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Abstract

Mechanical rheometry, specifically rotational rheometry, squeeze flow, and capillary rheometry, and two microrheology
methods, namely multiple-particle tracking (MPT) and diffusing wave spectroscopy (DWS) have been used to get new insight
into structural and dynamical properties of alginate dissolved in solvents widely used for bioprinting, namely deionized water,
phosphate-buffered saline (PBS), and Dulbecco Modified Eagle Medium (DMEM) cell media. Results demonstrate that alginate
rheological properties depend on the solvent quality at concentrations higher than 1 wt.%. In this high concentration regime, in
aqueous salt-free and PBS solutions, experimental scaling exponents for the concentration dependence of the specific viscosity
TNsp and the plateau modulus G, agree well with theoretical predictions for neutral polymers in good solvent whereas for the
terminal relaxation time 7y, the exponent is slightly higher than theoretically predicted, presumably due to the formation of
aggregates. For alginate dissolved in DMEM, all exponents for 1, Go, and Ty agree with predictions for polymers in theta
solvents, which might be related to the formation of polyelectrolyte complex as a result of interactions between alginate and
amino acids. Chain persistence length /;, values, as determined directly from high frequency rheometry for the first time, are
independent of alginate concentration and temperature. Lower absolute /, values were found for DMEM solutions compared with
the other solvents. Moreover, scaling exponents for 1)y, Go, and 7% do not change with temperature, within 20 and 60 °C. These

findings suggest no change in the conformation of alginate chains with temperature.
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Introduction

Alginate is an anionic polysaccharide derived from marine
brown algae [1]. The linear copolymer backbone is com-
posed of consecutive blocks of o-L-guluronic (G-blocks)
and (3-D-mannuronic (M-blocks) linked by a 3-(1-4) gly-
cosidic bond. It is a biomaterial that has found numerous
applications in biomedical science and engineering due to
its favorable properties, including biocompatibility and
case of gelation [1]. Recently, alginate has become partic-
ularly attractive as it has been used as scaffold for cell
cultivation because it can form robust cell-compatible
hydrogels in physiological conditions [2]. In particular, it
has been employed as bioink in a relatively novel tissue
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engineering (TE) strategy, namely the 3D bioprinting tech-
nology [3]. Bioink is one of the most important compo-
nents in bioprinting and the role of the alginate is to pro-
vide a matrix scaffold to cell growth allowing reliable fab-
rication of 3D constructs after printing. Both mechanical
and chemical properties of alginate in hydrogel form, ob-
tained in presence of divalent cations, e.g., Ca2+, have been
widely studied and well-established [4]. However, for bet-
ter printing efficiency, properties of the hydrogel must be
improved; therefore, it is very important to accurately char-
acterize and understand properties of alginate in solution
especially under physiological and cell media conditions.
In the literature, however, rheological and structural prop-
erties of alginate have been mainly reported in aqueous
salt-free solutions and in presence of NaCl [5-9]. In most
of these reports, the scaling behavior of the specific vis-
cosity 1, dependence on alginate concentration in both the
dilute and semi-dilute regime has been assessed and results
were compared with theoretical predictions for polyelec-
trolyte in salt-free solutions and in the high salt limit
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[10]. Few of them [4] also investigated the concentration
dependence of the terminal relaxation time 7x, which was
determined to fit the shear viscosity flow curve using a
generalized non-Newtonian cross model [11, 12]. To our
knowledge, the concentration dependence of another key
structural parameter, namely the plateau modulus G, has
never been investigated. This quantity is directly related to
the mesh size A of the system with A = (kg7/Gy)"> [13].
Additionally, in many studies, the persistence length /, of
alginate in dilute solutions has been determined based on
intrinsic viscosity [14, 15], size-exclusion chromatography
[16, 17] measurements, and electron microscopy images
[18, 19]. In all these studies, /, values between 12 and 16
nm were found independent of the technique used and ion-
ic strength. These above experimental data are in qualita-
tively good agreement with calculated values (~ 12 nm)
obtained from modeling simulations [20, 21]. In contrast,
fluorescence correlation spectroscopy (FCS) [22] per-
formed in the very dilute regime and small-angle X-ray
scattering (SAXS) measurements [23] covering a more
concentrated regime, up to 30 g/l, provide smaller /, values
around 5 nm and 1-2.5 nm, respectively. An accurate char-
acterization of the persistence length of alginate chains is
of high importance, as the chain flexibility is supposed to
affect cell adhesion as suggested by Lee et al. [24].

In this study, we use classical rotational rheology, squeeze
flow and capillary rheometry as well as two microrheology
methods, namely multiple-particle tracking (MPT) and diffus-
ing wave spectroscopy (DWS) to get new insight into struc-
tural and dynamical properties of bioinks composed of pure
alginate dissolved in water, phosphate-buffered saline (PBS),
and Dulbecco Modified Eagle Medium (DMEM) cell media.
DWS allows for characterizing viscoelastic properties of algi-
nate solutions in a very broad frequency range, from 1 to 10°
rad sfl, and for the first time, we determine the persistence
length /, of latter solutions in the semi-dilute entangled regime
directly from high-frequency rheological measurements. The
variation of /[;with alginate concentration, type of solvent, and
temperature is investigated too.

Another structural parameter investigated here is the pla-
teau modulus Gy. This parameter is determined at intermediate
frequencies by measuring it directly and we investigate its
dependence on alginate concentration in a large concentration
range for the three different solvents. We also determine the
specific viscosity 1, as well as the relaxation time 7w and
establish for each parameter the scaling laws characterizing
its concentration dependence. These results are compared with
scaling predictions for polyelectrolytes in the salt-free and in
the high salt limit [10] and for neutral polymers in good and
theta solvents [25-27]. Variations of those parameters with
temperature are also investigated. Table 1 below gives scaling
predictions in semi-dilute unentangled and entangled
solutions.
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Materials and methods
Sample characteristics

Sodium alginate was purchased as alginic acid sodium salt
from brown algae, BioReagent product line, from Sigma-
Aldrich Chemie GmBH (Taufkirchen, Germany). The molar
mass of each monomer, i.e., G- and M-blocks, is 198 g/mol
and the charge to charge distance in each group is 0.435 nm
and 0.57 nm, respectively [1]. The total molar mass deter-
mined from intrinsic viscosity measurements is in the range
of 300-500 kg/mol. Phosphate buffer saline (PBS) in tablet
form was purchased from Sigma-Aldrich and Dulbecco’s
Modified Eagle’s Medium (DMEM w: 4.5 g/L glucose, w:
L-glutamine, w: sodium pyruvate, w/o: phenol red, w: 3.7 g/
L NaHCO;) from PAN Biotech (Aidenbach, Germany).
Alginate solutions were prepared stirring the powder with
three different solvents: Milli-Q water, 1xPBS (~0.15 M salt)
and DMEM for approximately 1 h until they appeared limpid
and homogeneous at concentrations that vary from 0.05 to 7
wt.%. The pH value for alginate in salt-free and in PBS solu-
tions was 7.4 + 0.1, whereas alginate in DMEM solutions
presented a slightly higher pH of 8.5 + 0.2. For the sake of
convenience, alginate solutions in Milli-Q water will subse-
quently be referred to as aqueous solutions or salt-free
solutions.

Rotational rheometry

A rotational rtheometer, Rheoscope I from Thermo Haake
(Karlsruhe, Germany), equipped with a cone-plate measuring
cell (diameter 50 mm, cone angle 1°) was used to perform
steady as well as small amplitude oscillatory shear experi-
ments covering the frequency range from 0.1 to 100 rad s
at 20 °C and 37 °C. Strain sweep experiments performed prior
to frequency sweeps ensured that the selected strain amplitude
was sufficiently small to provide a linear material response at
all investigated frequencies.

Oscillatory squeeze flow

Oscillatory squeeze flow experiments were performed at 20
°C using a piezo-driven axial vibrator (PAV) customized at
the Institute for Dynamic Material Testing (Ulm, Germany).
This rheometer characterizes fluid linear viscoelastic proper-
ties in a frequency range between 0.1 and almost 10 kHz.
Here, gap heights between two stainless steel plates between
18 and 43 um have been used, corresponding to very small
sample volumes, typically ~ 100 pL. A detailed description of
the operating principles and technical details of the instrument
can be found in [28].
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Capillary rheometry

Steady shear experiments at high shear rates up to 10®s ™" were
performed at 20 °C using a self-assembled capillary rheometer
[29]. The samples were forced to flow through capillaries of
diameter 0.5 mm but different lengths (1040 mm) with a
piston of 15 mm diameter at controlled volume flow rates
corresponding to constant shear rate values. The resulting ex-
trusion pressure was recorded using a pressure transducer
(pressure range from O up to 200 bars, Industrial Sensors
Incorporated, USA) and is proportional to the shear viscosity
of the fluid [30].

Diffusing wave spectroscopy

Diffusing wave spectroscopy (DWS) is an extension of the
traditional dynamic light scattering technique in which multi-
ple light scattering is analyzed. This method allows for mon-
itoring the displacement of micron-sized colloidal particles
with subnanometer precision and on timescales as short as
10 ns so that it provides access to frequencies well above
10* rad s™'. Due to the Brownian motion of particles, the
detector records intensity fluctuations from which the intensi-
ty autocorrelation function (ICF) g,(t)—1 = (I(¢).I(t + 7)) ,
(I(¢)) >~1 and then the mean square displacement
(MSD) (A(t)) can be calculated. Finally, both viscoelas-
tic moduli

G' (w) and G" (w) are obtained based on a generalized
Stokes-Einstein equation (GSE) [31]. In our experiments,
we have added polystyrene particles of diameter 300, 720,
or 1400 nm as tracers. The choice of particle size was
made to obtain the most accurate ICF in the time range
investigated by our DWS setup for each alginate concen-
tration. Additionally, prior to performing DWS measure-
ments, we verified that no particle agglomeration occurred
using light microscopy. It should also be noted that the
GSE relation is valid only under the assumption that the
material surrounding the sphere can be treated as an iso-
tropic and homogeneous continuum, i.e., that the particle
size is larger than the structural length scales of the
probed material. For all alginate solutions investigated
here, we estimated that the plateau modulus G is larger
than 10 Pa. From this value, we can directly determine the
mesh size & of the network according to the classical
theory of rubber elasticity assuming thermal equilibrium,
namely Gy = kg7/ £3 where kg is the Boltzmann constant
and 7 the temperature. We obtain a maximum mesh size
of 75 nm and this value is much smaller than the size of
the smallest tracer particles used.

A customized setup based on the DWS ResearchLab
device (LS Instruments, Fribourg, Switzerland) was used.
Samples were filled in standard glass cuvettes (Hellma)

with a path length of 2 mm and a width of 5 mm. The
temperature was controlled within + 0.1 °C using a tem-
perature control chamber. The measurements were con-
ducted at 20 °C and 37 °C and for some selected con-
centrations also at 60 °C. A 200-mW single-frequency
laser (Torus 532, Laser Quantum) operating at a wave-
length A = 532 nm was used to illuminate the sample.
We collected the transmitted light using a single-mode
optical fiber and single-photon counting detector with
high quantum efficiency and subsequently analyzed it
employing a digital correlator. More details about the
DWS device and data processing can be found in
Oelschlaeger et al. [32].

From these high-frequency rheological measurements,
the persistence length of viscoelastic fluids can be de-
termined. In this regime, the stress relaxation is con-
trolled by the internal dynamics of individual molecules
and the moduli G’ and G"” show characteristic scaling
behavior:

G,~G”~(U(x (1)

First, the Rouse-Zimm modes dominate and o= 5/9. At
even higher frequencies, internal bending modes of single
Kuhn segments determine G'and G"; hence, these dynamic
parameters are related to the bending modulus § often
expressed in terms of the persistence length through 3 =
kgTl,. In this frequency range, the scaling exponent a= 3/4
is found as predicted by Morse [33] and Gittes and
MacKintosh [34]. The transition between these scaling re-
gimes is marked by the inverse of the shortest Rouse relaxa-
tiontimewy = T 61, which is directly related to the persistence
length:

B kgT
a 877slp3

(2)

Wo

where 1, is the solvent viscosity.
Multiple-particle tracking

This technique allows for characterizing local mechanical
and structural heterogeneities of complex materials on a
micrometer length scale [35, 36]. As both methods, DWS
and bulk rheology, provide only averaged sample proper-
ties, using multiple-particle tracking (MPT), we want to
verify that alginate solutions are uniform and homoge-
neous solutions. MPT experiments were performed using
an inverted fluorescence microscope (Axio Observer D1,
Zeiss), equipped with a Fluar 100x, N.A. 1.3, oil-
immersion lens or a C-Apochromat, 40x, N.A. 1.2,
water-immersion lens. In this study, we have used green
fluorescent polystyrene microspheres with 0.2 pm diame-
ter (Bangs Laboratories) as tracer particles. The mixture
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Table 1
unentangled and entangled solutions [10, 25-27]

Scaling predictions for polyelectrolytes in salt-free and in the high salt limit, neutral polymers in good and theta solvents for semi-dilute

Unentangled semi-dilute

Entangled semi-dilute

Msp Go T MNsp Go Tx
Polyelectrolytes in salt free 0% c! ¢ 03 c!s ! ¢
Polyelectrolytes in high salt ¢! ¢! 0 37 s ¢!
Neutral polymers in good solvent ¢! ¢! 03! 37 3 't
Neutral polymers in theta solvent ¢? ¢! ¢t 3 3

containing the investigated fluid including the tracers was injected
into a self-build chamber at 20 °C, consisting of a coverslip and
microscope glass slide with height of ~ 150 um. Images of these
fluorescent beads were recorded onto a computer via a SCMOS
camera Zyla X (Andor Technology). Displacements of particle
centers were monitored in a 127 x 127 um field of view, at a rate
of 50 frames/s. Movies of the fluctuating microspheres were ana-
lyzed by a custom MPT routine incorporated into the software
Image Processing System (Visiometrics iPS) and a self-written
Matlab program [37] based on the widely used Crocker and
Grier [38] tracking algorithm. For MPT experiments, a relative
experimental error of 5% was estimated.

Results and discussion

Comparison of mechanical rheometry and DWS
measurements

The variation of the dynamic shear moduli G’ and G"as a func-
tion of frequency as determined from both mechanical and
optical (DWS) rheometry are given in Fig. la for a 3 wt.%
alginate aqueous solution at 20 °C. Good agreement is found
between mechanical and optical methods. For both techniques,
the shapes of the relaxation patterns coincide over the whole

frequency range, and also the absolute values agree very well.
Similar results were obtained for all systems investigated here
irrespective of the type of solvent used. At low frequencies, w <
5 rad s !, the terminal flow regime with G~* and G'~w is
observed and at intermediate frequencies, both moduli cross
each other at w = 330 rad s ' and a well-developed quasi-pla-
teau in G (G increases slightly with w), which extends at least
over one decade in frequency (2 x 10°> < w <2 x 10%) is found.
At high frequencies, w > 5 x 10% rad s, the viscous response is
first dominated by the Rouse-Zimm modes with a scaling ex-
ponent G'~w>” and at even higher frequencies, w > 1.5 x 10
rad s ', internal bending modes of single Kuhn segments dom-
inate with G'~w** as predicted theoretically. However, G' does
not scale as G~ or G~w** in the frequency range investi-
gated here; for this parameter, the scaling occurs at higher fre-
quencies. For the /; calculation, the solvent contribution was
subtracted from the G curve as shown in Fig. 1b. Using Eq. 2,
we found wy=1.32 x 10° rad s~ and /, = 15.6 + 3.1 nm for this
system. The characteristic rheological parameters terminal re-
laxation time 7R and plateau modulus G, have been derived
directly from the modulus curves. T is given by the inverse
angular frequency corresponding to the first crossover of G and
G’. The plateau modulus G, is defined as the value of the
modulus G at the frequency of w = 10* rad s for all the
investigated solutions.

Fig. 1 a Dynamic shear moduli 4 G,G"/Pa 4 G, G"/Pa
G' and G" of a 3 wt.% alginate 0 T i i T i 34 10 !
aqueous solution obtained from 3 (a) (b)
DWS (G’ dash-dotted line, and G” 107 4 3
solid line), oscillatory squeeze 5
flow (G’ open circles, G” open 10° 1 3
squares), and rotational rheometry
(G’ closed circles, G” closed 10" 5 3
squares) at 7= 20 °C. The
modulus of water G” = wry is 10° 4 3
included for reference (dashed S X 10% - ]
line). b Enlarged view of the high- 107" 4 3 7 3
frequency region. Raw DWS data P .0. 7 5/9 ®,
(solid lines), G" after subtracting 1074 & 7 E
water contribution (dashed line) o . 7
107" 10° 10" 10? 10° 10* 10° 10° 10* 10° 10°

o /rad.s™

@ Springer

o /rad.s™



Colloid Polym Sci

Comparison of mechanical rheometry and MPT
measurements

Here, we use for the first time the multiple-particle-tracking
(MPT) technique to characterize local viscoelastic properties
of alginate solutions. More particularly, MPT is used to obtain
information about the heterogeneity of these systems in a
range of concentrations relevant for the bioprinting process,
from the weakly to the highly entangled regime, i.e., from I to
7 wt.%. Figure 2 shows the variation of MSDs as a function of
time for PS particles of 0.2 um diameter dispersed in a slightly
entangled 1 wt.% alginate aqueous solution. All MSD traces
vary almost linearly with time, indicating that the motion of
the tracer particles is purely diffusive and that the microenvi-
ronment surrounding the particles responds like a viscous lig-
uid. From the averaged MSD, we determined the viscosity

Tmpt Using the relation (AF(7)) = 4Dt where the Stokes-
ksT
67TRﬁMPT

particle radius, kp the Boltzmann constant, and 7 the temper-
ature. We found nypr = 130 £ 40 mPa.s and within experi-
mental error, this value is in good agreement with the viscosity
value Ny = 185 +20 mPa.s obtained from steady shear
measurements.

Additionally, the value of the non-Gaussian parameter «,
calculated for the whole ensemble of MSDs is v = 1, which
is a strong indicator for the homogeneity of the solution. This
parameter describes the deviation of the MSD values from a
Gaussian distribution expected for a homogeneous, uniform
sample [39]. This quantity is zero for a Gaussian distribution,
while broader distributions result in large values a » 0.
Similarly, low a-values were found for all other solutions irre-
spective of the concentration and solvent used confirming the
homogeneity of those systems. From the average MSD shown
in Fig. 2, we extracted the linear viscoelastic moduli G and G’
using the generalized Stokes-Einstein relation. Unphysical
storage modulus values G (not shown) are obtained due to
the limitation of the Laplace transform for this weakly elastic
solution and only the loss modulus G is shown. Figure 3
shows very good agreement between G data obtained from
MPT and bulk rheology in the shared frequency range; as ex-
pected for a Newtonian fluid, the loss modulus increases line-
arly with frequency. However, for alginate solutions at concen-
trations > 1 wt.% that exhibit a significant degree of bulk elas-
ticity (G’ > 100 Pa) but very short relaxation times (< 0.05 s),
MPT viscoelastic moduli cannot be determined accurately due
to the limitation of the MPT technique to measure very small
particle displacements. Indeed, the lower limit of accessible
MSD is ~ 10 pum? which corresponds to the static error of
our setup [40]. Despite this limitation, we were able to deter-
mine the non-Gaussian parameter « for these highly concen-
trated solutions, but only at lag times higher than that corre-
sponding to the static error.

Einstein relation gives D = with R being the tracer

2

10 <Ar¥(t)>/pm

10

107 ¢

103:f

1

10—4 Y |
10°
/s

Fig.2 MSDs of individual PS particles of diameter 0.2 um dispersed in a
1 wt.% alginate aqueous solution. The red curve is the ensemble-average
MSD

Comparison of steady shear measurements,
oscillatory shear, and squeeze flow rheometry as well
as DWS microrheology

In this section, we investigate the flow behavior of a 3 wt.%
alginate aqueous solution characterized using various me-
chanical techniques, namely steady rotational shear and cap-
illary rheometry, oscillatory shear and squeeze flow, as well as
DWS optical microrheology. We observe very good agree-
ment between different methods over a broad frequency/
shear rate range from 0.01 to 10°s™' as shown in Fig. 4. The
complex viscosity | " | data, obtained from oscillatory shear
and squeeze flow mechanical rheometry as well as DWS

G"/Pa
10’ . . -

10°+

107 5 1

1024 1

10 T T
107" 10° 10’ 10?
o/rad.s™

Fig. 3 Frequency-dependent viscous modulus G” obtained from
rotational theometry (solid squares) and calculated from the ensemble-
average MSD (open squares) for a 1 wt.% alginate aqueous solution
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Fig.4 Flow curve ofa 3 wt.% alginate aqueous solution at 20 °C. Steady

shear viscosity from rotational (open squares) and capillary (solid circles)

rheometry. Absolute value of complex viscosity from oscillatory shear

(closed squares) and oscillatory squeeze (open stars) flow, as well as
DWS (solid line)

microrheology, agree very well with steady shear viscosity n
data determined from rotational and capillary rheometry, dem-
onstrating that the Cox-Merz rule is valid for the system in-
vestigated. Particularly, at high frequencies/shear rates, w/ ¥
> 10% 57!, the flow curve from DWS measurements agrees
very well with the data obtained from capillary rheometry,
which is the prevalent technique to measure viscosity in the
high shear regime. In this case, DWS has the advantage of
very low sample amount, ca. 2 mL, whereas for capillary
rheometry around 100 mL of material is necessary. DWS
optical microrheology proves to be a suitable complementary
technique to the mechanical rheometry, especially in the fre-
quency range that rotational rheometry cannot cover.
Variations of rheological parameters with alginate concentra-
tion, solvent, and temperature will be shown and discussed in
the next section.

Scaling behavior of the specific viscosity n,,
dependence on alginate concentration

The specific viscosity N, is defined as ng, = (1o — NI/Mss
where 1 and 1 are the zero-shear viscosity and solvent vis-
cosity, respectively, and has been determined from steady
shear measurements. The concentration dependence of the
specific viscosity 1, for alginate in aqueous salt-free system
is shown in Fig. 5. We distinguish three regimes according to
the different power law dependence in concentrations 1y,~c"
with n being the scaling exponent.

At dilute alginate concentrations (¢ < 0.2 wt.%), we observe
a power law dependence nsp~co‘6 * 0.1 which is consistent with
that expected for salt-free polyelectrolytes in the semi-dilute,
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unentangled regime. For 0.2 wt.% < ¢ < 1 wt.%, nsp~cl‘6 =01

and corresponds to the behavior of salt-free polyelectrolytes in
the semi-dilute, entangled regime. At higher concentrations (1
Wt.% < ¢ < 7 wt.%), we found ng,~c>* * *; this exponent is
slightly lower than the prediction for entangled solutions of
neutral polymers in good solvent and polyelectrolytes in the
high salt limit where nsp~c3'75 [41]. Similar exponents have
been obtained in all three concentration regimes in other studies
on aqueous alginate solutions [5, 6].

Two critical concentrations are thus assigned to the two
changes of slope displayed in Fig. 5, namely, c.; and c,;.
Here, c.; is the concentration separating the semi-dilute
unentangled and the semi-dilute entangled regime for salt-
free polyelectrolytes, whereas c., marks the transition from
this entangled regime for salt-free systems to the entangled
regime for polyelectrolytes in the high salt limit which is sim-
ilar to that of neutral polymers in good solvents. Indeed, in this
highly concentrated regime, the presence of free ions in the
solution screens the electrostatic interactions strongly and the
behavior of the solution changes from a salt-free polyelectro-
lyte system to a polyelectrolyte in the high salt limit when
polymer concentration is increased and their behavior then is
similar to neutral polymers in good solvent. We found ¢, =
0.2 wt.%, corresponding to a minimum in the reduced viscos-
ity dependence on concentration (inset of Fig. 5) [6, 41] and
Cer = 1 Wt.%. For the rest of the study, we will focus on the
third concentration regime because the high viscosity values
in this regime are required for bioprinting applications. More
specifically, we will investigate the effect of alginate concen-
tration on different rheological parameters in three different
solvents: Milli-Q water, PBS, and DMEM.

T S
E nred
5104 ..l
10%5 | i
310 . 1
1034 " . ..-".
§1o1 e
102_: C/w%
10' |
102 10" 100 10"

Alg Concentration C / wt.%

Fig. 5 Specific viscosity as a function of alginate concentration in salt-
free solutions at 20 °C. Error bars are smaller than the size of the symbols.
Inset shows the reduced viscosity as a function of alginate concentration
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Alg Concentration / wt. %

Alg Concentration / wt. %

Alg Concentration / wt.%

Fig. 6 Variation of the a specific viscosity, b plateau modulus, and ¢ relaxation time as a function of alginate concentration in water (black), PBS (red),
and DMEM (blue) at 20 °C. For a and ¢, error bars are as large as the size of the symbols

Effect of alginate concentration on ng,, Go, and Ty in
salt-free, PBS, and DMEM solutions

Variations of 1y, Gy, and T as a function of alginate concen-
tration in the entangled regime for the three different solvents
are shown in Fig. 6a, b, and c, respectively. The specific vis-
cosity Mg, has been determined from steady shear measure-
ments, Gy and T from DWS microrheology as described
above. The main advantage of the DWS technique is that it
covers a very broad frequency range from low ~ 10 rad s ' to
high frequency up to 10° rad s~' and thus allows for a deter-
mination of both parameters directly from the measured G'
and G data.

As already mentioned, for alginate in aqueous salt-free solu-
tion, the specific viscosity scales as nsp~c3'4 =01 with a scaling
exponent approaching the one expected for neutral polymers in
good solvent. For alginate in PBS, we found a slightly higher
exponent nsp~c3‘6 * 01 \which is in very good agreement with
theoretical predictions for polyelectrolytes in the high salt limit
and neutral polymers in good solvent. However, for alginate in
DMEM, an even stronger concentration dependence is found,
nsp~c4'] * 01 approaching the scaling behavior expected for
neutral polymers in solvent, nsp~c4'7. Other differences between
salt-free, PBS and DMEM solutions reside in the absolute values
of 7y, Compared with salt-free solutions, 7, increased by a
factor ~ 2 for solutions in PBS and by a factor of ~ 7 for solu-
tions in DMEM. This difference in solvent quality might be
related to the formation of polyelectrolyte complexes in
DMEM solutions. DMEM contains many amino acids and these
might interact with carboxylic groups from alginate to form
polyelectrolyte complexes leading to stiffer gels and higher ab-
solute values of the viscosity as compared with solutions in
water or PBS. The presence of such interactions between algi-
nate and amino acids has been proved by Di Cocco et al. [42]
performing 'H-NMR measurements. Variation of the plateau

modulus G, with alginate concentration in the different solvents
is shown in Fig. 6b. Within experimental error, the three scaling
exponent values found for this parameter agree very well and
coincide with theoretical predictions for neutral polymers in
good as well as in solvent (Gy~c>?). For the relaxation time Tx
dependence on concentration (Fig. 6¢), no significant difference
is observed among the solvents with Tx~c*> ~**. For alginate in
DMEM, the scaling exponent for 7k similar as for 7y, and G
agrees well with predictions for neutral polymers in solvent,
whereas for salt-free and PBS systems the exponent deviates
from the prediction for neutral polymers in good solvent
(Tr~c"®) as it has been obtained for Nsp and Go. Similar unex-
pected Ty scaling has already been observed for hyaluronic acid

G, G /Pa
104'5
103'E
10+
101 1 1 1 T
10" 102 10® 10* 10% 10¢

o /rad.s™

Fig. 7 Dynamic shear moduli G’ and G” of a 4 wt.% alginate salt-free
aqueous solution as a function of frequency obtained from DWS
measurements at 20 °C (solid line), 37 °C (dashed line), and 60 °C
(dash-dotted line)
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Table 2 Concentration

dependence of ng,, 7%, and Gy, at 20°C 37°C

20 °C and 37 °C for alginate

dissolved in salt-free water, PBS, Nsp Go Tr Nsp Go Tr

and DMEM solvents
Alginate in salt free B34 * 0l 220l 2302 4ol 220l 2302
Alginate in PBS S6+01 JEAR S 24 =01 3T E02 2202 AR
Alginate in DMEM c4.1 + 0.1 C2.] + 0.2 02.3 +0.2 c4.3 +0.2 C2.] +0.2 c2,5 + 0.1

[43] and alginate solutions [6]. One may attribute this deviation
to the formation of aggregates or large supramolecular structures
on the order of 100 nm at these high alginate concentrations, as it
has already been observed for other polysaccharides [44]. It
should be noted that relaxation time values obtained from rota-
tional rheometry (open symbols) deviate slightly from those ob-
tained from DWS (closed symbols) (Fig. 6¢). This may be due to
the inaccuracy of rotational theology data in the frequency range
30rad s ' < w < 100 rad s, which corresponds to the upper
frequency limit accessible by this technique.

Effect of temperature on n,,, Go, and Ty

Increasing the temperature from 20 to 60 °C decreases 15, and
G, by approximately a factor of 2 and this corresponds to a
strong increase in chain mobility. Figure 7 shows modulus
data for a 4 wt.% alginate aqueous salt-free solution obtained
from DWS measurements at three different temperatures 20,
37, and 60 °C. The terminal zone and the Maxwell relaxation
frequency wy are strongly shifted towards higher frequencies,
i.e., the relaxation time 7y decreases as expected.

The activation energy E 5 required for the relaxation of the
system can be calculated from the slope of the semilogarith-
mic plot of Tk versus of 1/7. We found an activation energy of
34 kJ/mol, which is in the same range as reported for other
polysaccharides [43, 45].

Finally, the scaling exponents describing the concentration
dependence ofnp, T, and Goare summarized in Table 2. The
scaling exponents obtained at 37 °C are essentially the same as
those obtained at 20 °C indicating no substantial change of
polymer structure or conformation in this temperature range.

Persistence length /, in different solvents

Figure 8 shows the variation of /, as a function of alginate
concentration in aqueous salt-free, PBS, and DMEM solutions
as determined from wy (Eq. 2). Within experimental error, /, is
almost independent of alginate concentration for each solvent
with an average value of /[, = 15.4 £ 0.6, 15.8 +; 2.5, and 12.2
+ 1.5 nm in aqueous salt-free, PBS, and DMEM solution,
respectively. The slightly lower /, value observed in DMEM
solution indicates an increase in chain flexibility which also
argues for a different polymer conformation in this solvent as
compared with water and PBS solutions. Similar /, values
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were obtained in previous studies based on intrinsic viscosity
[14] or size-exclusion chromatography [17] measurements for
dilute aqueous alginate solutions in salt-free solutions and in
presence of NaCl.

The fact that the persistence length does not depend on the
polysaccharide concentration in this highly concentrated re-
gime is in good agreement with the variation predicted by the
Odijk-Skolnick-Fixman (OSF) theory [46, 47]. In this theory,
for polyelectrolytes, the total persistence length is defined as
Lo, 7=1, o+ Iy, . where [; ¢ is the intrinsic persistence length
due to the rigidity of the uncharged chain and /, . the electro-
static persistence length contribution arising from the repul-
sion between adjacent ionic sites. With increasing polymer
concentration and/or ionic strength, /, ¢ keeps constant where-
as [, . decreases. The relation /, . = 1/(4k*15) holds when the
structural charge parameter £ > 1. This parameter is defined as
the ratio of the Bjerrum length /5 (0.713 nm in water) and the
distance a between two adjacent ionic sites. For sodium algi-
nate, @ = 0.5 nm and, hence, £ = 1.4, which means that coun-
terions condense. The Debye-Hiickel screening length k™' is
related to the ion concentration, i.e., to the ionic force /
through K= (47'(],31)7”2 . For a monovalent 1:1 electrolyte,

I/ nm
30 pI T  § T T T T T T T T T T

20- ]

AN

Alg Concentration / wt.%

Fig. 8 Variation of the persistence length /, as a function of alginate
concentration in aqueous salt-free (black circles), PBS (red triangles),
and DMEM (blue squares) solutions obtained from the crossover

frequency of the w™°

and w

3/4

scaling regime obtained from DWS
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I is identified with the free ion concentration ¢y = § + 2c;,

where ¢ is the polymer concentration and ¢, is the excess salt
concentration; thus, we obtain K2 = Amtlpey:

Figure 9 shows the variation of the total persistence length
L,, 7 measured experimentally using DWS and the variation
predicted by the OSF theory /, g as a function of the con-
centration of free monovalent ions in an aqueous salt-free
system. For the OSF calculation, we approximate /, r=1, o
= 15.5 nm for the solution with the highest polysaccharide
concentration (7 wt.%); as for this sample, /, , = 0.16 nm is
negligibly small.

We observe that /,, 7is almost independent of ionic strength
throughout the experimental range investigated here, consis-
tent with the small contribution of /, . decrease (< 0.75 nm) in
this concentration range as predicted by the OSF theory. The
inset in Fig. 9 emphasizes this result.

Next, we have investigated the variation of /; as a function
of temperature (20, 37, and 60 °C) for a 4 wt.% alginate
sample in aqueous salt-free, PBS, and DMEM solutions
(Fig. 10). In all cases, /, is independent of temperature within
experimental error, and alginate chains dissolved in DMEM
are slightly more flexible compared with the solutions in PBS
and deionized water at all investigated temperatures.

This indicates that the chain conformation seems not to
change in this temperature range as already indicated by the
temperature dependence of the G, T, and 11, data.

Conclusions

In this work, we have used mechanical rheometry in combi-
nation with DWS and MPT optical microrheology to charac-
terize linear viscoelastic properties of alginate in aqueous salt-
free systems and for the first time also in PBS as well as in
DMEM solutions in a frequency range from 10" to 10° rad
s~! and on a micrometer length scale. At concentrations higher
than 1 wt.%, relevant for bioprinting, alginate solutions in salt-
free water and PBS exhibit scaling exponents for the concen-
tration dependence of the specific viscosity 114, and the plateau
modulus G that agree well with theoretical predictions for
neutral polymers in good solvent. For the terminal relaxation
time 7, a slightly stronger concentration dependence is ob-
served compared with theoretical predictions, presumably due
to the formation of aggregates in this high-alginate concentra-
tion regime.

For alginate dissolved in DMEM, all scaling exponents
for ngp, Go , and Ty agree with predictions for neutral poly-
mers in theta solvents; i.e., the investigated solvents pro-
vide clearly different solvent quality. The distinctly differ-
ent solvent quality of DMEM might be due to the formation
of polyelectrolyte complexes in this solvent, due to interac-
tions between alginate and amino acids present only in

lo+/nm
LAl B W UEBARALLLI T
gg lor/nm
20
18
2
10% 1 16 N,
= SN
14
12
1x10"  2x107"  3x107 1
¢;/ mol.I"
10"

10 107 102 107
¢ = clg + 2¢, / mol.I"

Fig. 9 Variation of the total persistence length /, 7 measured (closed
squares) and calculated from OSF theory (solid line) as a function of
the concentration of free monovalent ions ¢, in an aqueous alginate
solution. Inset: close-up of the experimentally accessed concentration
range

DMEM. This result is supported by lower persistence
length values for DMEM solutions as determined directly
from high-frequency rheological measurements for the first
time. Whether this difference in the chain flexibility due to
solvent quality affects the cell adhesion or not has to be
addressed in future research. Additionally, the scaling ex-
ponents for 15, Gy , and T do not change with temperature

l,+/nm
24 p!I v 1 N I = I = T

4-| 1 I I 1
20 30 40 50 60

Temperature / °C

Fig. 10 Variation of the persistence length /; as a function of temperature
in aqueous salt-free (black circles), PBS (red triangles), and DMEM (blue
squares) solutions
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(20 °C < T'< 60 °C). This is also true for the observed /,
values. These findings suggest that alginate chain confor-
mation seems not to change with temperature. This result
indicates that it is possible to vary the bioink temperature
during the printing process without any change of the poly-
mer conformation. Finally, MPT results clearly reveal a
homogeneous structure of alginate solutions down to the
200-nm length scale in the concentration range investigated
here.
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