Open Access Article. Published on 22 January 2025. Downloaded on 1/14/2026 4:40:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Acetylation of alginate enables the production
of inks that mimic the chemical properties
of P. aeruginosa biofilmf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B, 2025,
13, 2796

*3 Goodness Osondu-Chuka,” Giuseppe Guagliano,

9 Francesco Briatico-Vangosa, (2 ¢
ab

Stephan Schandl,
Stjepan Perak,® Paola Petrini,
Erik Reimhult® and Olivier Guillaume

The reason why certain bacteria, e.g., Pseudomonas aeruginosa (PA), produce acetylated alginate (Alg) in
their biofilms remains one of the most intriguing facts in microbiology. Being the main structural
component of the secreted biofilm, like the one formed in the lungs of cystic fibrosis (CF) patients, Alg
plays a crucial role in protecting the bacteria from environmental stress and potential threats.
Nonetheless, to investigate the PA biofilm environment and its lack of susceptibility to antibiotic
treatment, the currently developed in vitro biofilm models use native seaweed Alg, which is a non-
acetylated Alg. The role of the acetyl side group on the backbone of bacterial Alg has never been
elucidated, and the transposition of experimental results obtained from such systems to clinical
conditions (e.g., to treat CF-infection) may be hazardous. We systematically investigated the influence of
acetylation on the physico-chemical and mechanical properties of Alg in solution and Ca®*-crosslinked
hydrogels. Furthermore, we assessed how the acetylation influenced the interaction of Alg with
tobramycin, a common aminoglycoside antibiotic for PA. Our study revealed that the degree of

Received 2nd December 2024, acetylation directly impacts the viscosity and Young's Modulus of Alg in a pH-dependent manner.

Accepted 22nd January 2025 Acetylation increased the mesh size in biofilm-like Alg hydrogels, directly influencing antibiotic
penetration. Our results provide essential insights to create more clinically relevant in vitro infection
models to test the efficacy of new drugs or to better understand the 3D microenvironment of PA

biofilms.
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Introduction

Bacterial biofilms are an essential field of research due to their
complexity and omnipresence in nature." Their presence on
surfaces of pipelines in the sewage system,” on building
surfaces,*® or in the tubings of catheters in hospitals”® calls
for efficient strategies to eradicate biofilms. This is especially
true for patients suffering from CF, who are at high risk of
developing bacterial infections, leading to biofilm formation in
the mucus layer of their airways.'® CF leads to an osmotic
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imbalance, causing dehydration and thickening of the mucus-
rich layer on top of the epithelial lung cells." This highly
viscous environment is fertile ground for bacteria, like Pseudo-
monas aeruginosa (PA) or Staphylococcus aureus, to spread.
Infections from PA, a strong biofilm producer, often lead to
complications in antibiotic treatment as the bacteria can switch
their phenotype from an initial wild type to a mucoid type."°
Once this switch occurs, the Alg production of PA is highly
upregulated. Alg is exported to the extracellular matrix of
biofilms, where it plays a central role in the mucoid bio-
film."? 1t significantly enhances bacterial biofilms’ structural
and functional integrity through its gelation ability, forming
stable gels with divalent cations like calcium.'? These viscoe-
lastic gels’ chemical and physical stability allows the bacteria
community to withstand mechanical stresses while maintain-
ing flexibility. The hydrophilic nature of Alg ensures high water
retention and porosity, which are critical for nutrient and waste
transport within the biofilm. The high molecular weight
Alg, together with other components of the extracellular poly-
meric substances (EPS),"* also protects the bacterial colonies

This journal is © The Royal Society of Chemistry 2025
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from environmental and chemical threats, e.g., by limiting
diffusive transport and binding toxic compounds such as
antibiotics."*

Alg consists of B-p-mannuronic (M) acid and o-t-guluronic
(G) acid units. The G units are responsible for gelation by
crosslinking via divalent cations, mainly Ca>*, while blocks of
M units are assumed to have higher hydration and flexibility.
One of the intriguing aspects regarding biofilm Alg from PA is
that, unlike seaweed-derived Alg, it is modified with acetyl side
groups on the mannuronic acid block (M)."” The remaining
guluronic acid block (G) is not modified, retaining the gelation
properties.'”'® The reason why bacteria are acetylating the Alg
and how this influences the properties of the biofilm is not fully
understood. Previous studies showed that some properties,
e.g., the viscosity of Alg solutions'® or metal-induced precipita-
tion, can be tuned by the degree of acetylation.'®?° It was also
proposed that acetylation leads to higher water uptake, poten-
tially protecting the bacteria from dehydration and increasing
bacteria adhesion within the biofilm."®

Current in vitro CF biofilm models use seaweed derived
Alg.'*?12% or natively generated biofilms directly from cultured
PA.>>?** Models using native PA biofilm suffer from time-
consuming preparations and inhomogeneities within the bio-
film samples.>® Furthermore, natural biofilms contain not only
Alg but other components, e.g., extracellular DNA'® and other
polymeric substances.”® Designing reliable in vitro models of
biofilm environments is necessary to decipher each com-
pound’s contribution to, for instance, the acquisition of anti-
biotic tolerance due to drug-EPS interaction."*?*>® Hence,
producing Alg starting from seaweed with a controlled degree
of acetylation would be advantageous.

Inkjet printing is an easy to use biofabrication method as it
allow direct encapsulation of cells,> protein and other bio-
molecules.>® Despite the variety of inkjet-based printing methods,
from pneumatically to electrostatically and thermally driven
jetting, they all rely on relatively low viscosity inks.*" (Bio)inks for
inkjet printing allow the controlled deposition and encapsulation
in droplets down to fl in volume.*" Using Alg as ink leads to the
fabrication of droplets, in which cells can be encapsulated for 3D
cell culture**? but also (bio)molecules can be encapsulated to use
Alg microgels as delivery vehicles.”® Although 3D bioprinting is
widely used in biofabrication in context with mammalian cells,
bioprinting with bacteria is still in development. Inkjet printing
can be used to produce microgels in a high-throughput fashion
with adjustable sizes to mimic biofilms in all stages. This was
illustrated by Ning et al. who showed that extrusion-based bio-
printing was an excellent method for the production of in vitro
biofilm models of thickness between 0.25 and 4 mm.* Inkjet
printing would allow to produce microgels in a high-throughput
fashion to biofilm models with adjustable sizes to mimic biofilms
in all stages. Nevertheless, as any other reports of in vitro CF-like
biofilms, they use seaweed-derived alginate for building those
biofilms, omitting the acetyl group of the alginate.

In this study, we investigate the influence of acetylation on
the physical and mechanical properties of Alg solutions and
Ca**-crosslinked hydrogels, respectively. We first developed a
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protocol to optimize the degree of acetylation of seaweed Alg.
Then, we addressed the influence of the pH of the surrounding
media on the mechanical properties of acetylated Alg. This was
performed to mimic acidic conditions clinically observed during
the maturation process of CF-biofilms. Finally, the interaction
between tobramycin and Alg and the influence of its acetylation
were investigated from the molecular to the macroscopic level.

Materials and methods

Materials

Sodium Alg Pronova-UP-MVM (60% M content) was obtained
from Novamatrix FMC Biopolymer (Sandvika, Norway). All Alg
was used as sodium salts and will be referred to as Alg. Pyridine,
acetic anhydride, tobramycin sulphate (potency 0.699 mg mg ™),
disodium ethylenediaminetetraacetic acid (EDTA), fluorescein iso-
thiocyanate dextran (FITC-dextran, 70, 150, 500 and 2000 kDa
dextran size), CaCl,-2H,0, ortho-phthaldialdehyde reagent and
2-(N-morpholino)ethanesulfonic acid (MES) hydrate were obtained
from Sigma-Aldrich. Pyridine was dried over a 4 A molecular sieve
(Sigma-Aldrich, Vienna, Austria) and always kept under N, atmo-
sphere. Ultrapure water was provided by an in-house water pur-
ification system (ELGA Chorus, ELGA LabWater, Germany). All Alg
solutions were made using ultrapure water unless stated other-
wise. Pseudomonas aeruginosa (39324™) was obtained from ATCC®.
LB medium and Pseudomonas isolation agar were obtained from
Carl Roth and Sigma Aldrich, respectively.

Methods

Alg acetylation. The Alg acetylation was performed according
to a modified procedure from literature.*® Alg beads were
prepared by dropping 1 wt% Alg solution into 0.1 M CaCl,
solution. The beads were left in the crosslinking bath for 24 h
before exchanging the solvent from water to pyridine. Pyridine
was exchanged after 3 and 24 h to ensure complete dehydration
of the Alg beads. The medium was then exchanged to pyridine
with Ac,0, with a total volume of 100 ml gAlg’l. The volume of
pyridine was adjusted with Ac,O volume to obtain the exact
concentration throughout all tests. The reaction was stirred for
24 h at room temperature, then filtered off the beads and
washed twice with acetone and deionized water (100 ml per
washing step with 10 min stirring in between). The beads were
dissolved overnight in 50 ml 0.2 M EDTA (pH 7.4) before
dialysis (molecular weight cut-off 3.5 kDa, Sigma-Aldrich)
against 0.9% NacCl for 48 h, followed by deionized water for
48 h. After dialysis, the solution was concentrated to approxi-
mately half the volume using a rotary evaporator before lyophi-
lization (Christ Gamma 2-20, Osterode am Harz, Germany).
The product was obtained as a cotton-like material and stored
at —20 °C under an N,-atmosphere.

Bacterial Alg isolation

Bacterial Alg was isolated from native Pseudomonas aeruginosa
(39324™) biofilms grown on agar plates according to a proce-
dure adapted from literature.*® An overnight culture of PA in LB
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medium was harvested by centrifugation. After resuspending
the bacteria, 200 pl were spread onto Pseudomonas isolation
agar and incubated at 37 °C for 72 h. The formed biomass was
scraped off and suspended in a saline solution. The suspension
was centrifuged at 25000g. The supernatant was precipitated
in ice-cold 2-propanol and left to precipitate overnight at 4 °C.
The precipitate was collected by centrifugation at 15000g
and thoroughly washed three times with ice-cold 2-propanol.
Following resuspending in 50 mM Tris-HCl with 1 mM CaCl,
and 2 mM MgCl, (pH 7.5), 15 ug ml~* DNase I and 15 pg ml ™"
RNase A were added, and the solution incubated at 37 °C for 6 h
to remove nucleic acids. 5 mg ml~" Proteinase K was added,
and the solution was incubated at 37 °C for 24 h to digest
proteins before dialyzing the solution (molecular weight cut-off
14 kDa, Carl Roth) against 5 1 ultrapure H,O. The solution was
freeze-dried, and bacterial Alg was obtained as an off-white
cotton-like material. The concentration of alginate in solution
was determined by a modified carbazole method,*® in which a
solution of the purified alginate (50 pl, 1 mg ml ") was mixed
with 200 pl of borate-sulfuric acid reagent (10 mM H3;BOj; in
concentrated H,SO,4) and 50 pl of carbazole reagent (0.1% in
ethanol). The mixture was then incubated at 100 °C for 10 min,
and absorbance at 550 nm was determined spectrophoto-
metrically. The alginate concentration was determined by inter-
polation from a standard curve (0 to 1 mg ml™ ") of alginic acid
from seaweed (Pronova UP-MVM, Novamatrix FMC Biopolymer).
For each sample or dilution, a negative control was assayed by
using 0.0125 M NaOH.

Nuclear magnetic resonance (NMR) spectroscopy

"H-NMR spectra of Alg solutions were recorded on a BRUKER
Avance DRX-400 FT-NMR spectrometer. Chemical shifts were
indicated in ppm relative to trimethylsilyl propanoic acid
(0 = 0 ppm) and referenced on the used NMR solvent. Obtained
spectra were analyzed using the MestReNova software by
Mestrelab Research. Before '"H-NMR, samples were treated with
Alg lyase according to the manufacturer’s protocol for 24 h,
followed by precipitation in EtOH. After drying at 60 °C, the
pellet was dissolved in deuterated water. The degree of acetyla-
tion (d. ac.) was calculated as described in the literature'” using
the following formula:

Ine

d.ac. = 2 x 100%

Ipp

5
with d. ac., I, and Igg being the degree of acetylation, the
integral of the acetyl peak, and the integral of the Alg backbone
(up and downfield of the solvent peak), respectively. The factors
3 and 5 are derived from the three protons per acetyl side group
and five protons per monomeric unit.

Gel permeation chromatography (GPC)

Gel permeation chromatography was performed on a Viscotek
GPC system, including a Viscotek GPCmax VE2001 GPC solvent/
sample module (100 pl loop), a solvent degasser, a Viscotek
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VE3580 refractive index concentration detector. A Waters pre-
column, a Waters ultrahydrogel linear 7.8 x 30 mm column
and a Waters ultrahydrogel 250 7.8 x 30 mm column with
10 pm particle size were used for separation. A PBS buffer
(NaH,PO, 5 mM, NaCl 100 mM. NaN; 0.05%, pH 7.4) was used
as eluent at 30 °C and a flow rate of 1 ml min~". Pullulan
calibration standards (Shodex Standard P-82) were used for
standard calibration to determine the number average mole-
cular weight (M,) and polydispersity index (PDI). The samples
were prepared by dissolving the sodium Alg in a concentration
of 2 mg ml™' in PBS buffer and syringe filtered before
measurements.

Preparation of Alg solutions

Unless otherwise stated, stock solutions of Alg with a concen-
tration of 69 mM were prepared by dissolving the appropriate
weight of Alg in ultrapure water under slow agitation overnight.
The stock solutions were then diluted to the desired concentra-
tions stated in each section using ultrapure water.

Inkjet printing of Alg beads and drug-induced shrinkage test

A 23 mM solution of Alg was loaded into a cartridge for a
pneumatic pump, inserted into an EMD printhead (Cellink,
BICO, Sweden), and mounted on a BioX Gen3 (Cellink, BICO,
Sweden). The pressure applied to the formulation for inkjet
printing ranged from 45 to 90 kPa, depending on the type of
Alg. The printing parameters for open and cycle time and
writing speed were set to 1 and 150 ms and 1.5 mm s ',
respectively. The formulation was jetted into the wells of a
48-well plate containing 800 pl of a sterile, filtered 350 mM
CaCl, solution per well. The produced microbeads were left to
crosslink in the solution overnight. Sample groups for drug-
induced shrinkage were washed twice with deionized water
prior to incubation with a 0.7 mg ml~" tobramycin solution in
10 mM MES buffer (pH 6.5). Images of the microbeads were
taken at regular intervals, depending on the speed of the
shrinkage, using a stereomicroscope (Evident, Germany) in
darkfield mode to visualize the microbead’s perimeter better.
The printing was performed into one well with at least
100 beads. Images were taken of the entire well, and image
analysis was performed using the Fiji Image] package.’”
To analyze the tobramycin uptake, 85 pl Alg solution were
transferred into an agarose mold with 100 mM CacCl, and left
to crosslink overnight. The prepared gels were preconditioned
in 10 mM MES buffer (pH 6.5) overnight before incubation in
0.7 mg ml~" tobramycin solution. The gels were then dissolved
in 150 mM EDTA solution (pH 7.4) for 30 min under rotation,
and tobramycin quantified using o-phthaldialdehyde reaction
according to a reported protocol.*® The amount of tobramycin
was then normalized against the weight of each Alg hydrogel.

Ink and hydrogel characterizations

The viscosity of Alg solutions was analyzed on an Anton Paar
MCR 300 device with a P-PTD 200/GL Peltier glass plate and a
CP25 measuring system (Anton Paar, Graz, Austria). The plate

This journal is © The Royal Society of Chemistry 2025
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was heated to 25 °C, and 85 ul of formulation was added. The
measuring gap size and shear rate were set to 0.048 mm and
100 rad s~ *, respectively. After 45 s of equilibration, 5 measure-
ment points were recorded in succession, and the mean was
taken as viscosity in mPa s. The formulations were tested in
technical triplicates with duplicate measurements for each
formulation.

Oscillation mode measurements were performed on an
Anton-Paar MCR 502 (Anton Paar, Graz, Austria) with a
25 mm plate-plate geometry at 25 °C. The gels were prepared
according to literature, by exploiting an internal gelation
process.”"*? In short, a 0.7 wt% solution of Alg was mixed with
a 1 wt% suspension of CaCO; and a 1.4 wt% solution of
glucono-d-lactone in a 5:1:1 ratio. 250 pl samples were
pipetted into Petri dishes and left to crosslink overnight. For
the testing of different media, the gels were either measured as
they were, at pH 7, or incubated in 10 mM MES buffer at pH 6.5
for 3 h before the measurements. The linear viscoelastic region
(LVER) of Alg hydrogels was determined by strain sweeps
ranging from 0.01% to 100% at an oscillatory frequency of
15", The yield strain was defined as the intersection of storage
(G") and loss modulus (G”), indicating the transition from solid-
like to liquid-like behaviour. The LVER was determined using
the built-in analysis tool in RheoCompass 1.13 (Anton Paar,
Graz, Austria) and defined as the region until G’ leaves a
tolerance band of 5%. Frequency sweeps ranged from 0.314
to 125 rad s~ ! at a strain of 0.03%, and the microstructure was
modelled according to literature by interpreting the response in
frequency with the generalized Maxwell model.*’

The densities of Alg solutions were determined by employ-
ing pycnometry. The volume of the pycnometer was approxi-
mately 1 ml. The pycnometer and stock solutions of tested Alg
samples were kept in a water bath at 20 °C for 2 h for thermal
equilibration. The pycnometer, approximately 1 ml in volume,
was calibrated with water, and the density of each solution was
determined based on the mean value of triplicates.

The surface tension of Alg solutions was measured using the
pendant drop method on a Kriiss DSA30 device according to the
manufacturer’s protocol. In short, a drop was extruded on the
tip of a 1.8 mm needle, and the contour fitted at maximum size
before the drop detached from the tip.

Mechanical microtesting

Compression tests were performed on a MicroTester (Cellscale,
Canada) in compression mode. The sample specimens were
prepared as described above and transferred onto the sample
holder using 1 ml syringes without needles. The microbeads
were washed twice with 1 ml ultrapure water to test different
pHs and then incubated in 10 mM MES buffer at a given pH
with 3 mM CaCl, to mimic Ca®" levels in the CF sputum.>®?”
Next, the force loads were recorded as a function of deformation.
The Young’s modulus of the microspheres was determined using
the Hertz formula:*!

This journal is © The Royal Society of Chemistry 2025
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with F, R, E, v and ¢ being the recorded force, the radius of the
microbeads, the Young’s modulus, the Poisson coefficient and the
displacement, respectively. The Poisson coefficient was assumed
to 0.5, according to literature.*?

Fluorescence recovery after photobleaching (FRAP)

FRAP experiments were performed on a confocal laser scan-
ning microscope (Zeiss CLSM800, Carl Zeiss, Germany) with
a 20x magnification objective. Hydrogel disks were prepared
by external gelation in an agarose mould. For this, 100 pl of
Alg solution were filled into the agarose mold (2 wt% agar-
ose, 100 mM CacCl,) and left to crosslink overnight. The disks
were then incubated in 10 mM MES buffer at the chosen pH
with 3 mM CacCl, and 1 pM FITC-dextran overnight. Before
performing FRAP experiments, the Alg hydrogel disks were
dried on a paper towel. Three different FITC-dextran sizes
(70, 150, and 500 kDa) were used as molecular probes to
investigate the diffusion coefficient within the gel. A
literature-reported automated batch evaluation of FRAP
experiments in hydrogels was used to determine the diffu-
sion coefficients.*® The hydrogel pore radii were then calcu-
lated from the obtained diffusion coefficients by the

formula:***°

Ry
(%)
In( —
D

with &, Ry, Do, and D being the pore radius, the hydrodynamic
radius, and the diffusion coefficient in unrestricted and
restricted environments, respectively.

&=

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry was performed on an auto-
mated PEAQ-ITC (Malvern Panalytica, UK) at 25 °C in high
feedback mode and a reference power of 5 pcal s™*. 0.1 wt%
stock solutions of Alg were dialyzed against a 10 mM MES
buffer (pH 6.5) overnight and exchanging the dialysis buffer
after 4 h. The dialysis buffer was used to dilute the samples to a
final concentration of 0.01 wt% and to prepare a 10 mM
tobramycin stock solution. The titration was performed in
19 steps, with the first injection being 0.2 pl followed by
18 2-pl injections of tobramycin into Alg. The analysis of the
thermogram was performed using NITPIC*® and SEDPHAT.*’
Plotting of the integrated ITC thermogram was performed
using GUSSL.*®

Data analysis and statistical analysis

Data plotting and statistical analysis were performed
using OriginPro 2022 (Origin Lab). All results are depicted
as mean =+ standard deviation (SD). Tukey tests were per-
formed to assess the statistical significance between the
sample groups. A p < 0.05 was considered of statistical
significance.
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Results and discussion
Optimization of the chemical acetylation protocol

In their native biofilm form, mucoid PA secrete acetylated Alg
as a major matrix component. This acetylated Alg has been
analyzed to have a degree of acetylation (d. ac.) of 22-40%,
depending on the strain and maturity of the biofilm." It is
important to synthetically control the degree of acetylation to
develop a CF-like biofilm environment starting from seaweed
Alg. The literature reports two distinct ways of synthesizing
such Alg.*® One method is unspecific acetylation of all available
hydroxyl groups on the backbone, while the other specifically
protects homopolymeric guluronic acid (G) blocks with di- or
multivalent cations.'®*>"

In the unspecific acetylation approach, Alg is first solubi-
lized in organic solvents by completely protonating the uronic
acid or using organic quaternary ammonium ions as
counterions.”” It was reported that such global acetylation of
the Alg backbone reduced Alg solubility, and the resulting
product lost its ability to form Ca®" crosslinked hydrogels.'®2°
In contrast, selective acetylation exploits the specific interac-
tions between the G-block and metal ions (e.g., Ca>").>* Hydro-
gel beads are formed by dropping the Alg solution into a
crosslinker bath, usually a 100 mM CaCl, solution. The Ca**
ions sterically occupy the G-blocks; consequently, only the
mannuronic acid (M) blocks are available for modificiation
(e.g- to react with Ac,0). This results in the synthesis of an Alg,
mostly acetylated on its M units, like the one produced from
PA.** The global synthesis reaction is shown in Scheme 1.8

We found that the amount of Ac,0 can be effectively reduced
from typically 100 mI** Ac,O down to 5.5 ml Ac,O per g of Alg
and increases the control of the d. ac. by varying the molar
ratios between Alg and Ac,O (Fig. 1(A)). We could also demon-
strate that drying pyridine over molecular sieves reduces the
solvent’s moisture content and increases the efficiency of Ac,O
(see SI 2.2., ESIY).

Poly-B-1,4-mannuronic acid

Poly-a-1,4-guluronic acid

Ac,0
Pyridine

RT,24h

Scheme 1 Generalized flow scheme of the chemical acetylation of
Ca—-Alg hydrogels.

2800 | J Mater. Chem. B, 2025,13, 2796-2809

View Article Online

Paper

Importantly, we were able to show that by simply varying the
concentrations of Ac,O (2, 4, and 5.5 vol%), it is possible to
control the degree of acetylation on the Alg chain while keeping
the reaction time constant. The "H-NMR spectra clearly indi-
cate that the peak of the acetyl side group at 2.0-2.2 ppm
increases as a function of Ac,0O concentration (Fig. 1(A))

Our protocol enabled us to control the acetylation of Alg by
adjusting the concentration of Ac,O, which has not been
reported yet in the literature to the best of our knowledge.

Using this protocol, the reaction was optimized to obtain a
range of degrees of acetylation that covers the ones reported to
be secreted by PA."” One limitation of this protocol, which is
visible in the acetylation pattern, is the relatively high amount
of di-acetylated M units, which is not present in the mucoid Alg.
However, we are not aware of a direct way to achieve regiospe-
cific acetylation of either mono- or disubstitution. Acetylation
in one position might even activate the monomeric unit to
undergo acetylation in the second position due to H-bond
accepting features of the acetyl group. Furthermore, the current
state-of-the-art does not provide a clear explanation of how
the acetylation pattern might influence the properties of Alg
chains. Another limitation of synthetical acetylation is the side-
reaction of unprotected G units. Indeed, using high concentra-
tions of Ac,O leads to acetylation of the G unit located beside
M, as indicated by the peak at 1.99 ppm. The increasing
amount of free AcO™ ions might interact with Ca>* ions as well
and chelate enough to weaken the Alg eggbox and allow G units
to react with Ac,O.

Evans and Linker have reported that PA, isolated from CF
patients, secretes a high molecular weight Alg of approximately
360 kDa.>® The My, of Alg is crucial for its properties; this is why
it is important to develop a chemical protocol that enables not
only the acetylation of the seaweed Alg but also maintains the
high molecular weight of the starting material."”” GPC con-
firmed that the reaction conditions do not lead to a degrada-
tion of the Alg backbone (Fig. 1(B)).">** Indeed, the M, was
170 kDa (PDI 2.7) of the pristine Alg and 190 kDa (PDI 2.3) after
acetylation (36% d. ac.). The slight increase in M,, might be an
artifact from a larger coil size measured by GPC caused by the
addition of the acetyl side group onto the Alg backbone, leading
to increased internal double-layer repulsion between the acety-
lated chain segments.”**> GPC analysis revealed that Alg iso-
lated from the mucoid PA strain used in this study exhibits an
M, of 420 kDa (PDI 1.1), which is in accordance with data
obtained in the literature using viscosimetric measurements.>*®
Although it is unknown to literature how the PDI might influence
alginate gel properties, it could affect the viscosity of alginate
solutions. The viscosity of polymer solutions is, among other
factors, increased with increasing molecular weight of the
polymer.””

One limitation of our synthesized Alg is that, even though it
has a high molecular weight, its M, is still half of the one
secreted by PA. This shortcoming could be addressed by start-
ing from a higher M,, Alg than the one we used, but such Algs
are, as far as we know, not commercially available with an M/G
ratio mimicking that of PA Alg.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02675f

Open Access Article. Published on 22 January 2025. Downloaded on 1/14/2026 4:40:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
A
mono-OAc— g
mucoid ~32% E—
di-OAc .
| y Gonc
) 'l ,
85volt% A0 | | | e i \ 36% W/
0 0y A N o -
'
4vol% A0 | il U i 25%
j B . N
2 vol% AcZO

L JAET, y“« g

prsune alglﬂatf} | m “U“ ‘\IIM ”} “\\"‘\l‘ J M'JJL

M Jw

60 55 50 45 40 35 30 25 20
1 (ppm)

View Article Online

Journal of Materials Chemistry B

B pristine alginate
0.15 4 -~ = 10%d. ac.
- -25%d. ac.
36%d. ac.
— - - —mucoid
7~ M,
0.101 SR «pay | 72!
| pristine 126 | 2.7
S ) b 10%d.ac. | 133 | 2.6
4 { \ 25%d.ac. | 155 | 2.3
I . 3 36%d.ac. | 147 | 2.3
0.05 4 {: CA mucoid 423 |11
I ¢ \
[ \
[ SN N
‘ s e e
prirsimaT/ e e
0.00 +— T T - g
10 15 20

Volume (ml)

Fig. 1 (A) *H-NMR comparison between chemically acetylated Alg as a function of Ac,O vol%, and native Alg isolated from mucoid PA biofilm. The peak
of the acetyl side group (2.02-2.2 ppm, highlighted area) increases with the increasing concentration of used Ac,O. (B) GPC of pristine, modified, and

mucoid Alg.

Characterization of acetylated Alg inks and hydrogels

Alg-based biomaterials and bio-inks are generally relatively well
characterized in the literature.”®>® Alg is frequently added
in bio(material) inks for extrusion-based 3D-printing to
adjust rheological properties, such as shear thinning and
recovery.*>*®% Printed structures can be post-processed with
Ca**-induced crosslinking, leading to improved stability of
hydrogels. Alg is also used in jetting/spraying-based methods
to generate (micro)beads of varying sizes.*>®' We used inkjet-
printed Alg microbeads as a robust 3D model to produce
biofilm-like models to be used to investigate mechanical prop-
erties and drug diffusion as a function of d. ac. Those beads can
potentially be used to encapsulate dissolved macromolecules,
such as DNA, cells, or bacteria.>***¢?

A low ink viscosity is required for inkjet fabrication. Hence,
we optimized the ink jet printing by testing pristine Alg at
various concentrations, targeting as low concentrations of Alg
as possible to reduce the formulation’s viscosity. A concen-
tration of 23 mM was established as optimal in the preliminary
screening experiments since it allowed the production of high-
quality microbeads by inkjet printing. Therefore, we tested all
Alg solutions (pristine, modified, and native mucoid) at a fixed
molar concentration of 23 mM for their viscosity. The viscosity
of the inks was tested at pH 5, 6, and 7, as it covers the pH
measured in the CF-biofilm of PA.®*®® The results of the
viscosity measurements under these conditions are shown in
Fig. 2. It was observed that the viscosity first decreased with
increasing d. ac., up to 25%, then rose again at 36%, in
agreement with previous literature."® This trend was observed
for all pHs. The decrease of viscosity from the Alg with low to
moderate degrees of acetylation (up to ~25%) was assumed to
derive from a decrease in the interaction between the chains
due to the acetylation.'® It is speculated that the acetylation
leads to a change in the conformation of the polymer in
solution, which leads to larger radii of gyration and a reduction
in aggregate formation.?®>* Reducing the aggregation tendency
could explain the viscosity reduction in low to moderate d. ac.
(up to 25%). The increased coil size overtakes this trend for
higher degrees of acetylation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The viscosity of the Alg inks as a function of pH relative to their
viscosity at pH 7.

When looking at the influence of the pH on the viscosity of
Alg solutions, we observed that an increase in pH led to a
decrease in viscosity. This effect was observed for all acetylated
Alg, but more pronounced at higher d. ac. While the viscosity
of pristine Alg was statistically significantly increasing, its
increase from 22 mPa s (pH 7) to 26 mPa s (pH 5) can be
assumed to be of technical insignificance. Literature reports a
drastic pH-dependent increase in viscosity in highly acidic
conditions (pH < 4),°* outside of our investigated range, due
to partial protonation of the carboxylic acid groups, resulting in
phase separation of the Alg solution.®® However, this effect
cannot explain the trend we found within the investigated
pH range. Therefore, the acetyl side groups must be the reason
for the pH sensitivity. We propose that inter- and intramolecular
interactions of the acetyl side groups lead to the increase in
viscosity (Scheme 2), due to the increased specific volume of the
Alg coil caused by acetylation.>® Interestingly, the mucoid Alg had
the highest viscosity at all conditions, likely due to its higher
molecular weight. Nevertheless, the mucoid Alg exhibits a different
viscosity pattern compared to the synthetic analogues developed in
our study. Indeed, its viscosity increased slightly with increasing
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Scheme 2 Potential interactions and intercalation positions where pro-
tons might interact with the backbone of acetylated Alg. Those positions
are not available for native seaweed Alg and are only observed in acidic
conditions. Those interactions might increase inter- and intramolecular
interactions, affecting the viscosity.

PpH. Additionally, surface tension and density of the Alg inks were
of interest, as these are also important for printability (see ESIT).
The surface tension was decreased with the addition of Alg and
decreased with degree of acetylation. The surface tension was
significantly reduced once the acetyl side-group was introduced
but there was no statistically significant difference between the
synthetically acetylated Alg. The surface tension reduced from
69.2 £ 2 mN m™ " (pristine) to 65.9 + 0.2 mN m ' (36% d. ac.).
Mucoid alg (65.6 + 0.3 mN m™ ") showed no statistically significant
difference with the Alg with 36% d. ac. The density of the Alg
inks varied between 1.0024 g cm ™ ® (mucoid) and 0.9980 g cm*
(36% d. ac.) with no statistically significant difference between the
tested Alg. Values for surface tension and density are well in
accordance with other reported values for Alg-based inks for inkjet
printing.®®®” Therefore, we concluded that printability was indeed
not affected by the acetylation.

For inkjet production of microbeads as 3D models for
bacterial biofilms, we sought to use the lowest viscosity found
at pH 7. These microbeads can be produced in a high-
throughput, reproducible manner and allow for a wide range
of systematic studies, such as antibiotic interactions, mechan-
ical properties, and bacterial encapsulation, which are highly
relevant for modelling bacterial biofilms’ physicochemical
properties.

Examples of those microbeads as printed and during
mechanical testing are shown in Fig. 3(A), (C) and (D), respec-
tively. The microbeads had radii between 200-240 um, with no
statistically significant difference between the formulations.
This confirms that the acetylation does not negatively influence
the Ca®"-induced crosslinking, following the literature for the
investigated range of d. ac.’’ It has been shown that the Ca**
concentration in the mucus layer of CF patients is elevated and
can reach up to 5 mM.?*?” These elevated Ca>* concentrations
will stiffen the extracellular matrix of PA.”® To investigate how
the acetylation alters the stiffness of Alg gels, Alg microbeads
were tested for their Young’s Modulus in compression tests in
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media at pH 6.5 and 7. These two pHs were chosen to mimic
the early stages of PA infection in CF patients. The Alg chains
are spatially confined in the gel state, and small pH changes
should have a larger impact on mechanical properties than on
the viscosity in the solute state. The Young’s Moduli (see
Fig. 3(B)) at pH 7 ranged between 9.8 and 12 kPa with no
significant impact of the acetylation observable. When chan-
ging the pH from 7 to 6.5, no change in Young’s Modulus was
observed for pristine Alg and 10% d. ac. However, for 25%
and 36% d. ac., a reduction was observed to 7.5 (—42%) and
5 kPa (—46%), respectively. The reduced stiffness is most likely
caused by a reduced affinity of the Alg backbone to Ca** ions, as
shown by Lee et al.®® Mucoid Alg, which contains almost no
consecutive G-units, showed a drastically lower E-Modulus of
0.5 kPa. The lower M/G ratio (> 1.5, according to the manufac-
turer) of the pristine seaweed-derived Alg compared to mucoid
Alg could explain this drastic difference, as the poly-G blocks
provide mechanical stiffness.®®”°

We followed two approaches to investigate how acetylation
influences the molecular network of Alg, e.g., its mesh size, and
if an increase in mesh size from reduced crosslinking causes
the reduced Young’s moduli. Using rheology allowed us to
model a mechanical mesh size, &gneo, While FRAP allowed us
to model a molecular mesh size, {rrap, Wwhich gave insights into
how large a solute may be before reptation occurs. Both
parameters are helpful for designing drugs or drug delivery
systems that need to penetrate bacterial biofilms.

Rheological measurements were performed on hydrogels to
determine how the acetylation might influence the gels’ viscoe-
lastic properties and stability. In amplitude sweeps, it was
observed that the acetylation of Alg led to an increase in the
linear viscoelastic region (LVER, Fig. 4(A) and (B)) with a steady
decrease in storage modulus with increasing d. ac. at both
investigated pH. The softening effect was less pronounced at
pH 7 compared to pH 6.5 as G’ dropped from 319 Pa to 103 Pa
and 647 Pa to 191 Pa, respectively, which mirrors the results
from the compression tests described above. The increase in
elastic properties is further confirmed by the decreasing
loss factor (tand, Table 1), which describes the ratio of lost
energy due to dissipation (viscous properties) and stored energy
(elastic properties). The LVER of the hydrogel, as indicated by
our results, is directly related to the d. ac. and is increasing with
increasing d. ac., with 25% and 36% d. ac. up to 20% of
deformation. The increased LVER could be caused by a
decreased crosslinking density, as indicated by the mesh size,
Erheo (Fig. 5(A)), obtained from the frequency sweeps (Fig. 4(C)
and (E)). Wloka et al. performed rheological measurements
on native PA biofilms produced from the strains FDR1 and
FDR1153, the latter incapable of Alg acetylation.”* The LVER of
FDR1 and FDR1153 were tested to be 10% and 1%, respectively,
for a Ca®>" undersaturated condition,”" which is in agreement
with our values at both investigated pHs.

Additionally, the yield strain was increased from 4% to 54% for
pristine and 36% d. ac., respectively, indicating an increased
resistance towards irreversible deformation by flow (Fig. 4(E)), with
a maximum of 94% at 25% d. ac. Hydrogels composed of mucoid

This journal is © The Royal Society of Chemistry 2025
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(A) Representative images of printed Alg microbeads after 24 h in 300 mM CaCl, solution (scalebar for pristine, 25% and 36% d. ac. = 1 mm;

scalebar for mucoid 2 mm). (B) The Young's Modulus of Alg microbeads with varying degrees of acetylation at pH 7 and 6.5. Microbeads of pristine (C) and
36% d. ac. (D) during the microtesting. Scalebar 250 um. Different letters indicate statistical significance (p < 0.05).

Alg did not show any yield strain in the investigated strain
regime. It was reported by Wloka et al. that native 24 h-old
biofilms have a yield strain higher than 200%.”" Conditioning
the gels in a slightly acidic medium increased the storage
modulus, decreased the LVER (Fig. 4(B)), and reduced the
yield strain (Fig. 4(E)). The conditioning could have caused
unreacted CaCO; to decompose and release Ca** ions, leading
to increased crosslinking and, hence, increased G, (Table 1)
and G'. The decrease of the LVER could be caused by the higher
saturation of G-units crosslinked by Ca*>*, which are more rigid,
hence higher G, but are less elastic and break earlier under
strain or hydration during incubation in buffered solution.
Hydration could lead to pretension, which causes the gel to
transition to a liquid state at lower strains. The loss factor
increased with increasing storage modulus in the hydrogels
composed of pristine and 10% d. ac. Swelling could cause
the network to expand and get more rigid. This could explain

This journal is © The Royal Society of Chemistry 2025

a higher G’ and, due to increased hydration, increased energy
dissipated from the network in the surrounding solution.

Previous studies comparing Alg-based formulations with CF
sputum have shown that 2-3 mg ml~" Alg closely matched
the rheological properties of CF sputum.®® Due to the strong
influence of the acetylation on the rheological properties,
underestimation of the Alg concentration could occur within
the models, impacting the predictions of drug diffusion in the
models. Using a lower Alg concentration might lead to a too
loose network, through which the antibiotic diffuses easier
than through the native biofilm. As the Alg concentration
directly influences the network’s density and regulates the
capacity of cation exchange through the M blocks, the Alg
concentration should not deviate too far from the native case.
Interactive filtering via charge-charge interaction or H-bridges
is also underestimated as this is directly influenced by the Alg
concentration.
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Fig. 4 Amplitude sweep of the hydrogels at pH 7 (A) and pH 6.5 (B). The storage modulus obtained from the frequency sweeps, C and D. The yield strain
(E) was increased with increasing d. ac. and no yield strain was observed for mucoid Alg.

A rheological mesh size &, was modelled based on the ranging from 30 nm (for pristine and 10% d. ac.) to 40 nm
frequency-dependent response of the gel to stress.>>°>”> It was  (36% d. ac., Fig. 5(A)). Furthermore, e, Obtained through
observed that &, was increasing with increasing d. ac., the modelling decreased according to the increased G’ for all
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Table 1 Results for the equilibrium shear modulus G, used in the
generalized Maxwell model on the data obtained from the frequency
sweeps. The loss factor presented was taken at 0.1% strain, well within
the LVER. G, and loss factor (tand) decrease with increasing d. ac. The
reduced G, indicates that the gels are softer, but the tand decreases,
indicating that less energy is dissipated

H 7 H 6.5
Degree of P P
acetylation G, (Pa) Loss factor G, (Pa) Loss factor
Pristine 319 + 15 0.12 + 0.01 647 £ 71 0.25 £ 0.05
10% 209 + 20 0.07 £ 0.01 366 + 43 0.14 + 0.01
25% 284 + 18 0.05 £ 0.01 247 £ 59 0.05 + 0.01
36% 103 £3 0.05 £ 0.01 191 + 35 0.06 £ 0.01
Mucoid 50 £+ 32 0.07 £ 0.01 332 0.06 + 0.01
[ pristine
27 10% d.ac.
A B 25% d.ac.
36% d.ac.
70 4 c c 704 I mucoid
60
50 A
£ €
£ £ 401
H 4
- G

Fig. 5 Mesh size of alginate hydrogels obtained by rheological measure-
ments (¢rneo, A) @and FRAP (Errap, B). The generalized Maxwell model was
applied to calculate the mesh size. The mesh size was dependent on the d.
ac. at pH 6.5, while no trend, except 36% d. ac., was observed at pH 7.
Mucoid Alg showed the highest mesh size under both conditions. Model-
ling the mesh size using FRAP showed no influence of the acetylation on
the mesh size. While the gels composed of mucoid Alg showed statistically
significant higher mesh sizes at pH 7, no statistically significant difference
was observed at pH 6.5.

samples at pH 6.5 compared to pH 7.0. Excessive swelling could
be excluded as this would lead to increased mesh size within
the hydrogel.

Through FRAP experiments, it was also possible to model a
mesh size, &prap, through which solutes, e.g., proteins, anti-
biotics, or nutrients, can diffuse through the gel. Using FITC-
dextrans of different molecular weights, it was possible
to determine at which size the dextran reptation occurs.”®
Reptation, an elongation along one axis and, hence, deviation
from spherical shape, was observed in two different ways: as a
theoretically negative mesh size due to increased diffusion
coefficient or as a mesh size smaller than the hydrodynamic
radius of the dextran. Therefore, it was possible to determine
an effective pore radius of 7-9 nm at pH 7 for the non-
acetylated and acetylated Alg, and 11 nm for mucoid Alg, as
shown in Fig. 5(B).

The commercially available Alg, representing non-acetylated
Algs, has a lower M/G ratio than mucoid Alg. The larger poly-M

This journal is © The Royal Society of Chemistry 2025
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blocks have reduced affinity for Ca®>" ions. They are moving
freely and interacting with solutes diffusing through the gel.”
The FRAP experiments have shown that Exrap Of Alg hydrogels
first decreased until 10% d. ac. before increasing with higher
d. ac. &erap decreased with decreasing pH for pristine and 10%
d. ac. However, {prap increased with decreasing pH for d. ac.
25% and 36%. Mucoid Alg showed a drastic reduction in pore
size from 13 nm at pH 7 to 9.5 nm at pH 6.5, indicating that the
individual Alg chains interact more with each other. While
Errap Of mucoid Alg were significantly higher than the chemi-
cally acetylated Alg, despite its higher molecular weight at pH 7,
no statistically significant difference was found between the
different samplesat pH 6.5. It was also found that the &, was
twice higher than Errap. There are several possible reasons why
Eineo 18 consistently larger than Ergap. Physical entanglements
are not included in the model to calculate &0, but they could
greatly reduce the effective pore size experienced by diffusing
macromolecules. Further, entanglement increases with mole-
cular weight and could lead to larger effective differences with
higher molecular weight, as observed for the mucoid Alg.
M-blocks of the Alg chain could cause such entanglements.
Also, we do not know the pattern of M-blocks, G-blocks, and
acetylation. The rheological mesh size reflects the average size
of all crosslinking points. High polydispersity between cross-
linking points will obscure the existence of regions with tighter
crosslinking. However, rrap is mainly sensitive to the existence
of regions of such smaller pore sizes. Transient weak binding of
M-blocks could also slow diffusion while providing negligible
influence on & jco-

Interaction of Alg with tobramycin

Tobramycin, commonly used to combat PA in cystic fibrosis
patients, is an aminoglycoside with a pH-dependent charge,
showing complete protonation below pH 7.”* It can be assumed
that tobramycin is fully protonated at the active site as the pH
of CF biofilms is in the range of 5 to 7."*> Tobramycin has been
proven to interact strongly with PA biofilms, especially with
Alg."”® Its strong double-layer interactions with Alg result in
drastic changes in the volume of Alg-based hydrogels.'*?
M-rich Alg was shown to bind more aminoglycosides than
G-rich Alg, resulting in a pronounced shrinkage upon antibiotic
incubation.?” Bacterial Alg is known to exhibit higher diffusion
retardation of aminoglycosides than seaweed Alg, improving
bacterial survival."*

We used Alg microbeads produced by inkjet as 3D models to
investigate the time-dependent shrinkage upon incubation in a
0.7 mg ml ' tobramycin solution at pH 6.5 and perform
compression tests to investigate the change in Young’s mod-
ulus. Examples of the microbeads before and after tobramycin
incubation are shown in Fig. 6(A) and (B). The radii before and
after the incubation can be seen in Table 2. After printing, all
Alg derived from pristine Alg had similar radii with no obser-
vable trend. Upon incubation with tobramycin, all beads shrink
drastically due to ion exchange and uptake of tobramycin®* ions
into the network. After 24 h of incubation, 10% and 25% d. ac.
Alg microbeads were significantly smaller, whereas microbeads
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Fig. 6 Microbeads (A) before and (B) after 24 h of incubation with
tobramycin. (C) Time-resolved shrinkage of Alg microbeads for different
Alg compositions. (D) The Young's moduli of microbeads made from
different Alg after tobramycin incubation (0.699 mg ml™) for 24 h at
pH 6.5. Scale bar 1 mm.

Table 2 Comparison of starting radii of Alg microbeads with different
degrees of acetylation before and after 24 h of incubation in tobramycin
and the tobramycin mass relative to the Alg mass in gels after 24 h
incubation

Tobramycin
Sample To (Hm) T2ah (um) (P«gTobramycin mg_lgel)
Pristine 208 £ 18 100 £ 5 34£5
10% d. ac. 185 + 10 69.0 =9 46 £ 6
25% d. ac. 199 £ 2 720+ 3 60 + 13
36% d. ac. 198 £ 2 112 £ 17 31 +£3
Mucoid 305+ 8 103 £ 5 46 £ 2

from 36% d. ac. Alg were significantly larger than pristine Alg
beads. Microbeads made from mucoid Alg were initially signifi-
cantly larger than the other Algs but in similar size ranges after
incubation in tobramycin solution. Furthermore, the time-
resolved shrinkage analysis showed variations in the shrinkage
rate of tobramycin (Fig. 6(C)). It is instructive to correlate the
shrinkage and rate of shrinkage with the amount of tobramycin
found in a tobramycin-saturated gel (Table 2). This comparison
indicates that low to moderate d. ac. bind high amounts of
tobramycin in the hydrogel, whereas higher d. ac. reduces its
uptake. The reduction of tobramycin uptake at high d. ac. could
be caused by either increased lipophilicity on the acetylated
M regions of the Alg chains or decreased charge density on the
Alg backbone. 162034

Compression tests performed on the incubated Alg beads
showed that the Young’s modulus of the hydrogel drastically
increased (up to 40-fold for 25% d. ac., Fig. 6(D)). The lower
increase in Young’s Modulus for 36% d. ac. correlates with the
lower amount of tobramycin integrated into the Alg network.
As the material is compressed to a much smaller volume,
the increase in Young’s modulus is expected, but the strong
contrast between mucoid, pristine and acetylated Alg was
surprising. Although pristine, mucoid and 36% d. ac. showed
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similar size after incubation in tobramycin solution, the
Young’s modulus of pristine Alg was significantly higher com-
pared to either mucoid and 36% d. ac. The lower Young’s
modulus for 36% d. ac. and mucoid Alg could be caused by
reduced affinity of the Alg backbone to the drug. Although
similar tobramycin contents per mg of Alg gel were found
between 10% d. ac. and mucoid samples, 36% d. ac. showed
the highest similarities in the stiffness of the microbeads after
incubation. The reduced diffusion rate of tobramycin and its
lower total loading of tobramycin for 36% d. ac. compared to
the increase of diffusion rate and total loading with d. ac. up to
25% d. ac. is striking but remains unexplained. Surprisingly,
mucoid Alg showed the fastest decrease in size. After 24 h of
incubation, mucoid Alg beads showed the smallest volume
fractions compared to the original size, indicating that the
beads were hydrated higher than the seaweed-derived Alg
(acetylated and pristine). After complete saturation of all binding
partners, the material was compacted to a similar size as the other
samples.

Tobramycin-incubated microbeads exposed to 70 kDa FITC-
Dextran (R, = 5.8 nm**) and rhodamine B (R, = 0.78 nm’?)
solutions did not take up the dyes inside the hydrogels. The
contraction indicates that tobramycin causes a significant
increase in crosslinking density due to the exchange of a
divalent cation (Ca®") to a five-times positively charged species
(tobramycin®*). The contraction and the higher charge density
in the hydrogel can contribute to the negligible diffusion of
rhodamine B (positively charged) and FITC-dextran (negatively
charged). Although the final sizes are statistically not signifi-
cantly different between pristine, 36% d. ac. and mucoid, the
Young’s modulus was drastically different.

The interaction between Alg and tobramycin was also
investigated using ITC. This method is often used in protein-
ligand*® or polyelectrolyte-polyelectrolyte,*®’® or drug-ligand”®
studies to investigate the thermodynamic parameters (AH, AS,
AG, and Kp) of a reaction. The dissociation constant, Kp,
describes the equilibrium of the reaction and indicates how
strong the binding reaction is. The binding between tobramy-
cin and all different Alg was found to be so strong that the
Kp, was smaller than 10~'> M (Fig. 7). The binding reaction is
highly enthalpic but decreases with increasing degree of acet-
ylation. The enthalpic reaction seems mainly driven by charge
interactions, given by the molar binding ratio of ~0.2, which
corresponds to the charge ratio between the monomeric units
of Alg (one negative charge per unit) and the charges on the
fully protonated tobramycin®" ion, as well as the abrupt satura-
tion of all binding sites. The increase in the heat of injection at
the beginning of the experiments could be interpreted as
increased reactivity of the binding partners. This decrease in
reaction enthalpy indicates a deviation from an ideal 1:1
reaction between the reactive groups, however, a detailed
investigation into the binding reaction is out of the scope of
this paper. Besides the reduction of the reaction enthalpy,
acetylation of Alg did not alter the binding reaction. The
binding reaction between Alg and tobramycin®" is fast, strong,
and independent of the acetyl side group. The slight offsets

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Integrated thermogram obtained from titrating tobramycin into Alg

solution during the ITC experiments.

from the ideal molar ratio of 0.2 can be explained by uncer-
tainties during weighing in, dilution errors and deviations in
the stock solutions after dialysis.

Conclusions

In their native biofilm, mucoid PA produces Alg as the pre-
dominant component of their EPS. The secreted Alg is, unlike
seaweed Alg, rich in M-units, which are acetylated. We have
developed a robust protocol to target specific d. ac. to match PA
Alg to study the influence of acetylation on biofilm properties.
We showed that the acetylation of the Alg M-units mainly
impacts the mechanical properties by drastically decreasing
the Young’s and storage moduli while increasing the linear
viscoelastic region. The pH-dependent mechanical properties
indicate that acetylated Alg is completely different from unmo-
dified seaweed-derived Alg. We also proved that M-rich, synthe-
tically acetylated Alg more closely matches native bacterial Alg
regarding mechanical properties and antibiotic binding and
retention. It is still unclear why PA is modifying the Alg
it produces. However, from our comparisons, it is reasonable
to assume that it affords increased environmental protection
while still providing large pores for the diffusion of other
compounds through the biofilm. It also serves to reduce
the pH sensitivity of the Alg-gels’ mechanical properties,
which is beneficial as PA regulates its acidic environment.
Acetylation seemed only to influence the binding interactions
with tobramycin marginally. Still, it affected the shrinking of
the Alg hydrogel, increasing it at low acetylation and reducing
it at high acetylation. The influence of acetylation on the
mechanical and structural properties of Alg suggests that it
can greatly impact the physical and biological functions of PA
biofilms. Our synthetic platform captures these aspects and
allows us to build a platform for further work testing drug
delivery systems, (bio)molecular interactions, and mechanical
properties.

This journal is © The Royal Society of Chemistry 2025
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