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Abstract: Alginate gels are widely used in biomedical applications due to their biocompatibility
and controllable swelling properties. While previous theories predict that ionic solvents degrade al-
ginate gels through Ca?™ /Na™ exchange, breaking the Ca?* cross-links and leading to degradation,
our experiments with alginate capsules in solutions with varying concentrations of NaCl and CaCls
show a different behavior. The gel not only does not degrade, but with increasing concentrations of
salts, it reaches a maximum size to then deswell, contradictory to the expectations. Modeling the
gels as ionic allows explaining the observed behavior. This suggests that the swelling is mainly due

to ionic effects rather than cross-link degradation.
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I. INTRODUCTION

Alginate is an anionic polymer obtained from brown
seaweed, which makes it a natural material widely used
in biomedical applications due to its biocompatibility
[1]. Ome example is its use in drug delivery capsules,
done by Treefrog Therapeutics, our collaborator. These
capsules are used to transport stem cells, which require
specific salt concentrations and pH conditions. For this
reason, analyzing the stability of the capsules under
different conditions is important [2].

Polymers are formed by many monomers chemically
linked, usually by covalent bonds. When the polymer
chains are long enough, the bond angles become mostly
uncorrelated, forming three-dimensional random coils.
These polymers can be turned into gels when cross-
links are added; these prevent polymer rearrangement.
The cross-links can be physical, connecting the poly-
mers through non-covalent bonds, or chemical, forming
covalent bonds that make the connections permanent [3].

The presence of a solvent is essential for polymer gels
since part of the solvent is absorbed and held within the
polymer network. They are nevertheless solids even if
mostly made of solvent [4]. The entropy of the polymer,
together with the elastic stress from the cross-links,
can be thought of in terms of osmotic pressure. It is
the osmotic pressure difference between the inside and
the outside of the gel what controls their swelling or
deswelling [3].

Tonic gels contain fixed charged groups in their poly-
mer structure. These charges lead to a Donnan poten-
tial, that causes an imbalance in ion distribution between
the inside and outside of the gel, therefore, affecting the
swelling behavior [5].

A. Alginate gels

The alginate polymer consists of S-D-mannuronic acid
(M) and a-L-guluronic acid (G) monomer residues. Each
polymeric block contains carboxylic groups (-COOH)
that can dissociate depending on pH, creating fixed
negative charges. This makes alginate an anionic gel
when deprotonated. The electrostatic forces within the
polymer network are strongly affected by the presence
of ions from salts in the solvent [6].

Gelation occurs when divalent cations form ionic
(physical) cross-links between two G-blocks from differ-
ent polymer chains, creating the characteristic ” egg-box”
structure shown in Figure 1. This interaction is more
favorable between G-blocks than M-blocks due to their
specific spatial configuration, which facilitates the inter-
action with calcium ions. Calcium ions (Ca?t) are the
most commonly used for this purpose, as they are non-
toxic [7].
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FIG. 1: Figure taken from [8] representing the ”egg-box”
structure in alginate gels ionically crosslinked with calcium
ions.

According to the literature, Ca?* cross-links are not
completely stable, as calcium ions can be exchanged with
monovalent cations like Nat from the surrounding solu-
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tion. This reduces the number of cross-links, causing the
gel to swell and eventually degrade completely [1]. A
high concentration of competing ions intensifies this ef-
fect, leading to more swelling and ending with the full
dissolution of the gel.

B. Experimental deviations from theoretical
predictions

When conducting experiments on gel size as a function
of [NaCl] and [CaCly], we observe a behavior that is
different from the one expected: while the gels initially
swell (as predicted), they begin to deswell beyond certain
[NaCl]. This contradicts the expectation of continuous
swelling leading to complete dissolution. The observed
deswelling suggests that at least some egg-box structures
must remain formed rather than fully dissolving.

In the following sections, we describe our experimental
work, discuss our results and propose an explanation that
accounts for both the swelling and the deswelling of the
gels.

II. METHODOLOGY

For our experiments, we use capsules produced by
Treefrog Therapeutics. These capsules are made of algi-
nate gel and are immersed in an aqueous solution, which
acts as the solvent both inside and outside the gel net-
work.

A. Experimental procedure

Prior to the experiments, all samples undergo dialysis
to remove low molecular weight impurities. The capsules
are enclosed in dialysis membranes with a molecular
weight cut-off of 12-14 kDa and immersed in 6 L of ultra-
pure water. The external water is replaced three times
to ensure efficient ion removal through diffusion. To
monitor the solute removal, we measure the conductivity
of the surrounding water; since dissolved ions from the
original solution contribute to conductivity, stabilization
of this value is an indicator of complete impurity removal.

Once the samples are cleaned, the capsules are
immersed in different baths at varying concentrations
of NaCl and CaCly; and in fixed pH conditions. All
experiments are conducted at pH values above the pK,
of carboxylic acid in alginate, ~ 3.2 (derived in previous
experiments conducted by the group), ensuring that
most of the carboxylic groups are deprotonated and thus
that the polymer network is charged.

Capsules are allowed to equilibrate in their respec-
tive solutions for 48 hours before the analysis. Due
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to their higher density compared to the surrounding
medium, the capsules sediment, which allows them
to be easily extracted with a pipette. To prevent
deformation during imaging, samples are placed between
two glass slides using a 1 mm thick melted paraffin frame.

All complete protocols of the procedure as well as the
conductivity measurements are provided in Appendix A.

B. Imaging

To analyze the size variation of the capsules as a func-
tion of [NaCl] and [CaCly], we capture images from the
Axio Observer Inverted microscope (Zeiss) with a 2.5x
objective. Kohler illumination ensures homogeneous
illumination in the field of view and eliminates the light
source in the final image. This creates a grain-free and
extended image, that enhances sample contrast [9].

Since capsules are relatively transparent, they are very
hard to observe in normal microscope modes. This is why
we use dark-field microscopy. This type of microscopy
uses a spherically concave condenser to block unscattered
light and only captures rays that have been scattered, re-
flected or refracted by the interfaces in the sample. This
produces high-contrast images with bright edges against
a dark background [10, 11].

C. Image processing

To analyze the size of the capsules, images are
obtained using the ZEN software. The 2.5x objective
of the microscope does not allow the entire suspension
droplet to be captured in one single image. Therefore,
we need to take overlapping pictures of the whole
droplet. We use screen captures at 3-second intervals
instead of downloading the images directly from the
microscope software, as it is a faster process and the file
size is notably reduced while having enough resolution
for latter analysis. It is important that the scale bar
provided by the software appears in the screenshots, as
can be seen in the top and left of the image from Figure
2a, since it is used to obtain the pixel-to-micrometer
conversion.

Each screenshot is cropped and stitched together
using OpenCV algorithms that identify common pat-
terns within all images provided, automatically stitching
images. This process sometimes fails due to insufficient
or repetitive features, so it has to be revised manually.
An image of the entire stitched droplet can be observed
in Figure 2b.

Capsules are detected using the Segment Anything

Model (SAM), an open-source deep learning tool de-
veloped by Meta AI [12]. SAM has been trained over
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FIG. 2: Image processing steps. (a) Example screenshot taken from the ZEN microscope software. (b) Stitched image of the
full suspension droplet after cropping and aligning all overlapping screenshots. (c) Section of the stitched image showing some
of the detected capsules and the segmentation using the SAM model, different colors are used for each identified capsule, and
the fitted ellipses, shown in green. The scale bars in all images correspond to 800 pm.

11 million images and 1 billion masks, providing a high
success rate in detecting a wide variety of objects. When
run on a GPU, SAM detects most capsules rapidly,
though it needs to be manually revised since it also
detects some additional objects.

To quantify the size of each capsule, we fit an ellipse
to each detected object using the REGIONPROPS function
from the Python library scikit-image, which returns the
major and minor axes a and b, as well as the orientation
of the fitted ellipse [13]. These values allow us to overlay
the fitted ellipses on the original image, as can be
seen in Figure 2c. We define the capsule diameter as
w = 2b, averaging over all capsules. The ratio a/b is
approximately constant, see Appendix B, except at the
highest [NaCl] we probe. This guarantees that the gel is
essentially in the linearly elastic regime.

We will then report on (w) and its standard error,

Error({(w)) = L;;)% (1)

where N is the number of detected capsules, and dw =
w — {w), with (- - -) the average over all capsules.

III. RESULTS

The experimental results are presented in Figure 3.
The capsule diameter remains approximately constant
at low [NaCl]. However, with further increase in the
salt concentration, the gel begins to swell, reaching a
maximum size before deswelling to values close to those
observed initially. In these experiments [CaCly] = 1 mM.

Since both experimental batches were prepared under
similar conditions, with the same [CaCly] and a pH
above the pK,, they show very similar swelling behavior
as [NaCl] increases.
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FIG. 3: Swelling behavior of alginate capsules as a function
of NaCl concentration at fixed CaCly concentration and pH.
Swelling is quantified through mean capsule diameter with its
standard error.

This behavior cannot be explained only by assuming
that the gel dissolves due to the release of Ca2" ions.
Therefore, we propose an alternative interpretation
based on treating alginate gels as regular ionic gels,
where fixed charges originating from deprotonated
carboxylic groups generate a Donnan potential. In
this situation, swelling is mainly caused by the osmotic
pressure difference between mobile ions inside and
outside the gel network, which we consider to be the
dominant contribution.

To understand this behavior, we follow the theoretical
model developed by Tanaka [14] and later extended by
Ferndndez-Nieves [15].
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A. The model

To interpret the swelling behavior observed experi-
mentally, we model the alginate capsule as a charged
ionic gel in equilibrium with the surrounding ionic
solution.

We assume that the gel allows the entry of mobile ions
while retaining fixed charges originating from dissociated
carboxylic acid groups. Therefore, when a free ion from
the solvent enters the gel, it feels an energy F; = U that
corresponds to the Donnan potential. This potential
results from a balance between electrostatic forces that
attract counter-ions and repel co-ions due to the fixed
negative charges; and entropic effects, that favor uni-
form ion distribution to maximize entropy. Therefore, it
depends on the relative volume available to ions and the
ratio of internal and external ion concentrations.

The carboxylic groups dissociate as COOH &
COO~ + H" with a dissociation constant
K, = % where ncoon and neoo- are the
concentrations of the undissociated and dissociated
carboxylic groups, respectively. Therefore, the total con-
centration of carboxylic groups in the polymer, whether
dissociated or not, is defined as p = ncoou + ncoo; this
corresponds to the total number of monomers present in
the polymer.

The gel is immersed in a bath containing mobile ions
Nat, Cl=, HT, OH, and Ca?*. The equilibrium concen-
tration of each ionic species inside the gel can be defined
using Boltzmann statistics:

— *_%_ *)\ %
n; =nje FBT =n;\ (2)

where U is de Donnan potential, n; = % is the con-
centration of ion i inside the gel, with N; the number
of ions inside the gel, n} is the concentration of ion
1 outside the gel, z; the valence of the ion ¢, e the
elementary charge and kp the Boltzmann constant. The
Donnan ratio, A, is introduced to simplify the expression.

Since the gel must remain electrically neutral, the con-
centrations of all charged species inside the gel must sat-
isfy the electroneutrality condition:

2nca + nNa + nH = Nc1 + Nonr + Ncoo (3)

The variables that can be controlled experimentally
are the concentrations in the solvent (that are assumed
fully ionized). By substituting the expressions from
Equation 2 into Equation 3, we obtain a nonlinear
polynomial equation that can be solved numerically
to find the Donnan ratio A, and then, determine the
internal ion concentrations through Equation 2. We
solve it numerically using the ROOTS function from the
NumPy Python library [16].
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Once the ion concentrations inside the gel are known,
the osmotic pressure difference between the inside and
outside of the gel can be calculated assuming the ions
behave as an ideal gas:

AT = NAI{?BTZ(TM - n:) (4)

where N4 is Avogadro’s number, and the sum goes over
all mobile ionic species.

The detailed calculations of the model are provided in
Appendix C.

Using the model described above, we have numerically
solved for the ionic osmotic pressure difference for the
case of [CaCly]= 1 mM and pH = 5.6. The values used
for the dissociation constant and the fixed charge density
have been choosen based on the results of previous exper-
iments conducted by the group; they are pK, = 3.2 and
p = 0.8 M. Ensuring that the conditions are as similar as
possible to the experimental ones, the results for An as
a function of [NaCl] are shown in Figure 4.
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FIG. 4: Normalized osmotic pressure difference due to the
ions as a function of NaCl concentration. The parameters
in the calculation are: pH = 5.6 in the solvent, pK, = 3.2,
p = 0.8 M and [CaClz]= 1 mM.

Although the experimental and theoretical results
represent different physical quantities (capsule size in
Figure 3 and osmotic pressure in Figure 4) the model
correctly matches the trends observed in the experi-
ments. Some discrepancies may result from the limited
precission in the pK, and p, which were chosen based
on what best matched the behavior observed in previous
experiments conducted by the group.

At low salt concentrations, the osmotic pressure re-

mains relatively low and constant, resulting in very little
volume change. In this region, Ca?* is the dominant
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counterion inside the gel. Since Ca2?* feels a higher
attraction strength compared to HT, higher quantites
of this ion will be present in the gel (nc, >> npy), this
creates a stable situation in which the osmotic pressure
remains relatively constant.

As the [NaCl] increases, Ca?" ions are replaced by
two Na™ ions to maintain electroneutrality. This raises
the total ionic concentration inside the gel. When both
concentrations are comparable, the gel starts to swell
due to the increase of ions inside the gel, which causes
a difference between the inside and the outside that
creates an osmotic pressure.

Beyond a critical [NaCl], Cl~ ions start to enter
the gel due to entropic effects. This increase in anion
concentration inside the gel causes the Donnan potential
to reduce, which makes the capsules deswell with a
similar trend to the initial swelling region.

When the [NaCl] increases enough, the Donnan
potential tends to zero, and the ionic concentrations
inside and outside the gel equilibrate.

IV. CONCLUSIONS

These results suggest that the proposed theoretical
model is consistent with the physics that cause the
observed swelling behavior. We conclude that the

swelling and deswelling of alginate gels are not primarily
due to the breakdown of ”"egg-box” structures. Instead,
the gels behave as ionic gels, with volume changes due
to electrostatic interactions and the resulting osmotic
pressure differences between the gel interior and the
external solution.

This contrasts with previous knowledge on the behav-
ior of alginate gels and provides new information that can
be relevant for all types of industries that use these ma-
terials. Understanding better how they swell in different
salt conditions helps us predict their durability and how
their structure varies. This knowledge is particularly rel-
evant for pharmaceutical applications, where the control
of gel behavior is essential for drug delivery applications.
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Resum: Els gels d’alginat s’utilitzen sovint en aplicacions biomediques gracies a la seva
biocompatibilitat i a les seves propietats d’expansié controlable per absorcié de solvent. Tot
i que teories prévies prediuen que les solucions ioniques degraden els gels d’alginat mitjangant
l'intercanvi de Ca?t i Na¥t, afeblint els encreuaments de Ca?T i provocant la degradacié del gel,
els experiments duts a terme amb capsules d’alginat en solucions amb concentracions variables de
NaCl i CaClz mostren un comportament diferent. El gel no només no es degrada, siné que, amb
I’augment de la concentracié de sals, arriba a una mida maxima i després decreix, contradient les
expectatives. Modelitzar els gels com a gels idnics permet explicar aquest comportament observat.
Aix0 suggereix que els canvis de volum es deuen principalment a efectes ionics i no a la degradacié
dels encrenaments de Ca®".

Paraules clau: Gels d’alginat, Expansié per absorcié de solvent, Potencial de Donnan, Pressi6
osmotica.
ODSs: Salut i benestar, Educacié de qualitat, Indistria, innovacid, infraestructures.
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Aquest TFG, part del grau de Fisica de la Universitat de Barcelona, es relaciona amb 1’ODS 3, i en particular amb
la fita 3.B, ja que els resultats obtinguts tenen una potencial aplicacié en tractaments biomedics. També es relaciona
amb 1’ODS 4, concretament amb la fita 4.3, perque contribueix a I’educacié en ’ambit universitari. Finalment, amb
I’ODS 9, fita 9.5, ja que promou la investigacié cientifica.
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Appendix A: EXPERIMENTS

1. Dialysis protocol

e We grab 10 mL of the sample containing the cap-
sules provided by Treefrog Therapeutics.

e We use 10 cm of dialysis membrane with a molec-
ular weight cut-off of 12-14 kDa.

e Before use, the dialysis membranes have to be
cleaned to remove surface impurities. This is done
by boiling them three times in ultrapure water, re-
placing the water between each boil.

e We fill the membranes with the sample, seal them
with clips and immerse them in 6 L of ultrapure
water.

e We replace the external water twice to ensure the
complete removal of the low molecular weight im-
purities.

e The conductivity is measured after each replace-
ment.

The results of the conductivity measurements are shown
in Table I.

TABLE I: Date, conductivity, and temperature for dialysis
experiment.

Date Conductivity (us/cm) 1| Temperature (°C)
17/10/2024 3.50 23.6
21/10/2024 13.62 25.0
29/10/2024 2.30 22.1

2. Bath preparation

The experiments require the preparation of baths with
different pH and salt concentrations, in which the algi-
nate capsules are immersed.

To begin, we prepare two bottles of the following con-
centrations:

e NaCl at a concentration [NaCljp = 1 M.
e CaCly at a concentration [CaCly]y = 100 mM.

These solutions were made using solid NaCl and
CaCly-2H20 powder. The required mass used in each
case is calculated using the following relations:
e Number of moles:
m(X)
= —= Al

where m(X) is the mass and M(X) is the molar
mass.
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e Concentration:

x] = 2% (42)

where V is the volume of solution to prepare.
Therefore, the required mass is m(X) =V - [X]- M[X].

Once the bottles are prepared, we can make each bath
using mass conservation:

Vo = [Xj(gv (A3)

where subindex 0 refers to the original bottle and the
terms without subindex refer to the bath we want to
prepare.

To control the pH, we used a liquid made of 37% HCI.
In this case, it is also necessary to take into account the

relative density of the solution, defined as d = pf I({fé)'

The mass is calculated as m(X) = p(X) - V. This allows
determining the volume of the HCI solution required to
prepare each bath at a certain pH.

We set the total volume of the baths at Vi,; = 3 mL.
Each bath is prepared by mixing the calculated volumes
of each solution and diluting them to the final volume
with ultrapure water. To ensure the complete and homo-
geneous dissolution of the salts, we use magnetic stirring.

For this work, we have prepared baths of the same
[CaCly] = 1 mM and [NaCl] that range from 0.1 mM
to 1000 mM. For these conditions, we have made one
batch at pH = 5.61 and another batch at pH = 3.96.
In both cases, above the pK, = 3.2 of the carboxylic
groups in alginate, ensuring that most of these groups
are deprotonated during the experiment.

3. Capsule deposition for imaging

To extract the capsules from each bath, we need
a pipette with an opening wide enough to allow the
capsules to pass through without damage. Since we are
working with very small volumes, the pipette tips were
manually cut to obtain the desired diameter.

The capsules are then placed between two glass slides.
To prevent their deformation during imaging, a 1 mm
thick frame of melted parafilm was made around the
lower slide, as shown in Figure 5.
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FIG. 5: Structure made of two glass slides and melted
parafilm to prevent capsule deformation.

Appendix B: Linearly elastic regime

To verify that the capsules remain in the elastic regime,
we analyze the relationship between the major axis a and
minor axis b of the fitted ellipses. Specifically, we plot
the ratio (b)/(a) as a function of [NaCl]. The results
can be seen in Figure 6, corresponding to the conditions
[CaCly] = 1 mM and pH = 5.61.

10° 10! 107 103
[NaCl] (mM)

FIG. 6: Ratio between the average minor and major axes,
(b)/(a), as a function of [NaCl] for [CaClz] = 1 mM and pH
= 5.61.

It is noticeable how the ratio remains mostly constant,
especially at low [NaCl|, which suggests that the capsules
are in the linearly elastic regime.

Appendix C: Model calculation

To describe the ion distribution inside the gel, we use
Boltzmann statistics to relate the concentrations of each
ion species inside and outside the gel:

* —zicl *\ 25
n; =n;e FBT =n;\¥

(C1)

The total concentration of carboxylic groups (total
number of monomers) is given by p = ncoon + ncoo
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. . . . n —-n
and the dissociation constant is K, = %OHH* We

can express the concentration of ncoo and ncoon as:

p
ncoo Ty (C2)
NCOOH = &p (C3)

+1

S

H

To maintain electroneutrality inside the gel, the sum of
positive and negative charges must balance. Substituting
the expression for ncopo, we have:

2nca + nNa + nu = ncl + nou + (C4)

B +1

n n
(1 + H) (2ncatnNatnn) = <1 + H> (nartnon)+p

K, K,
(C5)
nE
2nca + nNa + nu + ?(2nCa + nNa + NH)
ng ‘
=nc) + nou + — (nc1 + nou) + p (C6)

K,

If we replace the inside concentrations with the Boltz-
mann relation, and group terms with respect to the power
of A, we obtain the following;:

*

205G + niA + (2020502 + niA + ik, )

K,
* — * — ny * — * —
= (oA~ H g AT + ?H(nOH)‘ g AT 4
a
(C7)
Ka * n* * *
)\4 + In*n* <2nc + KH (nH + nNa)) )‘3
c'"H a
a * * A2
+ Dnin (nf1 + )
K, n N
T (KH (non + néy) + P) A
c'"H a
— 5 (o +ng) =0 (C8)

Eo
2n¥ng

This expression can be solved numerically for A using
the ROOTS function from the NumPy Python library.

To solve it, we have to take into account some consid-
erations:

e pH= —log(n}), so nj; = 107PH.
e pK, = IOg(Ka)'

o pOH= —log(n&y)-
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e We impose the concentrations of [NaCl] and
[CaCly] outside. Therefore, nk, = n1, n&, = no
and ng; = n1 + 2no.

e Since the ionizable groups are negatively charged,
the counterions (positive ions) are more strongly
attracted to the gel. This implies that A* > 1 for
z; > 0, so that A > 1.

Once the Donnan ratio, A is determined, we can
compute the inside concentrations of all ionic species.

Treball de Fi de Grau

The osmotic pressure difference between the inside and
the outside of the gel is given by:

Am; = NakpT» (n; —nj), (C9)

where N4 is Avogadro’s number, and the sum goes over
all mobile ionic species.
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