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Abstract

A hydrogel is formed by the self-assembly of sodium deoxycholate (NaDC) in aqueous solution
with sodium chloride at pH-7.0. The NaDC hydrogel made of the three-dimensional network of
nanofibers shows pH-dependent swelling behaviors. Polystyrene particles with a diameter of 100
nm and doxorubicin hydrochloride (DOX) can be easily loaded into the NaDC hydrogel through
swelling. By using the loaded polystyrene particles as a light scattering probe, we study the mi-
crorheology of the NaDC hydrogel, showing complex viscoelastic properties. The viscous compo-
nent dominates at both low and high frequencies, while the elastic component dominates in the
intermediate range. The cavity size of the nanofiber network can also be estimated to be ~180 nm.
We show that the loaded DOX can be slowly released from the hydrogels into aqueous solution.
The release profile of DOX is found to depend on the pH value of the solution.
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1. Introduction

Supramolecular hydrogels have shown potential applications in drug delivery, wound healing, and tissue engineer-
ing [1]-[5]. They can be simply formed by the self-assembly of small molecules in aqueous solution through non-
covalent interactions including hydrogen bonding, n-r stacking, electrostatic, and van der Waals interactions.

Bile salts are a biological surfactant which is synthesized in the liver for aiding the digestion of lipids in the
small intestine [6] [7]. Unlike traditional surfactants, which typically have a hydrophilic head group bonded to a
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linear, flexible, and hydrocarbon tail, bile acids have a rigid and quasi-planar steroid backbone with polar hy-
droxyl groups on the hydrophilic « face and methyl groups on the hydrophobic g face, and a carboxyl group
linked to the steroid backbone through a short alkyl chain. The facial amphiphilic structure of bile salts makes
them a unique building block for the assembly of one-dimensional (1D) supramolecular structures such as nano-
fibers, nanoribbons, and nanotubes [8]-[22]. Under certain conditions, these 1D supramolecular structures are
able to further entangle into three-dimensional (3D) networks, leading to the formation of hydrogels.

The formation of hydrogels from the self-assembly of bile salts in aqueous solution have been known for a
long time [23] [24]. For example, sodium lithocholate (monohydroxy bile salt) is able to form hydrogels at pH-
12.0 [18], and sodium deoxycholate (NaDC) (dihydroxy bile salt) forms transparent hydrogels at pH-7.0 [23].
However, sodium cholate (trihydroxy bile salt) is not able to form hydrogels. The transparent NaDC hydrogels
formed at the neutral pH are particularly interesting. X-ray diffraction studies showed the formation of supra-
molecular helical structures during the gelling process of NaDC [24]. Steady-state and lifetime fluorescent
measurements by using pyrene as a probe suggested that NaDC hydrogels consisted of entangled polymer-like
aggregates [25].

In this paper, we report the pH-dependent swelling behavior of NaDC hydrogels. By using the polystyrene
particles loaded in NaDC hydrogels through swelling as a light scattering probe, we study the microrheology of
NaDC hydrogels, revealing complex viscoelastic properties. The doxorubicin hydrochloride (DOX) loaded in
NaDC hydrogels can be slowly released into aqueous solution. The release profile of DOX varies as a function
of pH values.

2. Experimental Section
2.1. Materials

Sodium chloride (NaCl), hydrogen chloride (HCI), doxorubicin hydrochloride (DOX), and sodium deoxycholate
(NaDC) were purchased from Sigma-Aldrich. NaDC and DOX were used as received without further purification.
Polystyrene particles with the diameter of ~100 nm were obtained from Thermo Scientific. Water used in our ex-
periments was purified with Easypure Il system (18 MQ/cm, pH 5.7).

2.2. Hydrogel Formation

Hydrogel formation: For the formation of hydrogels, 82.91 mg NaDC was added into 2 mL aqueous solution
containing 0.02 M NaCl at pH 8.9. NaDC solution was vortexed for 5 min at ~60°C and then cooled to room
temperature. The hydrogel formed when the pH of NaDC solution was adjusted to ~7.0.

2.3. Hydrogel Characterization

Hydrogel characterization: NaDC hydrogels were dried on glass substrates and characterized with an atomic force
microscope (Dimension 3100 AFM from Veeco Instruments) in air at room temperature. A silicon nitride canti-
lever (Nanosensors) with a spring constant of 30 N/m and a resonant frequency of 260 kHz was used in tapping
mode. The size of the cantilever tips (radius of curvature) is about 15 nm according to the manufacturer. The
swelling behavior of NaDC hydrogels in a glass vial was studied by measuring their height increases in over time.
In our experiments, 4 mL of 0.172 mM DOX aqueous solution with varied pH values was added on the top of 2
mL NaDC hydrogels. Polystyrene particles were added in aqueous solution at a ratio of 10% w/w at pH 7.0. The
solution was then added to the top of NaDC hydrogels in a glass vial at room temperature. The amount of loaded
polystyrene particles through the swelling was estimated to 0.05 g in 1.0 g hydrogels. An optical fiber based setup
using a low-coherence light source was utilized to detect the dynamic light scattering from the polystyrene par-
ticles loaded in NaDC hydrogels. The local viscoelastic properties of the hydrogels were determined by the fre-
quency analysis of the intensity fluctuations of the scattered light.

2.4. DOX Release from Hydrogels

DOX release from hydrogels: After the swelling of NaDC hydrogel reaches the equilibrium, excess DOX solution
was removed from the top of the swelled hydrogel with a pipette. 3 mL of aqueous solution with different pH
values was then added on the top of the DOX-loaded hydrogel formed by the swelling at the corresponding pH
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values in a glass vial. The aqueous solution was then removed with a pipette each hour. The concentration of
DOX released in the removed aqueous solution was characterized with a Cary 100 UV-vis spectrophotometer.

3. Results and Discussion

The chemical structure of sodium deoxycholate (NaDC) is shown in Figure 1. It has two polar hydroxyl
groups on the « face and three methyl groups on the g face of the steroid backbone. In our experiments,
NaDC was added into aqueous solution containing NaCl at pH 8.9. The gelling of NaDC solution occurs
when the pH of the solution is reduced to 7.0 (Figure 1), which is in agreement with the result reported in
the literature [23] [24]. Atomic force microscopy (AFM) measurements show that NaDC hydrogels are made
of the network of worm-like nanofibers and nanofiber bundles (Figure 1). The diameter of the nanofibers
measured from the height of the nanofibers shown in the AFM image is 65 = 20 nm. The pK, value of
deoxycholate molecules is ~6.6 [23]. Thus, some of the deoxycholate molecules are expected to be proto-
nated at pH 7.0. The gelling at pH 7.0 suggests that the hydrogen bonding of deoxycholate molecules may
play an important role for the formation of NaDC hydrogels.

NaDC hydrogels show pH-dependent swelling behaviors. In our experiments, 4 mL of DOX aqueous so-
lution with varied pH values on the top of 2 mL NaDC hydrogels in a glass vial at room temperature (Figure
2). The swelling of the hydrogels is clearly evident from the increase of their heights in the glass vial over
time. After the swelling of the hydrogels reaches a saturated condition, excess DOX solution could be re-
moved from the top of the swelled hydrogels with a pipette (Figure 2). The swelled hydrogels remain stable
in an upturned glass and show fluorescence when being excited with UV light (Figure 2), suggesting that
DOX is loaded into the hydrogels through swelling. The swelling ratio of NaDC hydrogels is defined as
(H-Ho)/Hg, where Hyis the height of the hydrogel in the glass vial before the swelling of DOX solution and
H, is the height of the swelling hydrogel at time t. As can be seen from Figure 2, the swelling ratio of NaDC
hydrogels slowly increases over time and reach the saturated value of ~ 110 after 250 hours (defined as the
“equilibrium” swelling ratio). The equilibrium swelling ratio reaches ~ 140 at pH 10.0. However, it drops to
~90 when the pH value is increased to 11.0 (Figure 2). A further increase of pH values causes the dissocia
tion of NaDC hydrogels. The balance between the hydrogen bonding and the electrostatic repulsion of nano-
fiber networks determines the swelling behavior of NaDC hydrogels. As the pH value increases, the degree
of the ionization of deoxycholate molecules increases, which would enlarge the cavity of the nanofiber net-
works due to the increased electrostatic repulsion of the nanofibers and consequently cause the increase of
the swelling ratio of NaDC hydrogels. On the other hand, the hydrogel bonding would be cleaved when all

Figure 1. (a) Chemical structure of NaDC; (b) Photography of NaDC
hydrogels formed at pH-7.0 in an upturned glass vial; (c) AFM image
of NaDC hydrogels dried on a glass substrate.
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Figure 2. (a) Photograph of NaDC hydrogels in a glass vial after the addition of DOX solution at pH 7.0; (b) Photograph of
DOX-loaded NaDC hydrogels through swelling at pH 7.0; (c) Emission of DOX-loaded NaDC hydro-gels in an upturned
glass vial under UV illumination; (d) Swelling kinet-ics of NaDC hydrogels at pH 7.0 at room temperature; (e) Equilibrium
swelling ratio of NaDC hydrogels at different pH values.

the deoxycholate molecules are ionized at high pH values, which causes the dissociation of NaDC hydrogels.

The DOX loaded in NaDC hydrogels through swelling can be released into aqueous solution. In our expe-
riments, 3 mL of aqueous solution with varied pH values was added on the top of NaDC hydrogels, in which
DOX was loaded by swelling at the corresponding pH values. We note that the loaded DOX is slowly re-
leased from the hydrogels into the upper aqueous solution. Periodically, the upper aqueous solution was re-
moved from the top of the hydrogels. After being characterized with UV-vis spectroscopy, the removed so-
lution was added back to the top of the hydrogel. Figure 3 shows the UV-Vis spectra of DOX in the removed
aqueous solution as a function of time at pH 7.0. The absorbance of DOX at ~500 nm increases over time,
which suggests the continuous release of DOX from the hydrogel to the upper aqueous solution. Thus, we
used the absorbance at ~500 nm to quantify the cumulative percent release of DOX from the hydrogel as a
function of time at different pH values (Figure 3). The release rate increases as the increase of pH values. At
pH 11, ~80% of the initially loaded DOX is released into the upper aqueous solution after 10 hours. Howev-
er, only 25% of the initially loaded DOX is released into the upper solution after 10 hours at pH 7.0. We
analyzed the release profiles with Ritger-Peppas equation [26]:

M, /M, =kt"

where M{/M,, is the fractional solute release, t is the release time, k is a constant, and n is the diffusional ex-
ponent characteristic of the release mechanism. If Fickian diffusion dominates, n value should be less than
0.5. However, we find that the fitted n value is 0.56 at pH 7.0, 0.63 at pH 9.0, 0.72 at pH 10.0, and 0.80 at
pH 11.0, respectively (Figure 3). This result indicates that the release of the DOX from NaDC hydrogels is
mainly controlled by hydrogel relaxations.

The swelling behavior of NaDC hydrogels also allows us to load polystyrene particles into the hydrogels.
In our experiments, the amount of loaded polystyrene particles was estimated to be 0.05 g in 1.0 g NaDC
hydrogels at pH 7.0, which gives a mass concentration of polystyrene particles less than 0.5%. We used the
loaded polystyrene particles as a light scattering probe to passively measure the local viscoelastic behavior
of NaDC hydrogels. The local viscoelasticity of the hydrogels influences the Brownian motion of the loaded
particle probe, which can be characterized by the temporal evolution of their mean square displacement
(MSD), <Ar’(t)> [27] [28]. The fluctuation of the scattered light due to the random displacement of the
loaded particle probe can be analyzed in the frequency domain by using the fiber-based, low-coherence dy-
namic light scattering technique (LC-DLS) [29]. This technique allows to isolate the single-scattering com-
ponent even in optically dense media. It has been shown that the associated power spectrum of the intensity
fluctuations can be represented as a multi-Lorentzian form [30] [31].
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Figure 4 shows typical experimental power spectra of the scattering from the NaDC hydrogels with and
without polystyrene particles. The power spectra ranging from 5 Hz to 25 kHz were recorded over a period
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Figure 3. (a) UV-vis spectra of time-dependent release of DOX from NaDC hydrogels to the upper aqueous solu-
tion at pH 7.0; (b) Cumulative release profiles of DOX from NaDC hydrogels to the upper aqueous solution at
different pH values. The solid curves were the fitted results with Ritger-Peppas equation.
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Figure 4. Experimental power spectra of scattered intensity fluctuations of NaDC hydrogels with and without
polystyrene (PS) particle probes.

of 10 s of continuous sampling and then a total of 60 samples were averaged during a total acquisition time
of 10 min. As can be seen from Figure 4, a significantly stronger scattering is obtained from the hydrogel
with polystyrene particles. Thus, we further analyze the scattering from the hydrogel with loaded particle
probes.

According to the single-scattering model for spherical particles, the Fourier Transform of the power spec-
trum of the fluctuations relates to MSD [32]:

F{P(f)} :exp{—%@rz(t)ﬂ )

Since the power spectrum has a Lorentzian shape, its Fourier Transform can be directly expressed as the
superposition of multiple decaying exponentials:

FIP(N|=F 258 = Saen(-2a) ®
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This allows us to calculate the time evolution of the MSD in terms of numerical parameters obtained from
fitting the normalized power spectrum of the intensity fluctuations to the multi-Lorentzian model:

. .
<Ar2 (t)> = —%In {Z a, exp(—2amt/z, )} q= M

q i=1 Ao
where q is the magnitude of the scattering vector, n is the index of refraction of the medium (i.e. DI water),
Ao is the central wavelength of the source (680 nm in our experiments), and @ is the scattering angle (0 ==
for the backscattering configuration used here). q is calculated to be 2.46 x 10" m ™.

The calculated MSD of the particle probes is presented in Figure 5. The MSD clearly exhibits three dif-
ferent regimes. At short times, the MSD is governed by the normal diffusion of the particles in the aqueous
medium and therefore grows linearly with time. At intermediate times the MSD increase slows down consi-
derably while at longer times the normal linear increase is reached again. This is a typical behavior of par-
ticle probes in worm-like micelle solution [32] [34].

A quantitative description can be pursued in terms of the particle probes confined in the cavities of
worm-like micelle networks. Following the model outlined in Refs [34] [35]. The MSD corrected for mul-
ti-exponential relaxation times evolves in time as:

(4)

1/a

(ar* (1)) = 662 1_67[%31] (1+%tj 5)

where 6&° represents an average cavity size, Dy is the diffusion coefficient of the particles in the aqueous
medium considered to be a Maxwellian fluid, D,, is the diffusion in the worm-like micelle system, and a is a
constant value correcting for multiple relaxation times (a = 1 in the case of monoexponential relaxation).

In our experiments, Dy was evaluated as the diffusion coefficient of free particles in water while the pa-

rameters 6, Dy, and a were considered to be the fitting parameters for the evaluated <Ar2(t)>. As can be
seen in Figure 5, Equation (5) fits well to the experimental data (R? = 0.9998), giving a = 0.605, D,, = 0.369

um?/s, and &= 0.0394 um. The average cavity size of the nanofiber network of NaDC hydrogels is estimated
to be ~180 nm.
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Figure 5. Temporal evolution of the mean square displacement calculated from
the power spectra of scattered intensity fluctuations from PS particle-loaded hy-
drogels, together with the fitted curve with Equation (5), in which a = 0.605, Dy,
= 0.369 pm?s, and & = 0.0394 um. Dy and Dy, are diffusion constants in the
short-and long-time regimes, respectively.
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The temporal evolution of <Ar2 (t)> can be further related to the viscoelastic modulus, G*(f), by solving

the general Langevin equation of motion with a memory function which is incorporated to take into account
the viscoelastic properties of the fluid [33]-[35]. This can be approached by using the log-derivative method
[36] where the power law describing the MSD

KeT

[e=(f)l= ra(ar (U 1)) [1+a(1)]

is bounded between 0 (elastic confinement) and 1 (viscous diffusion). The magnitude and components of the
viscoelastic modulus can be then calculated to be

G'(1)=[G(f )cos(xar(1)/2)

(6)

G"(f)=[G*(f)|sin(na(f)/2) @)
oln <Ar2(t)>
f)= oint
t=1/

where G' is storage modulus and G" is loss modulus. Figure 6 shows the viscoelastic properties of NaDC
hydrogels as a function of frequencies. We can clearly see that, as expected from the temporal evolution of
the MSD shown in Figure 5, the viscous component dominates at both low and high frequency, G"(w) >
G'(w). While the elastic component dominates in the intermediate range, G'(w) > G"(w). The viscoelastic
behavior is typical to complex systems consisting of worm-like micelles. Some specific aspects of this mea-
surement are worth discussing. First we note that the frequency range is higher than in previous microrhe-
ology studies based on diffusive wave spectroscopy (DWS) [37]-[40]. The inherently high sensitivity of the
interferometric detection in LC-DLS allows the use of small size probes. In our case, the loaded probes are
polystyrene particles with a diameter of 100 nm, which is smaller than that of the tracers traditionally used in
DWS-based microrheology [41]. This is rather beneficial since small particles will have only marginal in-
fluences on the cavities of the nanofiber network of NaDC hydrogels.

From the frequency-dependent viscoelastic moduli, we can readily obtain two key rheological parameters
from the first crossing point where G'(w) = G"(w) at w = 1/z,, on the basis of Maxwell’s model namely the
typical relaxation time and the plateau modulus, Gy = 2G'(w,) = 2G"(w,) [41]. However, the second crossing
point in Figure 6 indicates the presence of more complex dynamics. This can be better explained from the
Cole-Cole representation of the complex viscoelastic modulus (Figure 6). In this representation, a purely
Maxwellian fluid would be described as a semicircle. However, it can be clearly seen from Figure 6 that the
hydrogel system deviates from the semicircular behavior predicted by the single exponential stress relaxa-
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Figure 6. (a) Frequency-dependent G' and G" of NaDC hydrogels calculated from LC-DLS technique; (b) Cole-
Cole representation, in which G' and G" are plotted against each other. The deviation from the semicircle asso-
ciated to single-relaxation Maxwellian fluids (dashed line) indicates the presence of more complex dynamics.
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tion decay of Maxwellian fluids [42] [43]. This is expected from the various stress relaxation mechanisms
observed in the power spectrum as it is accurately described by the superposition of multiple Lorentzian
functions. The deviation from the Maxwellian behavior is the fingerprint of Rouse-like dynamics related to
reptation and breaking of worm-like micelles [44] [45]. For the gel systems consisting of particle probes
loaded into a slightly interconnected worm-like micelle network with weak cross-linkings, the first and
second crossing points, i.e. slow and fast dynamics, indicate that breaking events occur faster than reputation
[46].

4. Conclusion

In conclusion, we form a hydrogel by the self-assembly of NaDC in aqueous solution with sodium chloride
at pH-7.0. The NaDC hydrogel with nanofiber networks shows pH-dependent swelling behaviors. By using
the polystyrene particles loaded in the hydrogel as a light scattering probe, we study the microrheology of
the hydrogel, which shows complex viscoelastic properties. The viscous component dominates at both low
and high frequencies, while the elastic component dominates in the intermediate range. The average cavity
size of the nanofiber network is estimated to be ~180 nm. The DOX loaded in the NaDC hydrogel can be
slowly released into aqueous solution. The release ratio of the DOX is found to increase with the increase of
pH values. By analyzing the release profile of the DOX with Ritger-Peppas equation, we find that the release
of the DOX is mainly controlled by the relaxation process of the hydrogels.
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