusted with a Temperature Controller HO3
(Magnettech) with an accuracy of ~0.2 °C. The exact fre-

This journal is © The Royal Society of Chemistry 2018
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quency was recorded using a frequency counter (Racal Dana
2101, Neu-Isenburg, Germany). Absorption spectra were
detected as first-derivative spectra through modulation® and the
simulations were performed using the EasySpin program
package for MATLAB, in which the Schneider—Freed model of
slow and intermediate rotational motion is implemented to solve
the Schroédinger equation for slowly tumbling nitrox- ides.*> The
final simulated spectrum is the result of a linear (weighted)
combination of three different components repre- senting
hydrophilic, hydrophobic and aggregated (micellized)

spin probes. 4346

Results & discussion

In general, hydrogels from serum albumin (HSA and BSA) are
prepared from a precursor solution of HSA or BSA dissolved in
deionized water. This precursor solution is converted into a gel
during the incubation period, in which the temperature and/or
pH of the solution as well as the incubation time are adjusted to
obtain the desired hydrogels at certain stages of equilibration.

We found that by changing the pH value of the solution to
the acidic range of 1.0 to 4.3 or the basic range of >10.6, the pH
induced hydrogels (gXSAp) form at low temperatures.
Moreover, a variety of different types of thermally induced
hydrogels (gXSAT) form at neutral pH of the precursor solution
at different incubation times # and temperatures, even at
temperatures much lower than the denaturation temperature of
the respective protein. Fig. 1 shows gXSAT hydrogels, a plot of
the crystal structures of HSA and BSA and the molecular
structure of the EPR-active FA spin probe 16-DSA used in this
study.

Viscoelastic behavior of the hydrogels

The rheological properties of protein solutions arise from
intermolecular interactions between proteins that facilitate the
formation of a cohesive continuous protein network. In visco-
elastic protein solutions as they evolve during gelation, these
noncovalent interactions include solvation, hydrophobic, van
der Waals, electrostatic and dipolar interactions (likehydrogen
bonding). The magnitude and number of these interactions as
well as the interaction pattern/distribution determine the
extent of conformational changes in the protein.*’ Fig. 2
depicts time-dependent rheological measurements of storage
and loss moduli, G' and G", respectively, during the formation
of gXSAp/T from 20 wt% precursor solutions at different temp-

eratures. In Fig. 2(A) and (B), the temperature in HSA (A) and
BSA (B) solutions at ~pH 7 was increased to 65 °C (above the
denaturation temperature). The storage modulus increases

instantaneously above the loss modulus, suggesting that gela-
tion starts immediately.

After the initially steep increase in the storage modulus curve
in the first 15 minutes (900 s), the growth continues in a much
slower manner. These results show that the storage modulus G’
increases up to 20 000 Pa for BSA and 45 000 Pa for HSA after
two hours, which are values typical of mechani- cally robust
hydrogels (when the difference between G' and G”

Biomater. Sci., 2018, 6, 478-492 | 481
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Fig. 2 Time-dependent storage (G’) and loss (G”) moduli of 20 wt% (A) HSA precursor solution at 65 °C, pH 7.2 forming gHSAT(65,7.2,t ), (B) BSA pre-
cursor solution at 65 °C, pH 7.0 forming gBSAr(65,7.0,t ), (C) HSA precursor solution at 50 °C, pH 7.2 forming gHSAT(50,7.2,t ), (D) BSA precursor solu-
tion at 50 °C, pH 7.2 forming gBSA(50,7.2,t ), (E) HSA precursor solution at 37 °C, pH 3.5 (2 M HCl used as an acid) forming gHSA(37,3.5,t ) and (F) BSA
precursor solution at 37 °C, pH 3.5 (2 M HCl used as as acid) forming gBSAp(37,3.5,t ). See Table 1 for a comparison of the G’ and G” values at different

time scales.
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is more than 10 000 Pa after 1 hour, we assume the hydrogel to
be mechanically robust). On the other hand, even longer incu-
bation times do not necessarily lead to better mechanical pro-
perties, but in contrast may impair the water-holding capacity.

As one can see in Fig. 2(A) and (B), 45 minutes for the for-
mation of gHSAT(65,7.2,45) and 2 hours for gBSAT(65,7.2,120)
are good incubation times to achieve mechanically robust
hydrogels at this temperature. In Fig. 2(C) and (D), we present the
same experiments performed at 50 °C (12 degrees lower than the
denaturation temperature of HSA and BSA). There was no sign
of hydrogel formation after two hours, which can be expected
under the assumption that gBSAT does not form at temperatures
below 62 °C.

However, on increasing the incubation time, the storage
modulus increases above the loss modulus curve, indicating (at
These
incubated hydrogels are mechanically much weaker than the

least weak) hydrogel formation. low-temperature
ones formed above the denaturation temperature 74 of the
protein. The storage modulus is two orders of magnitude
smaller than that recorded at temperatures above 74, see Fig. 2
(A—D), respectively. Moreover, the incubation time needed for
gel formation is much longer and the hydrogel properties are
strongly time dependent. Nonetheless, hydrogels with notice-
able elastic behavior can be obtained at temperatures below 7.
Additionally, as the IR results suggest, see Fig. 4, serum
albumin retains more of its native secondary structure during
the gelation process as the temperature is lower. One may envi-
sion potential application of these hydrogels e.g. for fast small
molecule (drug) release, but a study of the specific release pro-
files is outside the scope of this study.

Fig. 2(E) and (F) show the time-dependent results for
gHSAp(37,3.5,t ) and gBSAp(37,3.5,¢) formation. In both cases
the pH of the precursor solution of the hydrogel (20 wt%) was
adjusted to 3.5 by adding 2 M HCI and time-dependent
measurements of G' and G" were performed at 37 °C. When
inspecting Fig. 2(E) and (F), it appears that in these cases the
deviation of G' from G" commences considerably faster than for
gHSA1(50,7.2,¢) and gBSAT(50,7.2,¢), namely at times below
one hour. This is still not as fast as in the case of gHSAT(65,7.2,¢
) and gBSAT(65,7.2,t ), though. Note that the exact time
dependence is only valid for specified parameters
e.g. the chosen frequency of w (see Fig. S17).

For probing the tertiary structure changes in the proteins
constituting the hydrogels in an indirect and a “coarse grained
manner’, we use our EPR-based platform for studying the
capacity to bind long-chain fatty acids.>° Hence, we first exam-
ined how addition of fatty acids affects the gelation kinetics and
the viscoelastic behavior of the hydrogels. It has been reported
that SDS (Sodium Dodecyl Sulfate)?® and long-chain fatty
acids®® increase the thermal stability of BSA and HSA in
solution, respectively.

To analyze the potential effects of stearic acid (SA) on albumin
gelation we repeated the gHSAT and gBSAT formation
experiments in the presence of SAs at both 50 °C and 65 °C (HSA,
BSA) during the formation of gXSAT and also at 37 °C for BSA.
The results (see the ESIT) reveal that SAs lead to a

This journal is © The Royal Society of Chemistry 2018
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delayed onset of the gelation process and weaken the mechani- cal
properties of the gels. Depending on the method of prepa- ration
and how the FAs are added to the solutions (see the EPR result part
and the ESIt) gel formation is obstructed comple- tely at certain
molar ratios of albumin : FAs. It should be noted that 16-DSA and
SA are EPR-spectroscopically shown to be interchangeable in their
binding to HSA and BSA.>¢

TEM images

With TEM, we can describe the morphological differences of

albumin hydrogels prepared with different methods down to the
scale of ~10 nm. Fig. 3 illustrates that in temperature- induced
gXSAr formation, protein fibrillation occurs more

readily, even at 50 °C (Fig. 3(C)), compared to the pH-induced
method, Fig. 3(D). On the other hand, TEM images, alongside
other methods, reveal that protein aggregation is highly con-
centration dependent. To obtain TEM results, we had to dilute
the precursor solution to 1 wt%, which is below the minimum
concentration required for gel formation. Hence, the results can
only give indications about the potential gelation pro- cesses
taking place at higher precursor solution concentration (20
wt%). At very low concentration, very few protein fibrils are
detected. Fig. 3(A) show the 1 wt% HSA solution and (B)
0.3 wt% HSA solution, incubated for 2 hours at 65 °C. While in
(A) many smaller fibers in the length range of a few tens of
nanometers are observable, in (B) fewer but longer and thicker
fibers can be detected. This difference became more promi- nent
when we lowered the temperature or when pH-induced gels and
precursor solutions were used. In (C) and (D) it seems

Fig. 3 TEM micrograph obtained from (A) 1 wt% HSA solution at neutral
pH, incubated for 2 hours at 65 °C (B) 0.3 wt% HSA solution at neutral
pH, incubated for 2 hours at 65 °C, (C) 1 wt% HSA solution at neutral pH,
incubated for 24 hours at 50 °C and (D) 1 wt% HSA solution at pH 3.5
using 2 M HCI, incubated for 12 hours at 37 °C.
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that a complex geometry of protein molecules is formed more
than individual detectable fibers. However, some fibers (see
the arrows in the TEM images) can also be spotted; these
fibers are smaller in length and lower in abundance in com-
parison with (A). Due to the locally high concentration of
protein in the samples used in TEM measurements, these
results are helpful to obtain a deeper understanding of the
results obtained by rheometry where the gXSAT(65,7,¢) shows
stronger mechanical properties and has a lower minimum con-
centration threshold for gel formation. At the same time, TEM
results show thatin gXSAT(65,7,¢) fibers are longer and easier
to detect. This correlation becomes clearer in the IR part.

In Fig. 3A, C and D, the average fiber diameter is 5 nm,
whereas in B, fiber diameters of 5 and 10 nm were measured.
The larger diameter is most probably due to aggregation of
individual fibers.

The length of the fibers could not be determined since the
flexible fibers are strongly intertwined so that the fiber ends
could not be detected.

Secondary structure changes of serum albumin during
gelation

According to its crystal structure, BSA contains 67% Q-helices
next to 10% B-turn and 23% extended chain configuration
without any (B-sheets. It is well known that changes in tempera-
ture, pH, ionic strength and other physical and chemical factors
affect the secondary structure content.!?'’! To study the
changes in the secondary structure of the proteins, we per-
formed time-dependent ATR-IR measurements during the
gelation process (the hydrogels were formed on the ATR crystal
of the spectrometer). As is known, hydrogel formation pro-
ceeds through the formation of B-sheets, which can include
fibrillar morphologies as seen in TEM from our low concen-
tration solutions.**>3 The bands at 1618 and 1684 cm™! are
attributed to the formation of intermolecular, hydrogen-
bonded B-sheet structures that lead to protein aggregation or gel
formation.>> As shown in Fig. 4, these bands increase during
gelation in all cases, for gXSA, as well as gXSAT for- mation,
at temperatures above or below the denaturation temperature.
The B-sheet forms at the cost of native a-helical structure,
suggesting that the intramolecular hydrogen bonds involved in
a-helix formation become available for inter- molecular H-
bonding, leading to three-dimensional network formation of the
hydrogels. Hence, hydrogel formation and the accompanying
secondary structure changes can be quanti- fied through the
ratio of a-helical to B-sheet content as reflected in the intensities
of both bands (/(a-helix)/I(3-sheet)).

The general trend shows a decrease in a-helix content while
a new beta-sheet structure forms. However, the a-helix/B-sheet
ratio is different in each case, which can now be used to more
quantitatively correlate the structural evolution with the differ-
ences in hydrogel properties prepared by the various methods
described above. Fig. 4(A) and (B) shows the IR spectra of the
gelation processes of gHSAT and gBSAT at 65 °C, respectively.
When we compare these spectra with the respective spectra
obtained at a gelation temperature of 50 °C (Fig. 4(C) and (D)),
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we see that the a-helix/B-sheet ratio is much higher for the latter
(see the PCA evaluation part, Fig. 5 and the ESI, Fig. S3— S67).
This is an indication that the proteins experience notably less
structural change during hydrogel formation when the
temperature is below the denaturation temperature. Moreover,
there is a dead time of ~2 minutes before T-equilibration is
reached in the ATR-IR spectrometer. This is a critical time for
gel formation in the case of gHSAT and gBSAT at 65 °C (see
Fig. 2); hence, the first and potentially strongest decrease in the
amount of a-helix content is hard to detect at this tempera- ture.
By comparing these results with those for the gelation of gHSA,
and gBSAp, shown in Fig. 4(E) and (F) alongside the
rheological results, we can state the relations between the [3-
sheet/a-helix ratio, gelation kinetics and mechanical pro-
perties, as listed in Table 2. For detailed information see the
Discussion and the ESIL.T

PCA evaluation

Fig. 5 shows the PC1 scores and the respective IR spectra for
(a) gBSAT(50,7) and (b) gBSAp(37,3.5). In all cases (see also
Fig. S3—S67), more than 98% of changes can be comprised in
one component (PC1), i.e. are strongly correlated. This princi-
pal component (red traces in Fig. 5C and D) describes adecrease
in a-helical and random structure content and a con- comitant
increase in intermolecular 3-sheet und turn content. However,
PC1 is not identical for the different gels formed under different
conditions. This indicates that the difference
changes the gelation mechanism to some extent. In
gBSAT(50,7) and in general the temperature-induced samples,
hydrogel networks form by the formation of inter- molecular 3-
sheets at the cost of a reduction of a-helices (see Fig. S3—S57).
In the pH induced hydrogel formation

gXSAp(37,3.5), see also Fig. S6,1 PC1 is broader in the wave-
number region of 1640—1660 cm~' than temperature induced
ones. We speculate that this alteration can be explained since,

in gXSAp(37,3.5), intermolecular B-sheets not only form by
reduction of a-helix, but also by reduction of random coils, and
this is why more a-helix content is preserved in the pH induced
gelation mechanism.

in ionic strength

To compare the kinetics of gelation at the molecular level
with macroscopic results (see the Rheological characterization
part), the PC1 scores vs. time are best fitted through a double
exponential equation (1), revealing underlying fast and slow
processes. The resulting time constants are summarized in Table
3. We can deduce that in all gelation mechanisms the majority
of the changes at the molecular level occur during the fast
process. This is decisively different from what one notices
macroscopically by rheological measurements, especially in the
case of gXSAT(50,7) and gXSAp(37,3.5), where there is a lag
time before the transformation from a protein solution into a
protein gel is observable. ATR-IR measurements show that in
this lag time already secondary structure transitions occur.
Precursor structures for the full gel state, such as XSA oligo-
mers, might be formed in this faster process. After the onset
of gelation, the secondary structure changes persist, but are

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Time-dependent ATR-IR measurements of 20 wt% (A) HSA precursor solution at 65 °C, pH 7.2 forming gHSAT(65,7.2,t ), (B) BSA precursor solution
at 65 °C, pH 7.0 forming gBSAT(65,7.0,t ), (C) HSA precursor solution at 50 °C, pH 7.2 forming gHSAT(50,7.2,t ), (D) BSA precursor solution at 50 °C, pH
7.2 forming gBSAT(50,7.2,t ), (E) HSA precursor solution at 37 °C, pH 3.5 (2 M HCI used as an acid) forming gHSA(37,3.5,t ) and (F) BSA pre- cursor
solution at 37 °C, pH 3.5 (2 M HCI used as an acid) forming gBSA(37,3.5,t ). Band attributions are according to Clark et al.5?

slowed down (second time constant), probably due to hindered

diffusion within the gel.
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The time constants in Table 3 show the same trend as we
observed in rheological characterization (see Table 2), i.e. both
processes are faster at higher temperatures. However, these time
constants are not characteristic numbers of the system, since they
depend on the incubation time changes (in gBSAp(37,3.5,¢)).
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Fig. 5 (A) Diagram of PC1 scores against time for gBSA1(50,7,t ). (B) The time-dependent IR spectra of gBSAT(50,7,t ) (white to black) and the loading of
PC1 in red. (C) Diagram of PC1 scores against time for gBSAy(37,3.5,t ). (D) The time-dependent IR spectra of gBSA,(37,3.5,t ) (white to black) and the
loading of PC1 in red. The double and single exponential functions were fitted to PC1 scores vs. time. The obtained time constants are shown in Table 3.

Table 1 Comparison between G’ and G” values at different time scales in various gelation mechanisms of Fig. 2

15 min 60 min 120 min

Type Temperature [°C] pH Fig. 2 G' [Pa] G" [Pa] G' [Pa] G" [Pa] G' [Pa] G" [Pa]
gHSAT 65 7 A 11 500 1220 27 300 2580 45900 3980
¢BSAT 65 7 B 12 000 715 16 300 309 19 500 568
gHSAT 50 7 C 0.00368 0.0492 0.00797 0.00328 0.0898 0.175
¢BSAT 50 7 D 0.024 0.00865 0.0791 0.0619 34.7 7.62
gHSAp 37 3.5 E 1.74 1.03 141 46 742 130
¢BSAp 37 3.5 F 123 46.8 3700 374 7160 479

Table 2 Relations between B-sheet/a-helix ratio, gelation kinetics and

mechanical properties

B-Sheet/a-helix ratio

Gelation kinetics (from left to right: the incubation time needed

shortens)

Mechanical properties (from left to right: the storage modulus

increases)
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gXSAT(50,7,t ) < gXSAn(37,3.5,t ) < gXSA(65,7,t )
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To unravel similarities and differences between pH and
temperature induced gelation processes we performed a
simul- taneous PCA on all three BSA as well as on all three
HSA data- sets. In Fig. 6 we present the results of the gBSA
analysis (for the gHSA analysis see Fig. S81). Scores on
PC2 are plotted against scores on PC1. Remarkably, we
observe that in gXSAt — regardless of the incubation
temperature — PC2 is negligible. The gelation apparently
follows the same mechanism at both

486 | Biomater. Sci., 2018, 6, 478-492
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Table 3 Time constants (in minutes) of double exponential fitted curves on PC1 scores vs. time (Fig. 5)

HSA BSA
gHSA(65,7) gHSA1(50,7) gHSA,(37.3.5) gBSA(65,7) gBSA(50,7) gBSA,(37.3.5)
1 59 45 18 6 32 35
t 126 251 163 182 192 312
= gBSA (50,7.0,360) binding process and the bound states can be analyzed (see, e.g.,
0064 o gBSA. (65.7.0,360) ._.-" 720 Akdogan et al.'® and Reichenwallner ez al.’). BSA and HSA in
= gBSA (37,3.5,720) '300 their native isoform have also been found to feature 7 + 1 long-
0.04 - o chain fatty acid binding sites. In our experiments on the
B i - p hydrogels and the gelation process, introducing amphiphilic
™ 002 S 50 : spin-labeled FAs that are amenable to EPR spectroscopy is not
& " 25 E as straightforward as for low-concentration solutions. We have
S - ol § tested the dynamics of the FAs for all three methods intro-
5, B0 0 POIT NSk atsdtason Sagregttion duced in the Materials and Methods part for loading FAs into
&5 .320 the hydrogel. Our results show that there are strong FA binding
-0.0249 0 Lun— . 0 50 360 sites available inside the hydrogels, with certain differ-
. - ences in the final number of bound FAs. In the following, we
-0.04 ; ; . describe EPR-spectroscopic results gained from the different
-0.10 -0.05 0.00 0.05 0.10

PC1 (77.1 %)

Fig. 6 Diagram of PC1 against PC2 scores during the gelation process
of BSA. Blue squares depict the process of gBSA,(37,3.5,720). The green
and red squares depict the gBSA7(50,7,360) and gBSAT(65,7,360),
respectively. All preparations were done on the ATR crystal. The PC2
component becomes relevant only for gBSA,, where the pH was lowered
to 3.5 by using 2 MHCI.

the investigated temperatures; however, the extent of the struc-
tural change described by PC1 is much higher at higher temp-
eratures, as can be concluded from the higher scores on PC1.
Interestingly, also gXSAp reaches comparably high scores on
PC1, even though the gelation is performed at low tempera-
tures. In addition, PC2 plays a significant role (22% of total
variance) in gXSA,, i.e. it describes the differences in the gela-
tion processes at neutral and acidic pH values. The main
difference depicted by PC2 is a different content in B-turn
structures, which is lower the higher the scores on PC2. This
would imply a higher content in parallel B-sheets and un-

ordered structures in the gels formed at low pH value.
The pH value not only has an independent role in the gela-

tion process, but also it is an auxiliary factor for the role which
temperature plays in the process; although the gXSA, is being
prepared at 37 °C the step changes of PC1 are far larger in
gXSAT prepared at 50 °C.

Fatty acid binding capacity of the hydrogels

The FA binding capacity of HSA and BSA in solution, including
the dynamics of the bound Fas and also their distribution are

known 5,54,55

This journal is © The Royal Society of Chemistry 2018

methods of FA addition. Please note that the driving force for
FA-binding to protein binding sites is the fact that the amphi-
philic 16-DSA molecules partition between the more nonpolar/
hydrophobic binding pockets and the surrounding aqueous
solution with a strong preference for the protein-based pockets
when available.

In Fig. 7(A) the spectra of our spin-probe FA, 16-DSA, dis-
solved in PBS buffer solution at 5 °C and 37 °C are shown; as
expected the spectra reflect the freely tumbling FAs without
protein. Fig. 7(B) and (C) show the spectral signatures of the
individual 16-DSA fractions that contribute to the overall EPR
spectrum. Spectra of the spin probes in polar/hydrophilic
environments, in hydrophobic environments, and in micelles
are shown in Fig. 7(B), while the spectra that show freely tum-
bling and strongly immobilized spin probes in FA binding sites
of albumin are shown in Fig. 7(C). For a quantitative com-
parison, the simple rotational correlation time Tc (the rotational
correlation time is the average time it takes for a spin probe to
rotate by one radian; in other words the time scale of individual

stochastic fluctuations, which is calculated
from the simulation parameter diffusion tensor D (rotational

bt

D,,D,, *)), can be used to charac-

correlation time Te V41 8Dy

6

From CW EPR measurements, the long chain FA binding can be

monitored quantitatively and even subtleties of the
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terize the rotational reorientation, as shown in Table 4. Fig.
7 (D-F) display the spectra of 16-DSA that was introduced
into the hydrogels through method (I). The results of (E)
and (F) are comparable with the rheological
characterization and IR spectra, as gHSAT(65,7) shows
higher elasticity and a mechani- cally more robust gel; the
FAs are also immobilized more strongly than in
gBSAT(65,7); on the other hand, although there is no sign
of freely tumbling FAs in gHSAT(65,7); less than 1% of
FAs in gBSAT(65,7) are apparently unbound. This can be
due to two reasons: smaller changes in the secondary
structure of HSA during gelation (see the IR results) and/or
the possibility that the hydrophobic regions of HSA are
more

This journal is © The Royal Society of Chemistry 2018
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Table 4 Parameters of EPR spectra of Fig. 7
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Fig. 7 (A) CW EPR spectra of 16-DSA in buffer solution at 5°C and 37
°C are shown. As shown in ref. 5, the spectra are indicative of freely tumbling
and micellized 16-DSA. (B) Simulated components of which the EPR
spectra are composed. (C) Signatures of different regions of EPR spectrum
for 16-DSA. (D) gBSAp(37,3.5,t ) hydrogels at a 2 : 1 16-DSA : BSA molar
ratio (method (1)). (E) gHSA1(65,7.2,t ) hydrogels at a 2 : 1 16-DSA : HSA
molar ratio prepared using method (1). (F) gBSAT(65,7.2,t ) hydrogels at a 2
11 16-DSA : BSA molar ratio prepared using method (1). (G) gBSAT(65,7.0,t
) prepared once after addition of 16-DSA due to method (2), FA : albumin
molar ratios of 7 : 1 (F) gBSAT(65,7.0,t ) prepared after letting the added
16-DSA be mixed with the precursor solution for 3 days due to method
(2), FA: albumin

molar ratios of 7 : 1. (1) gBSAT(65,7.0,t ) and gHSAT(65,7.0,t ) hydrogels at
high FA:albumin molar ratios of 7:1 and 12:1 (method (2)).

(J) gBSAT(65,7.0,t ) prepared by method (3) where the 16-DSA solution is
poured on the hydrogels prepared without 16-DSA, FA : albumin molar ratios
of 1: 1. The spectra were measured at 37 °C.
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Correlation Hypertfine splitting

Figure Fraction time T, (ns) constant a (MHz)
D 93.6% 6.1 46.1

6.4% 1.7 46.9
E 100% 8.9 45
F 99.3% 8.6 45.8

0.7% 0.24 46.1
G 59.8% 4.5 44

40% 14 45

0.2% 0.17 45.8
H 100% 8.7 45.5
] 66.8% 11.9 45

32% 4.9 42.8

1.2% 0.17 46

easily reachable for FAs, as HSA is significantly more hydro-
phobic than BSA, indicated in the cumulative hydropathy
index.'® Fig. 7(G) and (H) both show gBSAT(65,7)at 7 : 1 16-
DSA : BSA ratio where the gels are prepared by method (II), and
present the importance of mixing time. In Fig. 7(G), after
introducing 16-DSA into the gel, the vials were put into the
thermomixer for gel preparation; Fig. 7(H) shows the spectrum
of 16-DSA in the hydrogel, in which the 16-DSA powder was
simply added to the precursor solution, then shaken for 3 days
and subsequently incubated in the thermomixer. Remarkably, it
shows that almost 60% of 16-DSA shows intermediate
rotational motion and only 40% are strongly bound to protein
(immobilized). When the solution and FAs are mixed long
enough all the FAs are bound to the BSA/HSA. In method (2),
which gave the largest amount of immobilized 16-DSA mole-
cules, as quantified from rigorous spectral simulations, the most
striking finding spectroscopically is that regardless of the 16-
DSA : albumin ratio, the spin-labeled FAs are all either strongly
immobilized or at least intermediately immobilized (after a long
enough mixing time), there is no sign of freely tumbling or
micellized 16-DSA molecules. Both, the strongly and
intermediately immobilized FAs, are spectral components that
can be observed when studying FA-binding to BSA (or HSA)
in low-concentration protein solutions. The strong rotational
immobilization in BSA usually takes place in FA binding sites
that can be found at the interfaces of a-helices.>'%5¢ The
intermediate-bound state(s), on the other hand, indicate more
rotational freedom, which could stem from more transient
attachment to BSA in water-swollen regions of the protein gels
and that we could, e.g., also identify in [B-sheet structure
forming elastin-like polypeptides.**37 Finally, Fig. 7(J) shows
the spectrum of gBSAT(65,7) in which 16-DSA added
into the gels through method (III).

Apparently, the 16-DSA molecules diffuse into the hydrogel and

are

almost 67% of them are bound to protein-based binding sites
and 32% form micelles (almost 1% are not bound and rotate
freely). In addition, the value of the isotropic '*N-hyper- fine
coupling of a nitroxide spectrum aiso is indicative of the local
polarity around the NO-group. High polarities lead to larger
hyperfine coupling, while less polar environments shift

This journal is © The Royal Society of Chemistry 2018
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aiso to lower values.*3-78 All these quantitative results gained
from rigorous simulation of the spectra are shown in Table 4.
The preliminary results of EPR tests on the hydrogels using
other spin-probes, namely TEMPO (214000 ALDRICH) and 4-
hydroxy TEMPO benzoate (371343 ALDRICH), and their
potential effect on the mechanical properties of the hydrogels
are available in the ESI.t

The EPR spectra thus also contain information comparable
to those from ATR-IR experiments and rheological characteriz-
ation, with the additional advantage of delivering these insights
from a tracer molecule point of view and reflecting their
interaction with the gel scaffolds. This might be of inter- est and
direct use for applications in drug release.

A more detailed description of all these results, the specific
conditions for each item, the role of time and mixing, the com-
parison between the spectra in solution and hydrogel state, and
the diffusion of FAs into the hydrogels as observed in the FA
addition method (3) are available in the ESI.1

Protein gelation as a process can be described as a phenom-
enon of protein aggregation in which the attractive and repul-
sive forces and the interactions between the polymer ( protein)
and the solvent, itself, and co-solutes are balanced so that a
three-dimensional network or matrix forms. This matrix is able
to trap or immobilize a large amount of solvent (water).>

Since intermolecular contacts are pivotal for protein gela-
tion, it is concentration dependent. There is a critical concen-
tration for most globular proteins below which a gel network
cannot form. This critical concentration is known as the least
concentration endpoint (LCE).*° It also includes differences in
molecular properties such as net charge, molecular size, con-
formation and the number density of functional groups avail-
able for cross-linking and hence is protein-specific. Moreover,
several extrinsic factors such as pH, ionic strength, incubation
time, and temperature affect this value.

We have shown that thermally induced albumin hydrogels
form at temperatures considerably below the denaturation
temperature of serum albumin even at neutral pH values. In Fig.
8, we now summarize the combined macroscopic and
nanoscopic insights gained into the gHSAT and gBSAT systems
in approximated phase diagrams at different precursor solu- tion
concentrations and gHS A, and gBSA, phase diagrams ata fixed
concentration, i.e. 20 wt% (3 mM) and different pH values and
incubation times. These diagrams reflect the pro- perties at a
specific incubation time, which as described above is an
important parameter in the parameter space of albumin gelation,
of ti = 48 hours. If the incubation time of these temp- erature-
triggered gelation processes is varied, it can affect the shape of
the phase diagrams drastically. Different types of gels shown in
Fig. 8 are labeled according to their gelation kinetics and
viscoelastic properties. In our categorization, gel type I
represents gels that need several hours for formation and that
have a G' <1000 [Pa] even after 5 hours. Gel type II denotes the
type of gel formed fast (in less than one hour) but with weak
mechanical properties.

Gel type III has very strong mechanical properties and gela-
tion happens very fast and their G’ surpass 10 000 Pa after

This journal is © The Royal Society of Chemistry 2018
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1 hour. The rheological characterization (Fig. 2) suggests that
gelation kinetics are dependent on both, temperature and pH
value. We observe that in gXSAp(37,3.5,120) the gelation starts
earlier than in gXSAT(50,7.0,120), despite the lower tempera-
ture and that it has a much higher storage modulus after the
respective time periods. The PCA analysis of the FTIR spectra
shows that at the molecular level we can observe the same trend,
namely, the rate of change in the secondary structure of the
protein follows the same trend as what we see at the
macroscopic level (see Fig. 5, Fig. S3—S7 in the ESIT); however,
in all cases the changes at the molecular level happen with a
steep slope in the beginning of the gelation process and,
depending on the preparation method, these changes become
observable at the macroscopic level. One can even describe this
as a two-stage process, with early fast formation of gel- point
contacts (e.g. beta-sheet, or hydrophobic contacts, always from
a highly concentrated solution) that have yet little effect

on the mechanical, macroscopic properties. The contact for-
mation slows down considerably in the second stage, when the
solution has already turned considerably viscous, which slows
down the new contact formation in the highly water-swollen
sample. Further investigation provided a detailed view on how
the pH value affects the gelation process of serum albumin.
Interestingly, in the low-pH region of the gXSA, diagrams in
Fig. 8(C) and (D) we find a very delicate connection between
the incubation time and the minimum temperatures needed to
obtain gels. Moreover, pH 4.3 (acidic hydrogels forms below pH
4.3) is the pH value below which an abrupt transition
between the so-called N form and F form of albumin
occurs.®®°! This can thus be seen as the first step of protein
denaturation that is necessary to form the electrostatically
derived gels. The gels created at high pH-values ( pH > 10.6)
are not further investigated for their specific gelation kinetics
and will be reported in a subsequent publication.

Considering the process of protein aggregation which leads
to gel formation we can define a model process that involves an
XSA transition state that is subsequently only then con- verted
into intermolecular B-sheets when a concentration threshold is
surpassed. Simplified, the gelation process of serum albumin
can be seen as:

a-helix ¥ ] ! intermolecular B-sheet

In this two stage scheme according to PCA analysis and IR
results, the changes at the molecular level happen faster in the
beginning of the gelation process (these changes are not obser-
vable macroscopically) until an intermediate state forms. Then
on increasing the incubation time this intermediate state — by
some local network formation — transforms into the gel state
and from this stage on, we can observe hydrogel formation at
the macroscopic level (see the Rheological characterization
part).

To further substantiate this postulated process, weused a 5
wt% (0.75 mM) HSA/BSA precursor solution (below the LCE) to
repeat all the IR-based experiments described above. Despite
an, also in this case, observable reduction in a-helical content,
there is no sign of intermolecular B-sheet formation.

Biomater. Sci., 2018, 6, 478-492 | 489
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Fig. 8 (A) Phase diagram for human serum albumin-based gels after 48 hours based on different concentrations and temperatures. (B) Phase
diagram for bovine serum albumin-based gels after 48 hours based on different concentrations and temperatures. These phase diagrams are valid
only for the time scale of 48 hours. Changing this time may affect the shape of these phase diagrams. (C) Phase diagram for 20 wt% HSA solution at
different pH values and incubation times. 2 h means that for gel formation after a maximum of 2 hours the gels form (according to the temperature
and pH value), and the same applies for 6 hours and 24 hours showing the maximum time needed for obtaining hydrogels. Gels at high pH values
(pH > 10.6) form in less than 2 hours at RT. (D) The same phase diagram for 20 wt% BSA solution.

The IR results back the speculation that the incubation
time can affect the properties of the hydrogels in a non-trivial
fashion. In Fig. 4(A) we observe that after two hours the trend
of B-sheet formation atthe cost of a-helix reductionisreversed;
namely, the B-sheet content is reduced and a new structure
(whether a-helix or random coil cannot be distinguished at
ease) forms. This is even observable at the macroscopic level,
in which the hydrogel structure is damaged in such a way that
its water-holding capacity is diminished, see Fig. 2(A), and
after almost 80 minutes there is a jump in the storage
modulus, which is attributable to the loss of water and an
increase in the protein concentration.

The TEM micrographs of the ( produced from diluted pre-
cursor solutions) gel-state samples also support the idea that at
the molecular level, B-sheet formation leads to fibrillar mor-
phologies, as is well known from amyloid-forming proteins.
pH-Induced gels show much smaller and less fibrillar struc-
tures that are rather reminiscent of larger networks.

490 | Biomater. Sci., 2018, 6, 478-492

From a thermodynamics point of view, there is an entropy
gain during gel formation. The unfolding and rearrangement of
the proteins from intra- to intermolecular interfaces is an
entropy-driven process, in which the transfer of the nonpolar
residues from the aqueous phase to the non-aqueous phase and
the consequent release of water molecules from the hydration
shells of these groups increase the overall entropy.*

This process is affected by the intramolecular constraints and
extensive segment—segment interactions in the folded state and
particularly by covalent linkages such as the eight perti- nent
disulfide bonds in both BSA and HSA.®? In low-concen- tration
solutions, one would summarize the conformational changes
that happen even at human body- or room tempera-

ture under protein degradation — it is apparent that above a
certain concentration threshold of the serum albumin solu- tion,
the equilibrium during the degradation is shifted to protein
aggregation and/or gel formation, which can therefore take
place at low temperatures, e.g. 37 °C when the gelation

This journal is © The Royal Society of Chemistry 2018
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incubation time increases, to e.g. 72 hours. Other factors like
the pH value are auxiliary to this process, and may affect the
gelation kinetics, LCE, etc.

The investigation of the FA binding capacity of the hydro-
gels shows that the FAs are bound inside the hydrogels.
Depending on the method one uses to introduce the FAs into
the hydrogels (see Fig. 7) the amount of FAs that can be bound
by the hydrogels and also the strength of the binding sites differ.
In method (2) in which the solid powder 16-DSA is added
directly to the precursor solution, the largest amount of FAs is
trapped inside the hydrogels. When one dissolves the FAs into
the KOH and then adds this solution to the precursor
solution of the hydrogel, at high albumin : FA ratios, first ofall
the overall concentration of the protein decreases, leading to
mechanically weaker hydrogels until no hydrogels form at all.
As described above, besides the 16-DSA molecules that are
strongly immobilized, the intermediately immobilized FAs with
more residual rotational mobility in the hydrogels are indicative
of water-swollen nanoscopic regions, as evidenced by the
higher aiso values. The mesh size of the hydrogels and the
nanoscopic water pools also play an important role. In method
(2) we observe that the FAs do not form micellar aggre- gates
when the mixing time is sufficient (see Fig. 7(G, H, 1)),
which indicates that the FAs are homogenously spread all over
the gel and there is just a few of them in each hydrophilic part.
That is the reason why method (2) gives the possibility of
loading even more than 7 FAs per protein in the hydrogels,
information that again in the light of potential uses in con-
trolled drug release is of high interest.

Conclusions

We have presented different synthetic methods for the prepa-
ration of HSA (for the first time) and BSA hydrogels and
characterized and correlated their macroscopic and nano-
scopic features. Our results considerably expand the range of
thermally induced albumin hydrogels. We have shown that
hydrogels can be formed at incubation temperatures signifi-
cantly below the denaturation temperature of the protein. The
critical role of the gelation incubation time in protein aggrega-
tion and gelation phenomena is discussed explicitly and the
phase spaces of thermally induced and electrostatically trig-
gered gels are explored in phase diagrams for HSA and BSA,
based on temperature, concentration, pH and time.

Additionally, we were able to provide more details building
on the pioneering work of Baler et al.?? on electrostatically trig-
gered BSA hydrogels and their gelation mechanism. Changing
the charge distribution on the BSA by changing the pH causes
partial denaturation of the protein. Newly exposed hydro-
phobic areas and the presence of counter-ions facilitate the
hydrogel formation of BSA at low temperature. We showed that
the pH range is significantly broader than what is suggested and
extended this research to HSA. The preliminary results of our
experiments also suggest that the counter-ion not only affects
the minimum protein concentration required for gela-
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tion, but also affects the stability of the hydrogels, gelation
kinetics, mechanical properties and, notably, the fatty acid (FA)
binding capacity of the gels. On the other hand, regard- less of
the acids or bases used to change the pH of the protein solution,
the pH range in which electrostatically induced hydrogels can,
in principle, be formed is bound to below pH

4.3 and above pH 10.6.

Rheological characterization, a study of secondary structure
changes of proteins during gelation via ATR-IR spectroscopy
and an investigation of the FA binding capacity of the hydro-
gels by CW EPR spectroscopy together indicate a two-stage
gelation process of hydrogel formation from this family of
abundant biomacromolecules. We hope that this initial study,
which connects the nanoscopic properties with the macro-
scopic features of the hydrogels leading to phase diagrams, will
pave the way also for their exploration in applications such as
controlled release of (bio-)molecules.
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Abstract: Serum albumin has shown great potential in the development of new biomaterials for
drug delivery systems. Different methods have been proposed to synthesis hydrogels out of serum
albumin. It has been observed that ethanol can also act as a trigger for serum albumin
denaturation and subsequent gelation. In this study, we focus on basic mechanisms of the albumin
gelation process at 37 °C when using the chemical denaturant ethanol. The temperature of 37 °C
was chosen to resemble human body temperature, and as under physiological conditions, albumin
is in a non-denatured N conformation. As established in our previous publication for the triggers of
pH and temperature (and time), we here explore the conformational and physical properties space
of albumin hydrogels when they are ethanol-induced and show that the use of ethanol can be
advisable for certain gel properties on the nanoscopic and macroscopic scale. To this end, we
combine spectroscopic and mechanically (rheology) based data for characterizing the gels. We also
study the gels binding capacities for fatty acids with electron paramagnetic resonance (EPR)
spectroscopy, which implies observing the effects of bound stearic acids on gelation. Ethanol
reduces the fraction of the strongly bound FAs in bovine serum albumin (BSA) hydrogels up to 52%
and induces BSA hydrogels with a maximum storage modulus of 5000 Pa. The loosely bound FAs in
ethanol-based hydrogels, besides their relatively weak mechanical properties, introduce interesting
new materials for fast drug delivery systems and beyond. Keywords: serum albumin; hydrogels;
drug delivery; materials science; protein denaturation

1. Introduction

Serumalbuministhemostabundantproteininvertebratebloodplasmawithtypicalconcentrations of 35—
45 mg/mL (0.53-0.68 mM) [1]. It is essential for the oncotic pressure and serves as carrier for many
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hydrophobic substances in the blood plasma [1]. It has the molar mass of approximately 66.000 Da
[2]) and consists on average of 585 amino acids [3]. Due to its availability at high purity and relatively
low price, serum albumin is used for many physicochemical and biochemical studies [3,4]. Human
serum albumin (HSA) is mainly used for medical, metabolism and genetic research [3]. Bovine serum
albumin (BSA) shares 75.52% of its primary structure with HSA [3]. It is used as a model protein for
in vitro tasks [3]. In a previous study, we have shown that HSA and BSA both display a complex and
rich phase behavior that includes very interesting methods pioneered by Baler et al. of achieving
protein hydrogels based on thermal denaturation or triggering electrostatic interaction networks
through changes in pH [5,6].

Serum albumin has shown promising properties to develop new biomaterials for drug delivery
systems [5]. Through thermal or chemical methods and at the cost of loss of native a-helices in the
structure, there is a potential to form intermolecular B-sheets leading to a cage-like structure in
which

Molecules 2020, 25, 1927; doi:10.3390/molecules25081927 www.mdpi.com/journal/molecules

water or other molecules can be trapped [6]. The goal is to synthesize gels with high stability and
biocompatibility, and the luxury of being able to tailor the properties based on certain requirements.

In our previous work [6], the properties of bovine, and for the first time human, serum albumin
(BSA and HSA, respectively) gels generated through tuning of pH or temperature as established by
Baler et al. [5] have been extensively studied. The incubation time of the gels has been introduced
as an excellent parameter for fine-tuning of gel properties and the data were summarized in phase
diagrams [6]. Starting from this point, in preliminary tests, gel formation has been observed in a
mixture

with a wide variety of different BSA and ethanol concentrations after an incubation time of 16 h at
37 °C. To understand the properties of these hydrogels and their differences compared to hydrogels
made based on other methods (pH- and temperature-induced), different aspects have been
systematically investigated, namely (i) at which concentrations of bovine serum albumin and ethanol
hydrogels form, (ii) how these different concentrations affect the mechanical stability of the gels,
(iii) what molecular structure changes are observable depending on time, (iv) how stearic acids
affect the gelation process, and (v) how the fatty acid (FA) binding capacity of the hydrogels
changes. Fatty acids are chosen as there are seven FA binding sites in albumin that are known to
stabilize the tertiary structure of individual albumin proteins [7,8].

To achieve this, the rheological properties during the gelation process are measured, the
changes in secondary structure are characterized using their IR-spectroscopic signatures, and a
nanoscopic view on the fatty acid (FA) binding capacity of albumin hydrogels by means of electron
paramagnetic resonance (EPR) spectroscopy, both of which have been established before [6].

2. Results

The gelation experiments have been performed in several experimental setups, generally in a
thermomixer (under shaking, see Materials and Methods). Gel formation has then also been studied
in the rheometer for rheological experiments, in the IR spectrometer (ATR setup), and the EPR
spectrometer during the respective spectroscopic measurements.
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2.1. General Gelation Properties

As shown in Figure 1, a wide variety of the different BSA and ethanol concentrations displays a
complex phase diagram after an incubation time of 16 h at a temperature of 37 °C. All gelation
experiments were performed at a neutral pH (approximately 7.2), allowing an overall mild
environment. This comes at the cost of mechanical stability and binding capacity compared to the
other methods, putting more chemical or thermal stress on the protein solutions [6].

Figure 1 illustrates the property (ethanol mole fraction versus BSA mole fraction) space of samples
prepared at 37 °C after an incubation time of 16 h. The mole fractions were used to remove the
effect of volume dilution that would have to be taken into account for the concentrations. As
mentioned above, there also seems to be a minimum amount of BSA needed for the gelation. Below
this concentration (1.07 mM), the proteins cannot form enough cross-links to build a gel, potentially
because of low probabilities for intermolecular secondary structure (B-sheet) formation. The
absolute values (without ethanol) for gel formation have been extensively studied in a previous
publication [6] to find the absolute minimum with ethanol; more experiments are needed and are
beyond the scope of this study. Another interesting phenomenon can be observed by the addition of
high amounts of ethanol. At molar fractions between 0.3 and 0.35 of ethanol, the obtained gels
show a high turbidity. After adding more ethanol, only a turbid liquid is obtained. Nevertheless,
above a molar fraction of 0.49, turbid gels can be observed again. The turbidity reflects the
inhomogeneity of the gel structure.

Phase Diagram of BSA:EtOH at 37°C (16h), pH 7.2
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Figure 1. Phase diagram of bovine serum albumin (BSA) after 16 h at 37 °C (data points based on

Table Al). ViscosSol refers to viscous solution but fall short of being a robust gel. Gel refers to clear gel which
can be differentiated from turbid gels. NoGel refers to state like precursor solution (not viscous). Table Al (see
Appendix A), which shows the details of the exact albumin and ethanol concentration for each point shown in
Figure 1. From these data, it is apparent that the formation of hydrogels using ethanol is correlated to both the
concentration of ethanol and the concentration of BSA. The concentration of BSA can be in some cases lower
(compared to samples where no gel formation is observed) where due to the presence of a higher amount of
ethanol hydrogels form; yet, the BSA concentration should be above the threshold of 7.15 wt% (1.07 mM) for a
three-dimensional gel to form. The results of the gelation in the thermomixer show that the minimum amount
of ethanol cannot be trivially found and is not dependent on a certain amino acid to ethanol (AA/EtOH)-ratio.

Gels were

e.g., formed with an amino acid to ethanol ratio of 1.9, but other samples did not form gels at a very high
(AA/EtOH) ratio of 11.6.
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2.2. Rheological Characterization

The combined results obtained from rheological measurements of the gelation process on the
rheometer plate show that ethanol plays a significant role in increasing the gelation rate, even at low
protein concentrations. As a reference, one can state that no gelation can be observed at 37 °C and
neutral pH regardless of BSA concentration [5,6]. By setting the pH to more extreme values (lower
than 4.2 or higher than 10.6), hydrogels form, as described by e.g., Baler et al. and us [5,6].

In the experiments presented here using ethanol, the gelation proceeds much faster at 37 °C
and neutral pH than when the pH is lowered to 4.2 or lower (see (Figure 2) and (Figure A1)). The rate
of ethanol-induced gelation is comparable with that of high pH value gelation processes. To translate
the measured values of G°and G” into a comprehensible concise graph, the measured points in the
diagram of Figure 1 are classified as (i) gel, (ii) no gel, (iii) turbid gel, and (iv) viscous solution (the
classification is based on the gel classification in ref. [6]).
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Figure 2. (A) 15 wt % (2.2 mM) BSA solution with 24.9 wt % EtOH at 37 °C on a rheometer plate for 6 h. (B) 16 wt
% (2.4 mM) BSA solution with 19.9 wt % EtOH at 37 °C on a rheometer plate for 6 h. (C) 17.6 wt % (2.6 mM) BSA
solution with 12.1 wt % EtOH at 37 °C on a rheometer plate for 20 h. (D) 14.6 wt % (2.1 mM) BSA solution with
24.3 wt % EtOH at 37 °C on a rheometer plate for 6 h with the BSA: stearic acid (SA) ratio of 1:1.

To elucidate the mechanical properties and the rate of gelation of the gels obtained from
ethanol addition, the results are compared with the other hydrogels synthesized with other
methods. Table 1 shows that the addition of ethanol, despite lower protein concentration, paves the
way of gel formation to a more robust and more rapid gelation compared to the pH-induced
method.
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Table 1. The difference in mechanical properties and gelation rate at 37 °C between pH-induced and EtOH-mediated

gelation.
BSA
Type Concentration GO(Pa) * G%(Pa) * Gelation Point
EtOH (25 wt%) 15 wt% (2.2 mM) 5000 150 8 min
pH induced ! 20 wt% (3 mM) 900 130 45 min
Temp. induced 20 wt% (3 mM) 16000 300 1 min

To investigate how the addition of stearic acid (SA) affects the gelation properties, gels were made
on the rheometer plate in the presence of SA at different BSA:SA molar ratios. Figure 2d shows the
adverse effect of SA on the mechanical properties of the gel. The more SA present, the less robust
the gel (see Figure A2). This observation is also made without ethanol (see [6]) and can be traced

back to the stabilizing effect of bound SA on the tertiary structure of individual aloumin molecules.

In addition, the denaturation temperature increases when SA ligands are bound [9].

As outlined above, to obtain more molecular/nanoscopic insights into the macroscopic/rheological
properties of the gel and the gelation processes, the gelation process at the molecular level using IR
and continuous wave (CW) EPR spectroscopies was explored.

2.3. Infrared Spectroscopy (IR)

It has been shown [6] that the formation of intermolecular B-sheets at the cost of losing native a-
helices leads to gel formation. This process is detectable by recording the spectra during gel
formation on the crystal of an attenuatated total reflection infrared (ATR-IR) spectrometer (A Bruker
Tensor 27 FT-IR spectrometer equipped with a BioATRCell Il and an LN-MCT photovoltaic detector
and the OPUS Data Collection Program (all from Bruker, Ettlingen, Germany)) [6]. When ethanol and
BSA concentrations are in the range where no gelation can be observed macroscopically (see Figure
1), there are also no significant time-dependent changes detectable in the IR spectra (Figure 3A). In
contrast, in experiments showing gel formation macroscopically and in rheology, there is an obvious
increase in intermolecular B-sheets at the cost of a decrease in native a-helices (Figure 3B).

1 pH-induced gelation: the pH value set to 3.5 using 2M HCI (See ref. [6]), * the value of G®and G” after 2 h. In the EtOH-induced
gelation, the G°remains constant after 2 h; however, in pH-induced gelation, it increases up to 10,000 Pa. Temp. induced refers
to temperature-induced gelation.

Furthermore, Figure 2 (see also Figure A3) illustrates the correlation between BSA and ethanol
concentration; in Figure 2A, although the protein concentration is lower compared to Figure 2B, due to the
higher ethanol concentration, gelation starts earlier and after six hours, the G° (and the G’, G” difference) is
higher. Figure 2C shows the importance of the role that EtOH plays, a higher BSA concentration results in no
gelation after 20 h when the ethanol concentration was not high enough.
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Figure 3. (A) Amide 1 band of 2.6 mM BSA solution with 12.1 wt % EtOH at 37 °C on ATR-IR crystal (BioATRCell),
the same condition as Figure 2C, shows homogenous changes across all the amide 1 band and no gel
formation. (B) Amide 1 band of 2.4 mM BSA solution with 19.9 wt % EtOH at 37 °C on ATR-IR crystal, the same
condition as that in Figure 2B, shows an increase in the intermolecular B-sheet peak, whereas native a-helices
of BSA are lost. In this case, gel formed on the spectrometer crystal. (C) PC1 scores vs. time regarding Figure
3A, (D) PC1 scores vs. time regarding Figure 3B. For more detailed information about PCA analysis, see ref. [6].

To find the correlation of the recorded IR spectra during the gelation, PCA (Principal Component
Analysis) was applied to the spectral range of 1600—1700 cm™ after the subtraction of a linear
baseline and vector normalization of the spectra. In contrast to the linear changes in PC1 (first
principal component), where more than the 95% of possible variance is detected, of Figure 3A
versus time (see Figure 3C), Figure 3D shows exponential changes during the gel formation of Figure
3B. These results show that as long as no hydrogel formation takes place, changes on the
nanoscopic level (secondary structure) are detectable, linear, and in all regions with identical effect,
while concerted, yet strongly inhomogeneous changes during gel formation can be detected.

2.4. Electron Paramagnetic Resonance (EPR) Spectroscopy

The performed EPR spectroscopic measurements show the significance of ethanol concentration on
the protein structure and the FA binding sites that are predominantly situated at the interfaces of a-
helices (Figure 4a). For EPR spectroscopy, as generally established, stearic acids were employed that
have an attached persistent nitroxide radical group, most often at position 16 of the alkyl chain (16-
doxylstearic acid, 16-DSA) [5,7,10]. Generally, the EPR data indicate that when keeping the BSA and
16-DSA concentrations constant and merely increasing the amount of ethanol, fatty acids tumble
much faster (see Table A2). This can be interpreted when one considers that for the amphiphilic 16-
DSA molecules, ethanol in fact is a good solvent, and as such competes with binding to the—in
water or buffer—much more favorable FA binding sites. Overall, the interactions between BSA and
FAs are strongly weakened with significant amounts of ethanol present in the solutions/gels.
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The comparison between (Figure 4B) with the EPR results obtained from other BSA hydrogels,
synthesized by other methods, shows that the addition of ethanol results in weaker interaction
between the BSA and FAs and consequently the faster tumbling of FAs. Accordingly, the results of
EPR measurements reveal that the ethanol-induced gelation leads to a lower fatty acid binding
capacity compared to other gelation methods [6]. They indicate that the amount of bound fatty
acids relative to the amount of overall available fatty acids is decreasing with higher ethanol
concentrations, but it does not change with higher fatty acid concentration in the tested
concentration range, implying a thermodynamic equilibrium of bound and free fatty acids in the
gelation process.

Table 2. Results of EPR samples of Figures 4 and A4.

Fraction of Bound Correlation Time 1c Fraction of Free Correlation Time
Sample Fatty Acid (ns) Fatty Acid Tc(ns)
C 68% 5.28 32% 0.22
D 78% 5.28 22% 0.22
E 68% 5.28 32% 0.22
F 48% 5.28 52% 0.22
* Samples preparation of (A) and (B) are not simulated.
(A) —z00.L05mmBSA+50,L EWOH + 11 16-05A (B) ——200 .05 mM B4 + 200 o E1OH « 11 16-08A
"328 330 332 334 336 336 340 342 344 '378 330 332 34 3% 338 M0 342 344
B/mT B/mT
(C) — Gel State with (BSA'EtOH 1:3400) + 1:1 16-DSA| {D) —— Gel State with (BSAEIOH 1:2632) + 1:1 16-DSA|
——Exp. Exp.
e SN, e Sim.

—JH _

T e e T T T i T T T
328 330 332 334 336 338 340 342 344 Béﬂ Eéﬂ Séﬂ 3é4 35‘55 SéB 3:1D 31‘12 3:14
B/mT B/mT

Figure 4. The samples are prepared based on Table A2. Electron paramagnetic resonance (EPR) spectra of (A,B)
shows that the addition of ethanol dramatically weakens the interaction between protein and stearic acid. The
data for (C,D) and Figure A4 are shown in Table 2.

3. Discussion

Our experiments show that the addition of ethanol results in gel formation at low temperature and
neutral pH values. The correlation between ethanol and albumin concentration for gel formation is
remarkable and detectable at macroscopic and molecular/nanoscopic levels. These results are
concisely summarized in the phase diagram of Figure 1. When the ratio between EtOH and BSA is
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not in the range of gel formation, there is no sign of formation of intermolecular B-sheet (See Figure
3A). Although in ethanol-induced gels, the minimum concentration of albumin for gel formation is
lower compared to the previously established pH-induced method, when the protein concentration
is too low (below the gel formation threshold), the addition of EtOH cannot compensate for the low
concentration of protein. On the other hand, when there is too much EtOH (see Figure 1) in the
solution, it effectively denatures and solvates the proteins and as such has an adverse effect on the
formation of the intermolecular B-sheet. Therefore, there is range of BSA:EtOH ratios, in which the
formation of 3D-linked hydrogels of albumin molecules is possible. This cage-like network of protein
is capable of holding water inside. As with temperature-induced gels, this comes at the cost of losing
extensive amount of native a-helices in BSA (see Figure 3B). That means that the secondary
structure of ethanol-induced hydrogels are comparable with temperature-induced ones.

Based on the rheological results, the mechanical properties of the gels are significantly poorer
compared to pH-induced and temperature-induced hydrogels (see Table 1 and Figure 2). On the
other hand, gel formation proceeds significantly faster in comparison to pH-induced hydrogels.
These results are substantiated with EPR measurements; namely, the number of binding sites are
remarkably reduced compared to other gelation methods, including temperature-induced methods
[6]. Despite the strong denaturation of albumin during temperature-induced gelation, the resulting
hydrogel is mechanically very robust (see ref. [6]), which can be concluded that although fatty acids
will not be bound to hydrogel scaffold (protein wall), the FAs are rather trapped in strongly
demobilized water phase of the hydrogels. Moreover, in the pH-induced method, despite lower
rigidity (the mechanical properties are weak in comparison to temperature-induced gels), more of
the native secondary structure of albumin is preserved, and that results in a relatively high number
of available FA binding sites (see ref. [6]).

Hence, comparing the EPR and rheological results for the ethanol addition method and other
methods shows that with ethanol addition, the protein has weaker interactions (less binding
capacity) with Fas, and the water phase is less immobilized compared to the temperature-induced
method.

This can be of interest for fast drug release systems.

We hope that this initial study, which connects the nanoscopic properties with the macroscopic
features of the hydrogels leading to phase diagrams, will pave the way also for their exploration in
applications such as the controlled release of (bio-)molecules.

4. Materials and Methods

4.1. Materials and Gel Preparation

Human (HSA) and bovine (BSA) serum albumin were purchased from the spin-labeled fatty acid
16-DOXYL stearic acid, 16-DSA (16-doxyl stearic acid, free radical, 253596, ALDRICH, Sigma-Aldrich
Chemie GmbH, Schnelldorf, Germany). All chemicals and materials were used as received without
further purification. Hydrogels were prepared in a thermomixer made by Halle University workshop
(Halle, Germany).

4.2. Gel Formation

The precursor solutions were prepared by dissolving serum albumin (BSA) in water. The amounts
were chosen based on the desired concentration. After two hours of stirring and the complete
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dissolution of BSA in water, ethanol (EtOH) is added. The samples and the exact amount of each
component are tabulated in Table Al.

4.3. Loading Stearic Acid (SA) into Gels

Stearic acid is dissolved first in 0.1 M KOH, and then it is added into the precursor solution of the
gels. In these cases, the EtOH was added after the addition of the SA.

4.4. Rheology

Hydrogels have viscoelastic behavior under force load, i.e., the lattice stores the energy, which is
retractable (elasticity), while some energy is dissipated. To describe this behavior, the storage- and
loss-modulus are measured with an Anton Paar Physica MCR 301 rheometer (Anton Paar, Graz,
Austria). The storage modulus represents the elastic portion (stored energy), and the loss modulus
represents the viscous characteristics (energy dissipation). They are defined through Equations (1)
and (2). For ideal elastic behavior, G°>> G”, and for ideal viscous behavior, G°<< G”.

0_
Storage Modulus G°: G°=__1"Cosd "
YA
Loss Modulus G T o)
G®=__ASin
1/Pa = shear stress .

v/% = deformation

6/ = phase shift angle
In the gelation process, the values of G°and G” are important. In the sol state, G” > G’, at the
gelation point, G” = G’, and in the gel state, G°> G”. Based on the extent of the difference between
G%and G”, we define mechanically strong and weak hydrogels. These definitions all take the
magnitude of G” into account, which means that despite there being a large difference between G°
and G”, the mechanical properties may still be poor when G” still is very high.

4.5. Infrared Spectroscopy (IR)

The secondary structure of proteins can be characterized using vibrational (infrared and Raman)
spectroscopy. Infrared spectroscopy is based on the interaction of infrared radiation with molecules
[10]. The IR radiation of certain wavelengths excite the vibrational modes of specific bonds whose
wavelength and peak shape often depend on the local secondary structure. As a result, the IR
absorption spectrum gives information on the secondary structure of the sample. The absorbance is
plotted against the wavenumber (cm™). In the scope of our study, the amide | band (between 1600
and 1700 cm™) is the range of interest, since it shows the changes in the different secondary
structures (a-helix, B-sheet, B-turn, and random coil) during the gelation [11]. The spectra were
analyzed using Principal Component Analysis (PCA). PCA is a technique that transforms a number of
possibly intercorrelated variables into a smaller number of orthogonal variables called principal
components. This is to find trends and patterns in large datasets [10]. The goal is to de-correlate the
original data by finding the directions along which the variance is maximized and then use these
directions to define the new basis [10].

4.6. Electron Paramagnetic Resonance (EPR) Spectroscopy

Continuous wave (CW) EPR spectroscopy was used to investigate the fatty acid binding capacity of
the hydrogels. By monitoring the changes in the dynamics of nitroxyl spin-labeled fatty acids (16-
DOXYL stearic acid, 16-DSA, nitroxyl moiety at position 16 in the alkyl chain) during the presence and
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absence of the protein and comparing these changes in the gel state (in which the protein is
denatured to some extent) and native state (native BSA has 7 * 1 fatty acid binding sites [8]),

we investigated the number of available FA binding sites of the gels. By simulating the spectra (using
the EasySpin program package for MATLAB, in which the Schneider—Freed model of slow and
intermediate rotational motion is implemented [12]), we can obtain information about the
electronic and molecular structures, self-assembly, and dynamics of paramagnetic samples [7].

The CW EPR spectra were recorded using a MiniScope MS400 (Magnettech, Berlin, Germany)
spectrometer working at the X-band (a microwave frequency of approximately v=9.4 GHz and a
magnetic field sweep of 15 mT centered at 340 mT).

Temperatures were adjusted with a Temperature Controller HO3 (Magnettech) with an accuracy
of approximately 0.2 °C. The exact frequency was recorded using a frequency counter (Racal Dana
2101, Neu-Isenburg, Germany). Absorption spectra were detected as a first-derivative spectra
through field modulation with 100 kHz and an amplitude of x mT.
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Appendix A
Table Al. Samples and results after 16 h at 37 °C.
20 wt% EtOH H20 w% w% x BSA X EtOH AA
BSA (L) (uL) (L) BSA EtOH 10-5 EtOH Result
200 1 0 19.92 0.39 6.8 0.002 0.05 -
200 0 19.84 0.78 6.79 0.004 0.1 -
200 0 19.61 1.93 6.75 0.01 0.24 -
200 10 0 19.24 3.8 6.69 0.02 0.48 -
200 15 0 18.88 5.59 6.63 0.03 0.73 -
200 20 0 18.54 7.31 6.56 0.04 0.97 -
200 25 0 18.2 8.98 6.5 0.05 1.21 -
200 32 0 17.76 11.21 6.42 0.06 1.55 -
200 33 0 17.7 11.52 6.41 0.06 1.6 -
200 34 0 17.63 11.83 6.4 0.06 1.65 -
200 35 0 17.57 12.13 6.39 0.06 1.7 -
200 36 0 17.51 12.44 6.38 0.06 1.74 -
200 37 0 17.45 12.74 6.36 0.07 1.79 h.v.
200 38 0 17.39 13.04 6.35 0.07 1.84 gel
200 39 0 17.33 13.33 6.34 0.07 1.89 gel
200 40 0 17.27 13.63 6.33 0.07 1.94 gel
200 45 0 16.98 15.08 6.27 0.08 2.18 gel
200 50 0 16.7 16.48 6.22 0.09 2.42 gel
200 134.8 6.2 13.06 34.03 5.25 0.2 6.53 gel
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200 96.5 8.6 14.49 26.74 5.5 0.15 4.68 gel
200 101.1 16.6 143 26.92 5.25 0.15 4.9 gel
200 615 10.7 16.1 18.72 5.75 0.1 2.98 gel
200 64.3 185 15.95 18.84 5.5 0.1 3.12 gel
200 67.4 27 15.8 18.98 5.25 0.1 3.27 gel
200 283 5.8 17.99 9.79 6.25 0.05 137 -
200 29.4 12.7 17.92 9.83 6 0.05 1.43 -
200 30.7 20.2 17.84 9.91 5.75 0.05 1.49 -
200 32.2 28.4 17.75 10.01 5.5 0.05 1.56 -
200 33.7 37.4 17.65 10.07 5.25 0.05 1.63 -
200 402 2.1 17.26 13.57 6.25 0.07 1.95 gel
200 41.9 8.89 17.16 13.66 6 0.07 2.03 gel
200 43.7 16.24 17.06 13.75 5.75 0.07 212 h.v
200 45.7 243 16.95 13.85 5.5 0.07 222 h.v
200 47.9 33 16.82 13.96 5.25 0.07 232 h.v
200 385 2.66 17.36 13.04 6.25 0.07 1.87 gel
200 40.1 9.44 17.27 13.12 6 0.07 1.94 gel
200 41.9 16.8 17.16 13.23 5.75 0.07 2.03 gel
200 43.8 2.8 17.05 13.32 5.5 0.07 212 h. v.
200 45.8 33.7 16.94 13.39 5.25 0.07 222 -
200 36.8 3.19 17.46 125 6.25 0.06 1.78 gel
200 383 9.98 17.37 12.58 6 0.06 1.86 h. v.
200 40 17.4 17.27 12.68 5.75 0.06 1.94 -
200 418 25.4 17.17 12.76 5.5 0.06 2.03 -
200 43.8 343 17.05 12.85 5.25 0.06 2.12 -
200 40.6 17.2 17.24 12.85 5.75 0.07 1.97 gel
200 412 17 17.2 13.03 5.75 0.07 2 gel
200 50.3 42.7 16.69 14.05 5 0.07 2.44 gel
200 47.2 332 16.86 13.77 5.25 0.07 229 gel
200 46.5 33.4 16.9 13.58 5.25 0.07 225 -

200 * 285 0 3.48 10.11 458 0.05 1.95 -
200 * 293 0 13.45 10.36 457 0.05 2.01 -
200 * 30 0 13.41 10.58 4.56 0.05 2.05 -
200 * 335 0 13.25 11.67 4.54 0.06 229 -
200 ** 136.1 17.8 15.38 33.02 6.5 0.19 5.04 gel
200 ** 1416 245 14.87 33.23 6.25 0.19 5.25 gel
Table Al. Cont.
20 wt% EtOH H20 W% W% X BSA X EtOH AA
BSA (L) (uL) (L) BSA EtOH 10-5 EtOH Result
200 ** 147.5 318 14.36 33.42 6 0.19 5.48 gel
200 ** 153.9 39.7 13.85 33.62 5.75 0.19 5.73 gel
200 ** 160.9 48.3 13.32 33.83 5.5 0.19 6 gel
200 ** 102 283 16.19 26.06 6.5 0.14 3.78 gel
200 ** 106.2 35.4 15.66 26.25 6.25 0.14 3.94 gel
200 ** 1106 43.1 15.13 26.41 6 0.14 411 gel
200 ** 115.4 51.6 14.59 26.57 5.75 0.14 429 gel
200 ** 68 38.8 17.1 18.35 6.5 0.1 2.52 gel
200 ** 70.8 46.4 16.54 18.48 6.25 0.1 263 gel
200 ** 73.7 54.5 15.99 186 6 0.1 2.74 gel
200 ** 34 49.3 18.11 9.72 6.5 0.05 1.26 -
200 ** 46.3 45.5 17.73 12.95 6.5 0.06 1.71 gel
200 ** 442 46.1 17.8 12.41 6.5 0.06 1.64 gel
90 84 110 6.76 24.89 2.36 0.12 9.05 h. v.
80 84 120 6.01 24.89 2.08 0.12 10.18 -
70 84 130 5.26 24.89 1.8 0.12 11.63 -
100 100 85 7.58 29.9 2.79 0.16 9.69 gel
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100 115 70 7.67 34.8 2.94 0.19 11.15 gel
100 130 55 7.76 39.82 3.12 0.23 12.6 gel
100 162.2 51.8 7.15 45.74 3 0.28 15.72 gel
100 191.6 427 6.81 51.44 3 0.32 18.57 t.g.
100 206 38.2 6.65 54.05 3 0.35 19.97 t.g
100 221 336 6.49 56.62 3 037 21.42 t.g.
100 235 29.1 6.36 58.95 3 0.4 22.78 tl.
100 250 245 6.22 61.31 3 0.42 24.24 tl.
100 265 20 6.08 63.54 3 0.45 25.69 t.l.
100 280 15.4 5.95 65.69 3 0.47 27.14 tl.
100 294 10.9 5.83 67.66 3 0.5 285 t.g.
100 79 90.4 7.91 24.66 2.8 0.13 7.66 gel
100 85.1 103.6 7.39 24.8 2.6 0.13 8.25 gel
100 92.2 118.9 6.86 24.94 2.4 0.13 8.94 -
100 295 14.04 5.77 67.12 2.95 0.49 28.6 t.g
100 305 10.9 5.69 68.45 2.95 0.51 29.57 t.g.
100 285 9.79 5.98 67.19 3.07 0.49 27.63 t.g.
100 289 12.72 5.87 66.92 3 0.49 28.02 t.g.
100 300 9.09 5.78 68.45 3 0.51 29.08 t.g.
100 182 0 8.21 58.95 4.00 0.413 17.67 -
100 173 3 8.35 56.99 4.00 0.392 16.80 -
100 160 7 8.57 54.12 4.00 0.362 15.53 -
100 150 10 8.76 51.83 4.00 0.340 14.56 -
100 140 13 8.95 49.43 4.00 0.317 13.59 t.g.
100 121 19 9.33 44.51 4.00 0.274 11.75 gel
100 92 28 9.97 36.19 4.00 0.208 8.93 gel
100 76 33 10.36 31.08 4.00 0.172 7.38 gel
100 50 41 11.08 21.86 4.00 0.113 4.85 gel
100 30 47 11.72 13.87 4.00 0.068 2.91 -
100 94 0 11.48 42.58 5.00 0.266 9.13 gel
100 81 4 11.91 38.06 5.00 0.229 7.86 gel
100 68 8 12.37 33.19 5.00 0.193 6.60 gel
100 49 14 13.10 25.32 5.00 0.139 4.76 gel
100 36 18 13.66 19.40 5.00 0.102 3.50 gel
100 360 20 4.95 70.30 2.58 0.526 34.95 -
100 270 14 6.12 65.14 3.08 0.470 26.21 -
100 240 0 6.91 65.44 3.54 0.481 23.30 t.g.
100 200 12 7.41 58.49 3.55 0.402 19.42 -
100 170 21 7.84 52.57 3.55 0.342 16.50 -
100 140 31 8.28 45.75 3.54 0.280 13.59 t.g.
100 100 43 9.01 35.56 3.54 0.201 9.71 gel
100 70 52 9.65 26.65 3.55 0.141 6.80 gel
100 40 62 10.33 16.31 3.53 0.080 3.88 gel
Table A1. Cont.
20 wt% EtOH H20 w% w% x BSA X EtOH AA
BSA (uL) (uL) (uL) BSA EtOH 10-5 EtOH Result
100 200 131 5.14 40.59 2.00 0.226 19.42 -
100 169 141 5.34 35.62 2.00 0.191 16.41 -
100 140 150 5.55 30.64 2.00 0.158 13.59 -
100 100 162 5.87 23.14 2.00 0.113 9.71 -
100 60 100 8.09 19.14 2.75 0.093 5.83 gel
100 400 100 3.88 61.21 1.80 0.407 38.84 -
100 400 50 430 67.78 2.15 0.487 38.84 -
100 50 400 3.71 7.31 1.10 0.031 4.85 -
150 200 10 9.44 49.65 427 0.322 12.95 t.g.
150 180 16 9.74 46.11 427 0.290 11.65 t.g.
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150
150
150
150
150
150
150
150

160
140
100
83
70
60
50
38

22
28
41
46
50
53
56
60

10.06
10.40
11.12
11.47
11.75
11.98
12.22
12.50

42.33
38.29
29.23
25.04
21.64
18.91
16.07
12.49

4.27
4.28
4.26
4.27
4.27
4.27
4.27
4.27

0.258
0.226
0.161
0.134
0.113
0.097
0.081
0.061

10.36
9.06
6.47
5.37
4.53
3.88
3.24
2.46

gel
gel
gel
gel
gel
gel
gel

* 25 w% stock solution was used. ** 15 % stock solution was used. h.v. refers to high viscosity solution; t.I. refers to turbid liquid (no
gel, not viscous, but due to denaturation of proteins the solution is turbid); t.g. refers to turbid gel. - means no gel has been

observed.
Table A2. EPR samples of Figures 4 and A4.
20 wt% EtOH H20 26 mM w% w% x BSA Ratio BSA:16
Sample BSA (uL) (L) (1) SA (uL) BSA EtOH 10s  XEtOH DSA
C 300 105 44.1 35 24.3 16.48 5 0.13 1:1
D 300 105 44.1 2*35 24.3 44.10 5 0.13 1:2
E 300 70 44.1 70 24.3 0 5 0.13 1:2
F 0 105 344 35 24.3 16.48 0 0.13 1:1
* Samples preparation of (A) and (B) are explained in their title.
BSA solution at 37°C, pH 4.2 (2 M HCI) gBSA[J
4000 — . , . — , . . .
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3 |
3 2000
g ) _
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8) 1500 -
E -
o - =
& 1000
500 - -
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Time [h]

Figure Al. 3 mM BSA solution with no EtOH at 37 °C on rheometer plate. The pH is set to 4.2 by using 2M HCI.
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The Effect of Introducing SA into Hydrogels
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Figure A2. Addition of stearic acid (SA) into the precursor solution of the gels (2.1 mM BSA solution) leads to
weakening the mechanical properties of the gels. The SA were dissolved in 0.1 M KOH prior to addition into
precursor solution.

Correlation between BSA and EtOH concentration
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Figure A3. This figure illustrates that there is a correlation between ethanol and protein concentration. In A,
although the BSA concentration is lower, due to the presence of more ethanol, a mechanically more robust gel
is formed. In B, still a gel forms, but a higher concentration of BSA does not lead to a stronger gel structure,
since the amount of ethanol is lower compared to A.
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(E) —— Gel State with (BSAE1OH 0:2632) + 1.1 16-DSA (F) l— Gel State with (BSA:FtOH 0:3400) + 1:1 18-DSA

—Exp —Exp
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Figure A4. The samples are prepared based on Table A2. The data for (E,F) are shown in Table 2.
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1 | INTRODUCTION

Serum albumin is the most abundant protein in the circulatory system of a wide variety of
organisms.!In addition to being the major transport protein for un-esterified fatty acids, it is also
capable of binding reversibly an extraordinarily diverse range of metabolites, drugs and organic
compounds and function as a carrier.>* This protein was and still is studied extensively concerning its
structure and functionalities. Among others, electron paramagnetic resonance (EPR) spectroscopy
has developed into a powerful analytical tool.>®

Developing new biocompatible materials which have an affinity towards therapeutic substances
and can carry them inside a living organism is an attractive concept in

Seyed Hamidreza Arabi and Behdad Aghelnejad contributed equally to the biomedical sciences. Hydrogels based on proteins or this
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since one of their main common features is biocompatibility. Their high water content and soft

nature make them similar to natural extracellular matrices and minimize tissue irritation and cell
adherence.” In addition, their capacity to embed biologically active agents in their water-swollen
network makes them very attractive for controlled release of therapeutics.®In a more general
perspective, hydrogels are cross-linked networks made out of hydrophilic polymers, capable of
retaining large amounts of water but yet remaining insoluble and maintaining their three-
dimensional structures. The reason behind this insolubility is that the polymer is physically and/or
chemically cross-linked.®>12 Albumin hydrogels have previously been formed by thermal denaturation
and chemical cross-linking.>" These hydrogel systems typically require either extensive protein
denaturation (thermal) or chemical modification, which can hamper protein functionality and
compromise biocompatibility. Another method called electrostatically triggered albumin self-
assembly introduced by Baler et al.’® takes advantage of the fact that albumin has the ability to
reversibly change its conformation when exposed to changes in solution pH while at least partly
preserving secondary structure elements that may act as functional binding domains. We recently
demonstrated that albumin hydrogels can in fact be formed well below their denaturation
temperature if enough time is granted and explored the large pH range in which the hydrogels are
formed. We also introduced supporting phase diagrams that precisely allow implementing hydrogels
with specific properties on the nano- and macroscopic scales.’® A globular protein varies its tertiary
structure under different solvent conditions. Native and fully denatured states are the most
prominent ones. There is another important state that is thought to be the common intermediate in
protein folding which is called molten globule (MG). Even four decades after its proposed discovery,
the MG state of proteins still remains enigmatic.

There is substantial debate on its nature, ranging from MG states either reflecting a general
intermediate in protein folding to being unique for every protein or simply a low-energy misfolded
species. In this work, further complexity is added to the current discussion around MG states by
demonstrating that molten globule-like state of protein, BSA, can be preserved in hydrogels, formed
by the protein itself. In the context of our paper, one may define that molten globules are partially
folded conformations of proteins that have near native compactness, substantial secondary
structure, slowly fluctuating (little detectable) tertiary structure and an increased solvent-exposed
hydrophobic surface area relative to the
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native state.?®
2 | RESULTS AND DISCUSSION

In the following, the presence of the molten globule-like states both in acidic and basic pH ranges of
bovine serum albumin (BSA) are investigated in high concentration environments with the help of
continuous-wave electron paramagnetic resonance (CW EPR) spectroscopy. We first develop the
spectroscopic analysis for a 5 wt% albumin solution (below the gel point) and then, for the first time,
describe the same experiments performed with BSA hydrogels at high concentrations (20 wt%). We
present evidence that the MG state observed in individual proteins persists in the gel state of the
protein and in fact dominates its properties.

In case of human serum albumin (HSA), there is a molten globule state, which can be obtained under
acidic conditions at pH 2.0.2%22This state was recognized with the help of different techniques
including far-UV and near-UV circular dichroism (CD), binding of

(8-anilinonaphthalene-1-sulfonic acid) ANS as a hydrophobic probe and viscosity measurements. In
addition, Reichenwallner et al.2® confirmed the presence of the known MG state at pH 1.90 + 0.20 by
CW EPR spectroscopy on EPR-active stearic acid derivatives that bind to the protein. The first MG
state of BSA that is well established was detected in alkaline BSA solutions at pH 11.2 and confirmed
several times.2*%¢ Like in the mentioned case of HSA, the conclusion that BSA is present in an MG
state was reached by analyzing far-UV and near-UV CD spectra. There are some experimental results
that acknowledge the second potential MG state of BSA in the acidic pH range. One study has
focused on the combined effects of concentration and pH on the conformational states of BSA by the
means of small-angle X-ray scattering and came to the conclusion that there is in fact an acidic
molten globule like state (pH 2.0).%” Another independent research study came to a largely similar
conclusion about the existence of the acidic MG like state for BSA. The method of choice was
extrinsic and intrinsic protein fluorescence and it was reported that BSA assumes this conformation
at pH 3.0.%8

Figure 1 displays the results in the basic pH range. Figure 1a presents a pH-dependent series of 16-
DSA spectra in diluted 5 wt% albumin solutions. The isotropic hyperfine coupling constant (aiso) peaks
of freely tumbling 16-DSA appear from pH 11.29 onwards and the intensity of these peaks increases
with increasing pH, while the broad spectrum of albumin bound 16-DSA (indicated by the apparent
hyperfine coupling constant A%, in the spectra) decreases in intensity. As explained in detail in
Reference 23, this is due to the protein changing into the so-called aged form of albumin, in which
particularly the tertiary structure and parts of the secondary
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FIGURE 1 (a) EPR spectra of 16-DSA in diluted 5 wt% BSA solutions in the basic pH range at 20C (1:1 ratio of BSA:16-DSA). (b)

Dependence of A%, on pH in diluted BSA solutions in the basic pH range at 20C (two independent measurement series). (c) EPR spectra of 16-DSA
in 20wt% BSA hydrogels in the basic pH range at 20C (1:1 ratio of BSA:16-DSA). (d) Dependence of A%, on pH in BSA hydrogels in the basic pH
range at 20C (two independent measurement series). Please note the difference in axis scaling between (b) and (d)

structure elements are largely dissolved, reducing the number of binding regions in the protein and
leading to release of 16-DSA.2

On the other hand, the value of apparent hyperfine coupling constant A%, is a spectroscopic
determinant of the polarity of the molecular environment.?® Polar environments lead to larger
hyperfine splittings and reversibly, the hyperfine splittings are smaller in apolar surroundings.? One
of the characteristics of the molten globule state is an increased solvent-exposed hydrophobic
surface area. There is a higher accessibility to hydrophobic parts of the protein in this state. In this
case, fatty acids can easily access and bind to these exposed areas. Now, because those spin probes
reside longer times in apolar surroundings, the value of A%, decreases. Therefore, the point in Figure
1b in which A%, is at its minimum can be associated with the molten globule state.?* Another aspect
relating the minimum of A%, to the MG state is that the minimum of A%, also denotes the maximum
rotational mobility of the spin probes. This stems from the fact that for fast and isotropic rotations of
nitroxide spin probes, the apparent spectral separation of the outermost extrema (A%;) converges
towards its minimum value and approach the typical three-line pattern. Hence, when rotational
mobility increases at the MG state, these spectral features move closer together, as it can be seen in
Figure 1, It is widely accepted that the molten globule is a compact state with some fluctuating side
chains. Here, the fatty acids interact with the exposed hydrophobic patches in the MG state, while
conventionally their binding sites are rigid channels in the protein's interior, which gives them
increased mobility. Two independent series of experiments were performed and reported in Figure
1b (first series is marked in red and the second one in black). It can be seen that both of them have a
minimum at approximately pH 11.8. When considering that there is an uncertainty in the pH
measurements (+ 0.05) and apparent hyperfine coupling constant readouts, the fact that two
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completely independent series of tests show two minima close to each other (within less than 0.1 pH
units) reaffirms the notion that there is a molten globule like state at this point. The previously
reported pH value for the basic BSA molten globule state is 11.22%2 which is reasonably close to this
research's finding. In another research work that used the CW EPR method, but with different buffer
and protein concentrations, 11.8 was reported as the pH value, where the protein is in a molten
globule like state.”? For a more detailed quantitative description of the different 16-DSA binding and
rotational motion modes, the reader is referred to Reference 23. The discrepancy in pH of the MG
state (at pH 11.2 and 11.8 in EPR spectroscopy on 16-DSA) can be assigned to the presence of 16-
DSA. We and others have previously shown that the presence of fatty acids stabilizes the native
structure of albumin®®and thus seems to shift the molten globule state to slightly but significantly
higher pH.

Figure 1c,d depicts the same pH-dependent series of 16-DSA EPR spectra, this time in BSA hydrogels
made from 20 wt% precursor solutions. Tumbling of the spin probes is more restricted in hydrogels
due to a denser protein environment than in solution. Unlike before, the freely rotating species are
emerging at a higher pH of approximately 11.60 (instead of 11.30). Similar to the diluted
experiments, there appears to be a drop in A%, with a broad minimum centered at around pH 11.80
1 0.2 and a noticeable increase after that. It should be noted, though, that the drop in the apparent
hyperfine coupling when increasing pH is much shallower than that observed for the dilute BSA
solutions (AA%;~ 2.0 G in gels vs. ~3.0 G in dilute solution). These results suggest there could be a
molten globule like state in the hydrogels. This further suggests that the functionality of the protein
is mostly preserved during the electrostatically triggered method of the BSA gelation and even
though the binding, configurations and even the macroscopic phase of the whole system is changed,
the delicate state of the molten globule survived the process (see Figure S1 to compare the behavior
of 16-DSA in presence and absence of protein in basic solution).

The same series of experiments have been conducted on the MG states acidic ranges (see Figure S2).
In essence, we could not find experimental evidence that the acidic MG state can persist in BSA
hydrogels. Hence, we here further focus on and elucidate the basic MG-state in BSA hydrogels.

As we know from our earlier studies,'® the effect of time on (basic and other) hydrogels is an
important issue worth discussing. Therefore, one series of experiments was conducted in two stages.
The first stage was performing EPR spectroscopy on the 16-DSA containing samples after the
gelation started (denoted t = 0, in fact about 10 min after start of the gelation) and the second stage
was the repetition of the same measurements after approximately 4 hr (t = 4 hr). The difference
between these spectra revealed an unexpected characteristic (Figure 2c). It can be seen that after 4
hours the spectrum displayed a prominent change and A%, was decreased, that is, the outer extrema
in the spectra moved closer to each other. This could be due to the fact that although at t =0 the
sample was, macroscopically seen, completely in the gel state, but the gelation process apparently
was not completely finished and some sort of curing progressed slowly at the molecular level. This
example was measured at pH 11.55, but all samples at different pH values showed these changes
(Figure 2a). All the previous EPR measurements were performed at 20C. Switching to 37C reveals the
effect of temperature on the gelation process (Figure 2b). After 4 hr the spectrum is identical to that
measured at t = 0. This again proves the notion that temperature expedites the gelation process.
Taking into account the time-dependent curing, the minimum apparent hyperfine coupling A%; in the
pH-dependence can now clearly be ascribed to the pH region 11.80 + 0.2 and the AA°%, also increases
to~2.5G.

The CW EPR spectra strongly suggest that during and after the gelation process the albumin
molecules persist in their MG state so that 16-DSA molecules can attach to the exposed hydrophobic
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areas of the BSA-MG. This finding is remarkable, as in a 20 wt% protein solution that consequently
gelates, the system seems dominated by intermolecular contacts and extensive overlap between
different albumin molecules. Yet, the presumably delicate MG state that energetically may be seen
either as intermediate folding state or being a local energy (enthalpic and entropic) minimal state in
these rather harsh conditions (pH > 11), seems robust enough to even persist the regime of strong
intermolecular interaction posed by the gel state.

To further substantiate this remarkable EPR-derived conclusion, we expanded our research portfolio.
As stated above, in literature there are different ways to verify the MG state in proteins. However,
most of them are not applicable in this research work. IR spectroscopy cannot be used, as the pH
range needed (above 10) is higher than the allowed pH limit of ATR-IR spectrometers' crystals.
Moreover, viscosity measurements and rheological characterizations in general cannot be employed.
Here, we are working with very high protein concentration and pH ranges. Accordingly, the gelation
is a matter of seconds even at low temperatures (e.g., room temperature). Therefore, with these
standard rheological methods it is almost impossible to get meaningful data of the initial stages of
the gelation process. Furthermore, the data collected for low concentration media (Figure S4) show
no substantial pH-dependent difference between the samples, making it unlikely to detect
differences during the gelation process.

We aimed at exploring transmission electron microscopy (TEM) on lower concentration samples at
pH 11.8
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FIGURE 2 (a) EPR spectra of 16-DSA in 20 wt% BSA hydrogel with pH 11.55 at 20C (1:1 ratio of BSA:16-DSA). (b) EPR spectra of

16-DSA in 20 wt% BSA hydrogel with pH 11.5 at 37C (1:1 ratio of BSA:16-DSA). (c) Dependence of A%, on the pH at different times in 20wt%
BSA hydrogels in the basic pH range at 20C

but the images are not conclusive and do not give additional information (Figure S3).
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It may sound trivial, but one may also emphasize the importance of simple visual inspection of
samples. In this case, we observed that the gelation process for all the samples (above a certain
albumin concentration and pH value, based on previously reported phase diagram of albumin
gelation, see Reference 19) took place in a few minutes. Astonishingly, when leaving the hydrogels
(with or without 16-DSA) at RT for several weeks, we observed a seemingly paradoxical behavior of
the gels. On the one hand, the hydrogels made in the presence of 16-DSA remained in gel state after
at least 3 weeks with one remarkable exception, namely at pH ~11.65. In other words, the gels made
at pH values only slightly (~0.2) above or below this value (between pH 11 and 12.2) all remainin a
gel state (BSA:16-DSA ratio of 1:1) but the hydrogel made at pH 11.65 which initially and for up to 3
weeks was in the gel state turned into a viscous solution. Figure 3a,b illustrate this phenomenon. In
Figure 3b the color change is noticeable. As Hall et al. showed the turbidity of protein solution
increases as the aggregate size increases.*° This indicates that there is protein aggregation at pH
11.65 in the solution and the 3D structure lost its water holding capacity and as a result it is not a gel
anymore but only a cloudy solution, giving a darker, colloidal-like impression. On the other hand, all
the hydrogels made without 16-DSA at all pH values above 11 turn into viscous solutions after
several (at least two) weeks, with the exception of the hydrogel made at pH value '11.4 (without 16-
DSA, Figure 3c,d, Table S1, and Video S1). Considering the known stabilization against denaturation
of BSA due to presence of long-chain fatty acids like 16-DSA (e.g., Reference 19, 23) and comparing
the values to the measured minimum of A%, in EPR spectroscopy, we can conclude that BSA
molecules in the gel with 16-DSA at pH ~11.65 and in the gel without 16-DSA at pH ~11.4 are in the
MG state. This would mean that the MG state does not only survive the gel-formation process and
the gel state but it also seems to dominate the properties of the gel compared to non-MG state gels.

The clear deterioration of albumin without FAs in the non-MG state at high pH values, leads us to the
conclusion, that the gelation process is likely kinetically controlled and that at the high pH values per
se it is a rather thermodynamically unfavorable process. Only in the MG state the deterioration of
the gelation network does not proceed.
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FIGURE 3 (a) 20 wt% BSA
hydrogels with fatty acids (16-
DSA) at ~pH 11.233, 11.441,
11.626 at 20C (all the samples in
gel state). (b) The same samples
after 3 weeks (21 days) kept at
RT. Only the sample with the pH
value 11.65 turned into a viscous
solution and lost its hydrogel 3D
structure and water holding
capacity, while at the other two
pH values the gels remain intact.
(c) 20 wt% BSA hydrogels
without fatty acids at ~pH 11.25,
11.45, 11.65 at 20C (all the
samples in gel state).

(d) The same samples after

3 weeks (21 days) kept at RT.
Except for the sample with the
pH value 11.45 the other turn
into viscous solution and lost
their hydrogel 3D structure and
water holding capacity

One may interpret this on the moIecuIar‘IeveI as schematically shown in Figure 4. Serum albumin in
the MG state has been shown to expose more hydrophobic areas to the solvent compared to its
native state, where most of the hydrophobic areas are hidden inside the heart shaped protein. This
may explain why gels made at the pH value where individual albumin molecules occupy the MG state
persist in the gel state for weeks, while those at pH values even only slightly higher or lower than the
MG pH at ~11.4 deteriorate with time (Figure 4c,d). Apparently, the compact MG state (one deals
with a known basic contraction in albumins in the aged form above pH ~11) forms gels that are
structurally stable.

However, when 16-DSA is introduced in the hydrogels, these FAs screen the hydrophobic
intermolecular interactions between BSA molecules that is essential for keeping the three-
dimensional scaffold of the gels.

In this case, the more exposed hydrophobic patches of BSA in the MG state can readily be targeted
as loose attachment sites by amphiphilic 16-DSA molecules, which constitutes more favorable
thermodynamic (entropy driven) state. Figure 4a shows that presence of 16-DSA might thus screen
the hydrophobic interactions between individual BSA molecules in the MG state gels and destabilize
the gel overall. This might explain the color change observable in Figure 3b as protein aggregates in a
cloudy, nanocolloidal solution could lead to the observed darkening.
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One may further conclude that when BSA is not in the MG state, residual classical binding sites for
FAs are again available (A%, ~ is larger again, indicating stronger immobilization) which may again
stabilize secondary structure elements and such, indirectly, the gel. Amphiphilic FAs may also form
hydrophobic bridges from the

BE

FIGURE 4 (a) Schematic suggested structure of the gels in compact MG state. 16-DSA (shown as red chains, the drawing
is not to scale, for the sake of illustration 16-DSA molecules are drawn bigger compared to protein chains shown in blue) screening
of the hydrophobic interactions between MG-BSA leads to destabilization of the gels in the MG-state. (b) Suggested structure of
the gels, made at pH values where the MG state does not appear. In this state, due to presence of 16-DSA, the hydrogels show
very high stability for several weeks. 16-DSA may act acts as secondary structure stabilizer and bridge BSA molecules to keep the
3D structure stable. (c) Suggested structure of the gels in the compact MG state without fatty acids. These gels remain in the
stable gelstate for several weeks (thermodynamically stable) as BSA molecules can interact through their hydrophobic patches,
which are presented on the outside in the MG state. (d) Suggested structure of the gels without fatty acids, made at pH values
where the MG state does not appear. In this case although gels form initially (kinetically controlled), after several weeks the 3D

structure of the gels is destroyed and its water holding capacity is compromised, such that a viscous solution ensues

(thermodynamically controlled)
less exposed hydrophobic areas between BSA molecules and consequently stabilize these gels as
shown in Figure 4b.
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The MG state of the individual proteins is a thermodynamically stable (or metastable intermediate)
conformational state.3"32 Serum albumin in the MG state has been shown to expose more
hydrophobic areas to the solvent compared to its native state, where most of the hydrophobic areas
are hidden inside the heart shaped protein. This may explain the contradictive behavior of the MG
state gels. On the one hand, these exposed hydrophobic areas stabilize the gel for several weeks in
contrast to other gels made with only slightly different pH values. On the other hand, they can
destabilize the gel when the hydrophobic interaction is hampered and screened due to the presence
of hydrophobic fatty acid chains.

As depicted schematically in Figure 4c, the increased long-term stability of MG-state hydrogels may
thus on the molecular level be due to increased exposition of hydrophobic patches (as we see it in
EPR spectroscopy; Figure 1).

Being compacted, the intermolecular network formation between individual albumins can take place
despite the large negative charge that the molecules have at this pH (net charge around -80, see
Reference 23). The hydrophobic contacts persist while the large amounts of water and counterions
entropically trapped in the gel lead to partial screening of the surface charges. This gel state is stable
for weeks, similar to gels formed, for example, by thermal denaturation at native pH values.> Table
S1 in the SM shows the concentration dependence of this process. As schematically illustrated in
Figure 4d, at the pH-points above or below the MG state, the individual albumin molecules cannot
form a stable gel that can persist longer than a few days. This indicates that thermodynamically the
entropic trapping of water inside a protein network does not persist and only initially a kinetically
trapped gel forms. The gel may break down because the molecules change their conformational
states (they are not in the stable MG state), lose their relative compactness and cannot form the
network through hydrophobic interactions. Instead, the large negative charge becomes relatively
more important and likecharge repulsion leads to looser individual conformations and overall self-
assembly.

This peculiar phenomenon cannot be seen in hydrogels synthesized in acidic pH ranges. Apart from
the fact that gel formation in acidic ranges takes much longer (several hours compared to a few
minutes in basic ranges), these hydrogels are water soluble before the leaching process'®and after
the leaching, despite their enhanced mechanical properties.

3 | CONCLUSIONS

In conclusion, the existence of basic molten globule states for BSA hydrogels (and the non-existence
in the acidic range hydrogels) has been shown with the help of CW EPR. This method takes
advantage of the fact that there are more exposed hydrophobic patches in the MG state in
comparison to the native or unfolded states that can then be detected by CW EPR spectroscopy on
amphiphilic fatty acid derivatives (16-DSA). The MG state hydrogel without this fatty acid (pH 11.4) is
the maximum stability point for the gel state (Figures 3 and S4) that can even be loaded with and
manipulated by codissolved small molecules. Contrarily, the MG state hydrogel with fatty acid
features the shortest stability time (at pH 11.6) and the hydrogels turn into viscous solution while
the hydrogels made with slightly lower or higher pH values remain in hydrogels stated for several
more weeks. The slight difference between these two values (11.4 and 11.6) can be traced back to
the presence of 16-DSA in one of them which slightly shifts the pH in which MG state gel forms.
These results are robustly confirmed with EPR spectroscopy.

To the best of our knowledge, the presence of the molten globule-state in the high-crowding
environment of a hydrogel is proposed in the present research for the first time. Furthermore, we
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made the observation (in independent measurements by different experimenters) of enhanced gel
stability at the special pH value of the MG-state. These results indicate a new path for experimental
studies of MG states in proteins (and their analysis from a “polymer under constraints” point of
view) and given the broad spectrum of dynamic protein structures, reaching from globally folded via
MG to intrinsically disordered states it may be of interest to test the persistence of many MG state
proteins at high crowding conditions. By addition of equimolar amounts of other amphiphilic
molecules like long-chain fatty acids, one may even apparently fine-tune of intermolecular
interactions and thus the macroscopic gel properties. Even though the pH values needed for BSA MG
hydrogels are too high to be of direct practical use, one may envisage new biocompatible materials
(probably from proteins in MG states that are induced at less harsh conditions) with unique
properties which can have practical use in biomaterials science such as in drug delivery applications
and beyond. From a fundamental protein biophysical point of view, it is remarkable that the
enigmatic molten globule state can apparently be very robust and not only persist in the high
concentration environment of a hydrogel but even dominate the gels nanoscopic and macroscopic
properties.

4 | MATERIALS AND METHODS

Our experimental strategy is based on co-dissolution of BSA and hydrophobic 16-DOXYL-stearic acid
spin probes (also used before, e.g., in References 19, 23) to achieve a ratio of 1:1 ¢/c of 16-DSA and
BSA. For each experiment, a certain amount of acid (2 M HCI stock solution) or base (2 M NaOH stock
solution) was added to a previously prepared solution until the pH set point was reached (Orion
Versa Star Pro pH Benchtop Meter). The gelation time was varied from 5 to 45 min in the basic pH
range. For gelation in the acidic pH range, more time and higher temperature are required.
Therefore, in this case they were first put in the capillaries and then the capillaries were incubated in
a water bath at 37C for 20 hr. The prepared capillaries were placed in the resonator cavity of a
Magnettech Miniscope MS 400 (Magnettech Berlin, now part of Bruker) benchtop EPR spectrometer
(X-band range) and after reaching the desired temperature, the spectra were recorded.

The parameter used for EPR measurements included microwave frequency of approximately v=9.4
GHz and a magnetic field sweep of 15 mT centered at 340 mT. Temperatures were adjusted with a
Temperature Controller HO3 (Magnettech) with an accuracy of 0.2C. The exact frequency was
recorded using a frequency counter (Racal Dana 2101, Neu-Isenburg, Germany).
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