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ABSTRACT: For decades, polyglucosamine (PGA), also known as chitosan, has been used as an active ingredient in medical
devices intended for body weight reduction and the control of blood lipid levels in obese patients, even though the exact mechanism
of lipid binding still remains unclear. The binding capability of polyglucosamines towards dietary lipids is well documented in the
literature and has been studied in-depth with respect to the physicochemical properties of the biopolymer. However, only a limited
number of reliable correlations between the oil-binding capacity and material properties have been reported. In contrast, the
morphology and structural nature of oil-polyglucosamine sponges have not received much attention and have been investigated only
rudimentarily. Our work closes this gap and shines light on the pivotal step of structure formation and morphology in relation to oil-
binding capacity. After the characterization of three batches of polyglucosamine via elemental and thermal analysis, infrared
spectroscopy, and size exclusion chromatography, the oil binding capacity was determined over a range of oil-to-PGA ratios for one
selected batch PGA,; (M,, = 251.6 kDa, D, = 4.3%). From the resulting oil-binding capacity, which turned out to be as high as 3,750
g,1/g a combination of variables Cjyy and C,,, was derived for more reliable material characterization. Furthermore, the prepared
sponges were subjected to morphology investigations. Mild electron microscopy techniques, as well as confocal microscopy, were
utilized to resolve the native three-dimensional network of polyglucosamine embedded in the oil matrix. After oil removal using a
tailored solvent-exchange method, we were successful in resolving a highly porous, sponge-like structure featuring nanofibrils as the
structural subunit. This delicate structure offered a high surface area, resulting in increased oil-binding capacity. From these findings,
we derived that an interplay of morphological characteristics and molecular interactions leads to the ultra-high and structurally rigid
oil-binding capacity of polyglucosamine.
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1. INTRODUCTION deoxy-f3-p-glucopyranose (D) and 2-amino-2-deoxy-f-p-gluco-
pyranose (A) being the deacetylation product of chitin.

Polyglucosamine (PGA), also known as chitosan, is a highly
The primary amino functionality is what sets polyglucos-

capable and versatile biopolymer. It proves its worth in

technical applications, such as water purification, and, most amines apart from structural polysaccharides like cellulose or
prominently, in the biomedical field, where it is used as a

wound dressing or artificial tissue.”” Additionally, the treat- Received: July 18, 2025

ment of obesity can be accomplished with only mild and Revised: ~ September 10, 2025

reversible adverse effects.’ It combines superior effectiveness in Accepted:  October 13, 2025

its applications with favorable chemical and physical proper- Published: October 24, 2025

ties, which are based on its molecular structure. The chitosan
structure consists of linear fB-(1—4)-linked 2-acetamido-2-
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chitin itself. In addition to the properties of biodegradability
and biocompatibility, well-known for polysaccharides, chitosan
exhibits exceptional capabilities in wastewater treatment. It can
be deployed in flocculation applications or for the absorption
of heavy metals or biomolecules, such as pharmaceuticals, as a
membrane.”*”® The antioxidative and antimicrobial activity
make it a useful material for agricultural purposes and in the
area of biomedicine."”””"? Intracorporal applications of
polyglucosamine are mainly based on drug and gene delivery,
where it can not only act as a structural carrier but also as a
functional material. Whereas medium-molecular-weight (M,, =
150—700 kDa) and high-molecular-weight (M, > 700 kDa)
chitosans are hardly bioavailable, short-chain components can
be well distributed in the body, as well as in the blood-
stream.'”"' It enhances the permeation efficiency of drugs, e.g.,
peptide-based drugs like insulin.”'>"”

Apart from its use in packaging and as a preservative, the
food and diet-related applications are closely tied to the
biomedical field.'"® A polyglucosamine-rich diet has a
hypocholesterolemic effect on humans and other mammals,
effectively reducing cholesterol levels and controlling lip-
ids."”™*° There are commercial polyglucosamine products that
are patented and available, like Polyglucosamin L112, market-
ing medium-molecular-weight chitosan as a medical device for
the treatment of obesity and for assisting in weight loss.”*™**
Polyglucosamin L112 was also compared to medication for
obesity treatment like orlistat and hypercholesterolemia drugs
like atorvastatin where it performed favorably. In a short-term
study, Willers et al. found using the same preparation
significantly reduces low-density lipoprotein-bound cholesterol
(LDL-C) levels and, therefore, total cholesterol in the blood of
the patient, which had long been a subject of discussion.”*
Additionally, triacylglyceride (TAG) levels were also observed
to be improved. A long-term study even revealed a reduction in
inflammation parameters.35 Recently, Belcaro et al. found a
connection between the administration of Polyglucosamin
L112 and a positive effect on the treatment of hyper-
lipidemia.*® By observing the arterial wall morphology, they
discovered that atherosclerosis was progressing at a slower rate
possibly due to reduced oxidative stress and intestinal fat
shifting. It is worth noting that none of the studies mentioned
above reported any serious adverse effects. This is one of the
major advantages of polyglucosamines, such as chitosan, as a
medical device, which can be attributed to its outstanding
biocompatibility.

Since medium-molecular-weight chitosan is not bioavailable
to any significant extent, the mechanism of fat uptake by the
solid structure is presumed to be of a physical nature. Two
major interactions have to be considered: (i) one is the
physical absorption of biomolecules, in this case primarily
cholesterol and respective bile acids. The hypocholesterolemic
effect was extensively studied by analysis of multigle serum
markers for cholesterol absorption and biosynthesis.”” (i) The
second interaction is based on the emulsification and
flocculation capabilities of chitosan towards dietary lipids and
fats.”***~*" Preparation and physico-chemical properties of the
biopolymer strongly influence the binding properties towards
lipids, e.g., vegetable oils like sunflower or olive oil. The most
prominent mechanistic model proposes an equilibrium
between hydrophobic and electrostatic interactions. The
long-chain fatty acids of the lipids interact well with the
polysaccharide backbone and the residual acetyl groups,
whereas the free fatty acid groups can interact with the
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primary amines of chitosan, forming the ammonium
complexes.”’ In a way, they act as a polar anchor group for
hydrophobic secondary interactions. With this model in mind,
the oil binding capacity is found to correlate positively with its
viscosity 77 and D,.*""** Below a D, value of 0.10 electrostatic
interactions begin to dominate the equilibrium. A negative
correlation with bulk density was reported. In terms of the
degree of polymerization, a medium-molecular-weight is
generally desired to guarantee insolubility at near-neutral pH
and maximize interchain interactions. At a given D, an optimal
molar weight for lipid binding can be determined.*

The hypothesized mechanism for in vivo lipid binding
includes the dissolution of the biopolymer in the acidic
environment of the stomach. There, it forms an emulsion with
intragastric lipids. Following the digestive pathway, the transfer
into the intestine is accompanied by an increase in the pH
value. This should lead to precipitation of dissolved
polyglucosamine, trapping the dietary lipid and makjn§ it
unavailable for digestion and subsequent resorption.*'”*
Analysis of the fecal lipids and bile acids after polyglucosamine
intake supports this general concept.”® Additionally, it reveals
selectivity regarding chain length and the degree of
unsaturation of the fatty acids, as well as a correlation between
fat indigestibility and the degree of acetylation.*>*’ However,
even though an alteration of the composition of fecal lipids is
well established, a gravimetric increase in fecal lipids has yet to
be sufficiently proven and consistently documented, with
studies existing that propose contrary results.”’ Belcaro and
Cornelli propose IFAS, Intestinal Fat Absorption Shifting, as a
mechanism for reducing fat resorption.’% Furthermore,
academic literature continues to debate the morphological
aspects of whether lipid binding is facilitated by micelle
formation, gelation, or otherwise. As a consequence, a
comprehensive formulation of the mechanism remains at
least incomplete. In addition to those mechanistical questions,
a lack of consistent quantification methods and formal
descriptors for oil binding capacity is apparent. In some
cases, homogeneous emulsification-based in vitro analysis
methods are employed, while only limited experimental details
are provided. In contrast, some authors focus on the oil
absorption of the bulk material allowing the pulverized material
to swell in the oil phase. Researchers then often give a lipid
binding capacity that is hardly comparable to material used in
different articles. The capacity given can be expressed as
relative or absolute value at an oil excess or as a value at the
point of quantitative absorption of oil. Even the experiments
they are based on differ fundamentally from reference to
reference and when aiming for different applications.***>’

To the best of our knowledge, elucidating the structure
formation principle of polyglucosamine-based materials for
lipid absorption has not been reported and observed in more
detail yet. Common techniques include only the assessment of
the oil binding capacity, despite the lack of a standardized
procedure; however, the mechanism or direct observation of
the polyglucosamine-generated morphology remains unclear.

Within the present study, different polyglucosamine batches
were investigated in terms of their detailed molecular structure.
This is crucial for establishing structure-property relationships
of the biopolymer and elucidating the influencing parameters
stemming from the molecular polymer structure. The focus of
the study is the formation of the polyglucosamine-derived
sponge and a novel approach to quantifying the lipid-binding
capacity while also addressing the need of a reliable and
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reproducible procedure and set of formal descriptors that
allows for comparison between material batches of different
researchers. For the first time, morphological studies are
performed using different microscopy methods, adding to the
toolbox available for such oil-molecule systems and providing a
methodical framework for characterizing and identifying
structure-formation principles. Among these, we focus on the
development of a confocal microscopy procedure as a potent
non-invasive method to reliably resolve the undisturbed
topography, which has not been possible to date. The goal is
to identify trends and morphological characteristics that
contribute to the discussion of a mechanism for in vivo lipid
binding and to gain insights into the oil-binding capacity of the
biopolymer.

2. EXPERIMENTAL SECTION

2.1. Materials. The polyglucosamines batches (labeled
PGA,,, PGA,;, and PGA,,, subscript numbers according to
the year of production) subject to this work were provided by
Certmedica International GmbH (Aschaffenburg, Germany).
Within this study, each PGA batch was investigated by
CHN(S) analysis, ATR-FT IR, '"H-NMR spectroscopy, TGA,
DSC, and SEC analysis to gain structure-property relationships
between the constitution of the biopolymer and network
formation responsible for lipid binding. The olive oil (Azienda
Agricola Miceli Domenico, Montallegro, Italy) used was
purchased online. Analytical grade sodium carbonate, sodium
bicarbonate, acetic acid (all Sigma-Aldrich, Steinheim,
Germany), sodium chloride (Griissing, Filsum, Germany),
trifluoroacetic acid (Fluka, Honeywell, Seelze, Germany),
hydrochloric acid (30%, Merck Millipore, Burlington,
Massachusetts, US), and pyridine (TCI, Tokyo, Japan) were
used. All solvents were used in p.a. grade, except for HPLC
grade tetrahydrofuran (Thermo Fisher Scientific, Waltham,
Massachusetts, US) and benzene (J.T. Baker, Avantor, Radnor,
Pennsylvania, US). Ultrapure water (>18.2 MQ cm) was
prepared freshly using an ELGA PURELAB Classic UVF
(Veolia Water Systems, High Wycombe, UK) before use as
eluent for SEC chromatography.

2.2. Instrumental. '"H-NMR spectra were recorded on a
Bruker Avance II 400 spectrometer (400 MHz, Bruker
Corporation, Massachusetts, US) at 22 °C. Acquisition time
(AQ) was set to 4 s and relaxation delay (D1) to 1 s,
respectively. 90° pulses were used and 64 scans were acquired.
The spectra were plotted and processed by the software
MestreNova (Mestrelab Research, Bruker Corporation,
Massachusetts, US).

Size-exclusion chromatography (SEC) with 0.1 M NaCl +
0.1% TFA as the solvent was performed using a SEC system
with a Waters S15 HPLC pump (Waters Corporation,
Massachusetts, US) at a flow rate of 0.8 mL min™' on a PSS
Novema column set (Agilent, Polymer Standard Service,
Mainz, Germany, Novema 30 A, 2x Novema 1000 A, 10 ym,
25 °C) with a Shodex RI-201H detector (Resonac
Corporation, Shodex, Tokyo, Japan). Calibration was carried
out using Pullulan standards (Agilent, Polymer Standard
Service, Mainz, Germany, 708,000 to 1080 Da). The software
WinGPC UniChrom V8.31 was used for data acquisition and
evaluation of the measurements. Each sample was filtered
through a GF/PET syringe filter (1.0/0.45 pm, 25 mm,
Chromafil, Macherey-Nagel GmbH & Co. KG, Diiren,
Germany) before measurement.
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Confocal laser scanning microscopy (CLSM) was performed
using a Zeiss LSM 710 (Carl Zeiss AG, Oberkochem,
Germany) using the software Zeiss ZEN. The magnification
objectives used were LCI Plan-Neofluar 25x/0.8 W Imm Korr
DIC M27 (25x), LD C-Apochromat 40x/1.1 W Korr M27
(40%x), and C-Apochromat 63x/1.2 W Korr M27 (60x),
respectively. Distilled water was used as the immersion
medium for the magnification objectives. The laser was
operated at a wavelength of 4 = 488 nm for fluoresceine
excitation (514 nm for Nile red and 408 nm for pyrene
respectively). Two acquisition methods were deployed: (1)
Single image acquisition with 340.08 X 340.08 ym (2284 X
2284 pixels) at 25X magnification, 212.55 X 212.55 ym (1964
X 1964 pixels) at 40X magnification and 134.95 X 134.95 ym
(1360 X 1360 pixels) at 63X magnification and (2) “Tile Scan”
where a 3 X 3 grid of the former frame was acquired
consecutively to cover a larger area of the sample. This results
in a composite image of 404.85 X 404.75 um (4080 X 4079
pixels) at 63X magnification.

Fourier-transform infrared spectroscopy (FTIR) was per-
formed on an Alpha II spectrometer (Bruker Corporation,
Massachusetts, US) with an Eco-ATR unit composed of
germanium crystals to measure the amplified attenuated total
reflectance (ATR) signal. The samples were placed on the
detector under ambient conditions. All spectra were processed
with OPUS 8.5 software and Origin2023b (OriginLab
Corporation, Northampton, Massachusetts, US).

Elemental CHN(S) analysis (EA) was performed using a
vario MICRO cube (Elementar, Langenselbold, Germany).
The CHN(S) determination was done in triplicate.

Thermogravimetric analyses (TGA) were performed using a
TG 209 F1 Libra (Netzsch Holding, Selb, Germany) with
nitrogen as protective gas with a flow rate of 20 mL min™". The
sample temperature was increased from room temperature to
800 °C at a rate of 10 K min™' using either nitrogen or
synthetic air as purge gas, also with a flow rate of 20 mL min~.
For data processing, the software Proteus Thermal Analysis
8.0.1 (Netzsch Holding, Selb, Germany) was used.

For differential scanning calorimetry (DSC) measurements,
the samples were placed in aluminum concave pans (Netzsch
Holding, Selb, Germany) and sealed with pierced aluminum
concave lids. Measurements were conducted using a DSC 214
Polyma (Netzsch Holding, Selb, Germany) in a nitrogen
atmosphere. Cooling was achieved uniformly using an
automatically controlled LN,-cooling device filled with liquid
nitrogen. Samples were initially cooled to —160 °C, then
heated to 195 °C at a constant heating rate of 10 K min™" to
eliminate any remaining crystallization in the biopolymers. The
samples were subsequently cooled back to —160 °C at the
same rate and reheated to 195 °C, during which the heat flow
was recorded.

Scanning electron microscopy (SEM) was performed using a
Zeiss VP FEG-SEM (Carl Zeiss AG, Jena, Germany) using the
software Zeiss SmartSEM. The samples were mounted on an
aluminum stub using adhesive copper tape and sputter-coated
with gold using a Sputter Coater Cressington 108
(Cressington Scientific Instruments Ltd., Watford, UK).

Low-vacuum and high-vacuum scanning electron micros-
copy (LV/HV-SEM) was carried out on an FEI Quanta 400
FEG device (Thermo Fisher Scientific, FEI Deutschland
GmbH, Frankfurt a. M., Germany) using the software xT
microscope Control (Thermo Fisher Scientific, Frankfurt a.
M., Germany). The samples were prepared onto a silicon wafer

auto
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and transferred into the sample chamber. The low-vacuum
mode (LFD detector, 100 Pa water vapor, RT) and high-
vacaum mode (ETD detector, RT) with an acceleration
voltage of 10 kV were used.

Transmission electron microscopy (TEM) was carried out
using a JEOL JEM-2100 LaB, electron microscope (JEOL
Ltd.,, Tokyo, Japan) at a nominal acceleration voltage of 200
kV with a Gatan Orius SC1000 CCD camera (Gatan Inc.,
Pleasanton, California, US) in bright-field mode. The system
was controlled using the Digital Micrograph software.

2.3. Methods. 2.3.1. Determination of the Degree of
Acetylation. From each polyglucosamine batch, a defined
amount of biopolymer was dissolved in DCl (0.15 M in
D,0,10 mg mL™"). Dissolution was assisted by shaking for 24
h at room temperature at 200 rpm. The solution was
transferred into a quartz glass NMR tube, and a proton
spectrum was acquired. As internal standard 3-(trimethylsilyl)-
propane-1-sulfonate (DSS) was used and its methyl signals
referenced to 0.00 ppm. The proton signals of chitosan were
assigned as follows. "H-NMR § (0.15 M DCl in D,0, 22 °C)
8.48 (NH,), 4.79 (s, H1 GluN,), n.r. (s, HI of GluNAc),
425-3.38 (m, SH, H2 of GluNAc, H3—HS6), 3.18 (s, H2, of
GluNH,), 2.06 (s, NAc) ppm. To extract the degree of
acetylation Dy, the relative integrals of the peak corresponding
to the acetyl group at 2.06 ppm and those of the protons H2—
H6 were determined.

2.3.2. Lipid Binding Assay (LBA). A bicarbonate buffer
solution (0.2 M) is freshly prepared by combining equivalent
volumes of aqueous Na,CO; (pH = 12) and NaHCO; (pH =
9) solutions and vigorously stirred for 1 h at ambient
temperature. Additionally, the PGA stock solution (5.0 mg
g 'in 0.16 M HCl, ) is prepared and stirred for 24 h at
ambient temperature. Before use, all prepared solutions are
kept at ambient temperature. In a 50 mL Falcon centrifuge
tube, the PGA solution (10.00 g) of desired concentration is
prepared by diluting the PGA stock solution with HCI (0.16
M). This allows for preparation with a defined mass of PGA
tipga- Olive oil (my = 10.00 g) is then added, and the mixture
is shaken vigorously to facilitate emulsification. Subsequently,
the bicarbonate buffer solution (12.00 g) is added, and the
resulting mixture is immediately shaken vigorously. The
resulting pH value of 7.3 is confirmed using a pH electrode.
The vessel is left to anneal for 1 h before centrifugation (10
min, 2,000, RT). The residual unbound olive oil is now
decanted, and its weight is determined as m,, The
gravimetrical lipid binding capacity Cyg, as well as the relative
binding B, within the experiment, can now be calculated using
eqs 1 and 2, respectively. The oil-to-PGA ratio or olive oil

My . . .
excess (Zol) is used to refer to the respective experiment.
Mcs

Measurements were performed in triplicate. Experiments
exceeding an absolute deviation value of 0.50 g have to be
dismissed.

Mol = Myes
Cp=—"7"7
Mcs (1)
Moil = Myes,
Brel =
My (2)

For the investigation of the influence of temperature on the
LBA, the Falcon tubes were kept at a given temperature during
the storage time of 1 h after preparation using the buffer
solution.
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2.3.3. Isolation of the Polyglucosamine-Based Scaffold.
The isolation from the olive oil matrix was accomplished by a
solvent exchange protocol. The freshly prepared sponge from
the LBA was poured onto filter paper, thereby separating it
from the olive oil supernatant and residual aqueous solution.
Subsequently, the oil sponge was placed into a 50 mL round-
bottom flask and submerged in THF (25 mL). The solvent was
replaced every 24 h with fresh solvent. After three iterations,
the solvent used for this process was changed to benzene and
the solvent-replacement cycle repeated two more times.
Ultimately, the sponge in benzene was submerged, frozen in
liquid nitrogen, and subjected to freeze-drying under reduced
pressure (25 °C, >0.001 mbar).

2.3.4. Functionalization of Polyglucosamine with Fluo-
resceine isothiocyanate (FITC). 500 mg of PGA was dissolved
in acetic acid (0.1 M, 50 mL). Methanol (50 mL) was added
before FITC isomer I (15 mg) was added in one batch. The
solution was stirred for 1 h at room temperature before it was
stopped by precipitation. To do so, the solution was added
dropwise to a vigorously stirred aqueous NaOH solution (0.1
M, 100 mL). After filtration, the precipitate was washed
thoroughly with water and ethanol until no fluorescence could
be observed in the washing solution. The deep orange product
was then dried at 40 °C under reduced pressure.

2.3.5. Quantification of the Average Pore Size and
Distribution. The CLSM images were processed using the
Software Image] by Wayne Rasband (NIH, Bethesda, Mary-
land, US). First, the distance scale of the software was
referenced to that of the image scale bar as received from the
Zen software. All well-resolved pores were then manually
measured by their longest diameter. All values were then
tabulated and processed to extract their average value and
standard deviation. Histograms, which can be found in the
supplemental information (Figure S15), were plotted using the
software Origin2023b (OriginLab Corporation, Northampton,
Massachusetts, US).

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Three commercially
available polyglucosamine batches (PGA,, PGA,;, PGA,,)
were examined. Initially, they underwent chemical character-
ization to ensure quality and assess relevant parameters.
Commonly, for PGA materials, those were the molecular
weight M,, (M,) and the degree of acetylation D,.
Supplementing those were thermal, spectroscopic, and
elemental analyses, as described in detail in the following
sections.

3.1.1. Chemical Analysis. All batches were subjected to
ATR-FTIR spectroscopy (Figure S1). They all exhibit the
characteristic vibrations for polyglucosamines with minor
intensity deviations.”” The strong O—H and N—H stretching
vibrations at 3,360 and 3,290 cm™!, respectively, are well
resolved and indicate the strong inter and intramolecular
hydrogen bond network. The vibrations at 2,920 and 2,875
cm™! correspond to symmetric and asymmetric C—H
stretching. Residual N-acetyl groups are represented by the
carbonyl vibrations at 1,650 cm™!, which corresponds to the
stretching of amide I, and at 1,320 cm™", which corresponds to
the stretching of amide III. The N—H bending of amide II is
not well resolved. The deacetylated primary amine can be
identified by the vibration at 1,590 cm™'.>* The CH, bending
at 1,420 cm™" as well as the symmetric deformation of CHj at
1,375 cm™' combined with the asymmetric stretching of the
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glycosidic linkage C—O—C at 1,150 cm™" are characteristic.
The dominant vibrations at 1,060 and 1,023 cm™" also belong
to the latter as stretching vibrations.

To determine the degree of acetylation, several possible
methods are available. We decided to apply a modified
protocol, as described by Fernandez-Megia et al., based on 'H-
NMR.** Here, the ratio of the integral of the residual acetyl
protons to the integral of the protons of the backbone was
calculated, and the stoichiometry was determined. For this
purpose, a '"H NMR spectrum of each material was acquired
(Figures S2—S4). The determined D, values, as listed in Table
1, are in good agreement with the supplier information, as the
material was specified to be >85% deacetylated following the
USP (541) titrimetry method.

Table 1. Results of the CHN(S) Analysis and Determination
of the Degree of Acetylation D, via "H-NMR“

samples C (%) H (%) N (%) S (%) D, (%)
calculated 44.88 6.85 8.58 0.00 5.0
PGA,, 40.01 6.54 7.37 0.00 49
PGA,, 44.05 6.24 8.29 0.00 4.3
PGA,, 40.35 6.51 7.41 0.00 5.0

“The theoretical values are calculated for a material with a D, of 5.0%.

Elemental CHN(S) analysis was performed for each PGA
batch (Table 1). Whereas the results for PGA,, are well in line
with the calculated values for polyglucosamine, the results for
the two other batches exhibit deviations in the carbon and
nitrogen content. The values significantly exceed the
instrumental deviation of 0.5%. Possible explanations can be
derived from production or inhomogeneities in the commercial
batches, as well as from inherent deviations from the optimized
structure due to naturally sourced materials. Residual moisture
or water molecules within the crystal lattice can also contribute
to deviating values. Organic or inorganic impurities will be
investigated through the thermal analysis of the materials.

3.1.2. Thermal Analysis. Thermal properties and especially
the thermal stability of the materials were investigated by DSC
and TGA. The results are tabulated in Table 2, and plots can

Table 2. Results of the Thermal Analysis”

samples Ty (°C)  Topee (°C) T (°C) Ty (°C) Mres,800 (%)
PGA,, —-86.0 203.8 299.8 615.0 38.8
PGA,, —84.0 195.0 300.8 639.0 38.6
PGA,,  —869 198.0 3022 591.0 389

“The full thermograms can be found in the supporting information
(Figures S5—S89).

be found in the supporting information (Figures S5—S9).
These properties are important due to the commercial use of
the material, which requires a long lifespan for the products. Its
consistency is also a measure of the purity and quality of the
material because chain length, D,, and crystallinity strongly
influence them. The DSC measurements that were performed
exhibit two areas of interest in the thermogram. First, at about
—85 °C, a slight exothermal step is revealed, which
corresponds to a plasticizing effect, with Tp, of residual
interfacial water within the polysaccharide structure, which
could not be removed by pre-drying nor by the first heating
run of the DSC.>* Secondly, the melting peak of the water
content at around 0 °C is resolved.

Thermogravimetric analysis was performed, and the thermo-
gram exhibits the characteristic curve shape for polyglucos-
amines. The primary weight loss step is attributed to
dehydration and, at higher temperatures, initial degradation
of short-chain polysaccharides. The major weight loss step
begins above T, = 195 °C, and its slope is highest at T, =
300 °C, which can be determined with very high precision for
each sample. This step involves the dehydration of the
anhydrous glycosidic ring as well as deamination. When
compared to the literature, this temperature indicates that the
molecular weight of all samples can be expected to be relatively
high. Low-molecular-weight PGA biopolymer would signifi-
cantly increase this temperature.”® At 800 °C, a residual mass
Meeg00 Of about 39%, is observed for each sample. The
consistency of the data indicates the absence of major organic
impurities.

To further investigate the presence of inorganic impurities
that cause the deviation of PGA,, and PGA,, from the
calculated elemental composition in the previous chapter, TGA
measurements were performed under synthetic air up to 800
°C (see Figures S7—S9). Two interesting differences can be
found in the thermograms. The first observation is that,
although the onset temperature of decomposition is similar for
all batches, the batches degrade at differing rates in the series
PGA,, > PGA,, > PGA,; (2% residual mass at T,). They also
differ in residual mass. Whereas PGA,, and PGA,; left a
residue of 0.5%, PGA,, exhibited a residual mass of 1.12%,
indicating only minimal inorganic impurities.

3.1.3. Size Exclusion Chromatography. The SEC analysis
of polysaccharides is generally a challenging task due to the
rigid nature of the sugar backbone and the thereby inherent
solution-state properties such as viscosity and refractive
index.’”™% To ensure optimal SEC characterization, the
dissolution behavior and the choice of dissolution medium
were examined. The polyglucosamine samples were dissolved
either in aqueous hydrochloric acid (0.16 M, pH = 0.8), which
is a known commodity for reliable chitosan dissolution, or in
the eluent itself, which was an aqueous mixture of NaCl (0.1
M) and trifluoroacetic acid (TFA, 0.1%, pH = 2). The latter is
the recommended and state-of-the-art eluent for SEC analysis
of polycations on an amine-functionalized acrylate copolymer-
based column setup (see Methods Section). The dissolution
time was set to 24 h. After dissolution, each sample was filtered
using a GF/PET syringe filter. This was done to prevent larger
aggregates, which chitosan is prone to form, from potentially
clogging the columns and compromising the system. The
separated larger aggregates from the HCI solution before
initiation were visualized by TEM (see Figure S10). The
subsequent results of the SEC measurements are given in
Table 3. The three batches consistently exhibit a weight
(number) average molecular weight M,, (M,) of about 200—
250 kDa (50—SS kDa), resulting in a broad molecular weight

Table 3. Size Exclusion Chromatography (SEC) Data
against Pullulan Standards after Dissolution in HCI (0.16
M) and NaCl (0.1 M) + TFA (0.1%) at 25 °C for 24 h

HCI (0.16 M)
samples M, (Da) M, (Da) b
PGA,y 215700 55500 3.9
PGA, 212500 51200 42
PGA,, 220,900 52,400 4.2

NaCl (0.1 M) + TFA (0.1%)
M, (Da) M, (Da) b
250,500 56,900 4.4

251,600 55000 4.6
232,700 51,400 4.5
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distribution D. The latter was to be expected for crustacean-
sourced polyglucosamine biopolymer. When comparing the
SEC results of the two dissolution procedures at 25 °C, a
significant reduction in M, becomes apparent, while M,
remains largely unaffected. This is due to the initial acid
hydrolysis of long-chain polyglucosamine fractions, which is
known to start in an acidic solution below a pH value of 3.5,
according to Belamie et al.”’ According to and in line with the
mathematical definition, polydispersity also shifts towards a
narrower distribution. With dissolution in the eluent being
superior in this regard, further experiments were performed to
evaluate the extent of hydrolysis in this aqueous salt solvent
system. This was done to further strengthen the validity and
suitability of this preparation method for SEC analysis of
polyglucosamines. A dissolution experiment was performed for
each PGA batch at a temperature of 50 °C (see Table 4). Here,

Table 4. Size Exclusion Chromatography (SEC) Data
against Pullulan Standards after Dissolution in the NaCl
(0.1 M) + TFA (0.1%) eluent at 50 °C for 24 h

samples M, (Da) M, (Da) b
PGA,, 232,800 52,400 4.4
PGA,, 231,600 54,000 43
PGA,, 215,800 48,100 4.5

the polydispersity remains virtually unchanged, even though
M, as well as M,, decreases by about the same ratio, albeit by a
small absolute amount. This behavior aligns well with the
literature, which states that the polydispersity does not vary
significantly during the acid hydrolysis of chitosan at lower acid
concentrations and mild conditions.”” This is due to the
random nature of chain scission in an acidic environment when
compared, for example, to the strictly terminal hydrolysis
under enzymatic conditions, which leads to a near-linear
increase of P.°> Even with minor deviations in molecular
weight at elevated temperatures, the dissolution in the NaCl
(0.1 M) + TFA (0.1%) eluent is deemed to be suitable for SEC
sample preparation, avoiding major hydrolysis and issues like
precipitation after injection due to the change in solvent ionic
strength and pH value. Apart from that, using this combination
of eluent and experimental conditions does not lead to the
extensive formation of any larger aggregates in the solution.
These would cause artifacts or secondary signals in the
chromatogram, a phenomenon often observed with chitosan.**
The signals obtained exhibited a Gaussian shape with slight

tailing and a minimal shoulder signal at higher molecular
weight above >10° Da. This is caused by the SEC column
setup reaching its upper separation limit.

3.2. Lipid Binding Assay (LBA). The capability of
polyglucosamines to bind dietary lipids was assessed using
the well-established lipid-binding assay (LBA). For this
process, PGA,, is dissolved in an acidic solution before
emulsification. For precipitation, a buffer solution is added,
neutralizing the acid. Doing so, results in a combined solution
exhibiting a pH value of 7.3. These pH range accurately
resemble the pH values present in the acidic environment of
the stomach as well as in the intestine. There, it gradually
increases in the small intestine from pH 6 to about pH 7.4 in
the terminal ileum. The pH then drops to 5.7 in the caecum,
but gradually increases, reaching pH 6.7 in the rectum before
excretion staying above the pH necessary for chitosan
dissolution.”® This method allows quantifying the amount of
dietary lipids that can be taken up by a defined PGA mass in an
emulsion complex. The information can be used to calculate
the gravimetrical capacity (C.) as well as the relative binding
(B.g) of each sample. For this series of experiments, a
commercial extra-virgin olive oil was selected as the model
lipid due to its favorable properties for this assay type, its
availability, and its widespread presence in diets in most
western countries. The material selection primarily focused on
its thermal and chemical characterization. PGA,; delivered the
most consistent results and is therefore selected to be the
subject of this study.

In previous studies, the LBA was performed at a defined
mass of polyglucosamine (mpg,) or with a decreasing mass
fraction of polyglucosamine until no quantitative binding was
observed, which was then assigned to Cpy = C,o, Although
these results are consistent, they must be carefully considered
due to their inherently limited resolution and quantitative
information, as only a single value is determined. This fact
renders a comparative study between different materials and
batches, such as those from different sources, rather difficult.
This work aims for a more extensive analysis of the lipid
binding. Therefore, the mpg, gradually decreased from 16.67
mg to 0.75 mg, resulting in a reciprocal increase from a 600-
fold excess to a 15,000-fold excess of olive oil. For each
experiment, Cpy as well as B were calculated according to eqs
1 and 2.

Figure 1 displays the results of the series of LBA experiments
for PGA,; as well as the statistical errors for the determination
of triplicates. The plot C; vs. oil excess starts with its first
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Figure 1. Plots of the absolute (left) as well as the relative (right) lipid binding assay results of PGA,,. Both datasets were subject to exponential

fitting
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Figure 2. Plots of the investigation of the thermal stability. The influence of the preparation temperature (left) and the loss of capacity during
storage at physiological temperature (right) was examined for a PGA,, sponge preparation from the lipid binding assay (with an 800-fold oil

excess).

Figure 3. SEM images in low vacuum (a) and high vacuum mode (b) of a sponge preparation of PGA,; (800-fold oil excess) in the native state as
well as after rinsing with tetrahydrofuran (c, d, both in low vacuum mode).

value at a 600-fold excess of olive oil. This is due to it being the
highest oil-to-PGA ratio at which quantitative binding was
observed. This characteristic point is referred to as Cjy,.
Initially, C;p exhibits exponential growth until it reaches a
ceiling capacity of C,, at an 8,000-fold oil excess before
leveling off. This ceiling is characteristic of each batch of high-
capacity polyglucosamine and is a good indicator of its potency
in lipid binding. The plot of the resulting B, also supports this
fact. It exhibits the exponential nature, in this case exponential
decay, of the lipid binding (dashed line). The Cjy and Cpyy
values, combined, are characteristic of each material and,
therefore, serve as a set of parameters for comparing
polyglucosamine batches.

The stability of these oil-binding polyglucosamine sponges is
of high significance, as these materials are deployed
commercially in the nutrition and medical device industries.
It has to withstand the harsh physiological conditions
prevailing in the stomach as well as the intestine. To
investigate the thermal stability of the binding using the
standardized LBA, experiments were performed by varying the
temperature of the 1 h storing period before centrifugation.
This should directly impact the establishment of equilibrium
between bound and unbound oil during this timeframe. As
shown in Figure 2, a linear decrease in C;j is apparent as the
storage temperature increases. At a physiological temperature
of 37 °C, the capacity declines by about 15% relative to the
value determined for the experiment at room temperature.
This behavior is most likely caused by the reduced viscosity.
Generally, the viscosity of olive oil is exponentially correlated
with temperature. In a small temperature range, however, it is
sufficient to consider it to be linear.
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The long-term stability at physiological temperature was also
investigated. A sponge prepared at room temperature loses
only 6.6% of the bound oil within a week when stored at 37
°C, with the rate of loss leveling off after this point (Figure 2).
This can be attributed to thermal annealing and leakage of
minor amounts of oil from the boundary areas and larger
cavities within the sponge. Although the absolute capacity is
temperature-dependent, the oil binding of polyglucosamine
appears to be very rigid overall, and once formed, it does not
tend to lose much of the oil it has taken up. This was also
apparent when attempting to wash out the olive oil matrix
from the polyglucosamine sponge using organic solvents such
as THF. In this way, only surface oil could be removed (Figure
3¢).

3.3. Analyses of Polyglucosamine Sponges by
Electron Microscopy Methods. To date, research on oil
binding by polyglucosamines has been mainly limited to
phenomenological examinations and empirical evaluations of
the capacity when specifically modified chitosan was used. No
further efforts were made to clarify the underlying and
morphological situation responsible for oil take-up and the
formation of such three-dimensional and—comparable to the
oil and lipids—rigid and stable structures. To tackle this issue,
we considered optical and electron microscopy methods as
suitable to resolve the potential network structure, surface
porosity, or mesh size. The most crucial aspect is that the
polyglucosamine sponge structure should not be compensated
for or altered during preparation. The structure needed to be
preserved to enable an accurate representation of the
morphological situation present in the native polyglucosamine
sponges upon binding of olive oil. Therefore, suitable sample
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a)

Figure 4. Photograph (a) and SEM image of a sponge preparation of PGA,; (1200-fold oil excess) at magnifications of 100X (b), 200X (c), and

2,000% (d).

preparation and measurement conditions are crucial for
accurate results.

Initially, scanning electron microscopy in low-vacuum (LV-
SEM) and high-vacuum mode (HV-SEM) were performed to
investigate the structure (see Figure 3ab). They allowed for
the native sample to be kept as prepared in the LBA during the
measurement. This was due to the mild conditions in the
sample chamber. Therefore, no pretreatment of the sample was
necessary. The images reveal a rather smooth surface coat with
some topological disturbances due to a solid structure right
below the surface. Islands of these rough patches are scattered
across the plane. The smoothness suggests that the surface is
fully coated with olive oil. None of the solid and structure-
providing material is left uncovered or pierced through.
Ultimately, LV-SEM, as well as HV-SEM, does not allow for
a look past the oil surface. As can be seen in the images at a
magnification of 500X, one can only get a hint of the rough
and solid polyglucosamine structure below the surface (a, b).

For further investigation by LV-SEM, the olive oil needs to
be removed to expose the solid polyglucosamine structure on
the surface. THF, which was found to be a good solvent for the
oil, was used to wash away the surface oil coating. For this
purpose, the native sponge was carefully treated dropwise with
the solvent, which was allowed to flow freely off the sample
without submerging it. The sample was then brought into the
sample chamber of the electron microscope, and images were
acquired. Already at a magnification of 100x, the same situation
as previously presents itself. In areas where the surface was
only rinsed with solvent, the structure apparently collapsed
immediately upon oil removal. The solids fell back into the
underlying oil layer, and again, only the surface of the oil
matrix was evident under the microscope (c). Another sample
was rinsed repeatedly until no oil was left. This time, the
collapse of the three-dimensional polyglucosamine network
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was visible to the naked eye, and only a flat residue remained
on the glass slide. This was confirmed by the LV-SEM images,
which revealed solid sheets of polyglucosamine (d). Its surface
morphology is similar to that of chitosan precipitated from an
acidic solution without emulsification.®® From these images,
the three-dimensional polyglucosamine network can only be
suspected. However, it provides a clear view of the surface
texture and coating. It demonstrates the strong retention
capability and high affinity of polyglucosamine towards olive
oil, contributing to the structural explanation for the resulting
high Cpp.

Since the mild LV and HV-SEM methods were not suitable
for resolving the polyglucosamine within the olive oil matrix, a
different approach had to be chosen when using SEM.
Attempts should be made to remove the matrix and isolate
the scaffold, as no volatiles must be present at low-pressure
conditions during the measurement. To prevent major
structural change and preserve the native polyglucosamine
network responsible for the sponge-like nature, a mild solvent
exchange protocol was established. The sponges were initially
submerged in a given volume of THF. After renewing the
solvent multiple times to quantitatively replace the olive oil
(for experimental details, cf. Method Section), the sponge was
transferred into benzene. Subsequently, freeze-drying was
performed to isolate the now oil-free polyglucosamine. The
macroscopic shape of the sponge was fully preserved, and only
minimal overall shrinkage was observed even after freeze-
drying (Figure 4a). These structurally stable, off-white sponges
were extremely light and featured ultra-low density. Treatment
with distilled water led to an immediate collapse, most likely
due to the capillary pressure and the polarity of the underlying
polymer structures. The SEM images of the oil-free sponge
(1200-fold oil excess) revealed a fully intact and highly porous
network (Figure 4b—d).
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To learn more about the behavior and characteristics of the
network, a series of LBA experiments was conducted,
supplementing the images acquired for the sponge with olive
oil at 1,200-fold excess, as well as with higher and lower oil-to-
PGA ratios. Each of the resulting sponges was isolated using
the solvent-exchange protocol established herein. It is of high
interest how the network, its properties, and porous
morphology are influenced by changes in the oil-to-PGA
ratio. This may facilitate a deeper understanding of the
characteristic nature of the capacity curve (Figure 1). The gold
sputtered materials were generally well resolved. However,
some of the images exhibit bands of different shades caused by
charging artifacts. Those occur in areas of the sample with
unevenly distributed surface charge due to heterogeneous gold
sputtering. The SEM images (Figure Sa—l) of the sponges all
feature a highly porous structure, regardless of the oil-to-PGA

Figure S. SEM images of sponge preparations of PGA,; at
magnifications of 50X/100X and 2,000X with oil-to-PGA ratios of
500 (a, b), 1,000 (c, d), 2,000 (e, £), 2,400 (g, h), and 4,000 (j, j).

ratio. Notably, there are some recognizable trends: The
network for a 500-fold excess of oil is significantly denser
and more compact than that of the sponge prepared with a
4,000-fold excess. In the images with higher magnification, the
decrease in density reveals a more delicate and refined
structure, as can be clearly seen in Figure Sd). The tendency
to form fibers or even fibrils at the micro- and nanoscale is
characteristic of polysaccharide-based materials, especially for
polyglucosamine and chitin itself.””** These nanofibrils, with a
thickness of 50—500 nm, are the structural subunit that densely
aggregates to form a woven-like phase shaping the three-
dimensional porous structure. With increasing amounts of
polyglucosamine available, they get reinforced by the
deposition of more material to fill out voids and cavities,
forming a continuously closed surface. This progression can be
easily traced following the SEM images. The sponge
preparations displayed in Figure Sb (500-fold oil excess) as
well as Figure Sd (1,000-fold) features the coarse and
reinforced solid walls mostly lacking clearly distinguishable
delicate fibrils. These start to appear in Figure Sf (2,000-fold)
and are well resolved in h and j (2,400-fold and 4,000-fold
respectively).

3.4. Confocal Microscopy. Confocal laser scanning
microscopy (CLSM) was further deployed to visualize the
native sponge structure, now embedded in the oil matrix. For
this experiment, polyglucosamine was required to be labeled
with a fluorescent dye. Fluoresceine isothiocyanate isomer I
(FITC) was chosen as a covalent label due to well-known
ﬂu(é)ge;%cent properties and facile synthetic application (Scheme
1).%

After successfully labeling the polyglucosamine sample
(labeling efficiency <0.1%, not detectable via CHNS and
ATR-FTIR), the LBA (500-fold olive oil excess) was
performed using chitosan PGA,, prrc to prepare a fluorescent
polyglucosamine olive oil sponge. This sponge was then
subject to analysis via CLSM at an excitation laser wavelength
of 488 nm. After optimizing the sample preparation using a
glass coverslip, a fluorescent image is observed at magnifica-
tions of 25X, 40X, and 63X (Figure 6). The glass coverslip
leads to a sample with a more homogeneous and lower
thickness, which enhances resolution and expands the focus
plane without disrupting the network. The image reveals a
continuous structure featuring pores. These pores are densely
packed and highly heterogeneous in terms of size and shape,
but they exhibit predominantly spherical or bubble-like shapes.
This can potentially be attributed to its formation mechanism,
in which the material is precipitated after emulsification. The
network then forms around the emulsified oil volumes. Larger
cavities are also present, and these are most likely formed
during the physical compression of larger domains by
centrifugation during the LBA.

To verify that only the solid polyglucosamine scaffold is the
source of the emission and no dye was present in the oil
matrix, possibly due to hydrolysis, an orthogonal experiment
using a second dye in the olive oil phase was conducted. The
second dye, Nile red, was chosen after pyrene was determined
to be unsuitable due to its adsorption at the polyglucosamine
surface (Figure S14). Nile red exhibited fluorescent properties
that were excitable at a wavelength of 514 nm. This allowed for
the separate excitation of two dyes and separate detection
(Figure 7). The CLSM images reveal two clearly distinguish-
able images, especially around the solid polyglucosamine
network, even acting as the full negative image where the
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Scheme 1. Reaction Scheme of the Addition Reaction of PGA,; with Fluoresceine Isothiocyanate Isomer I, as well as
Photographs of the Initial PGA,, (Left) and Labeled PGA,, g (Right)
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“The latter can now be deployed in the fluorescence microscopy experiments due to the fluorescent properties of the covalently bound fluoresceine

molecule.

Figure 6. Confocal laser scanning microscopy images of native sponges of PGA,, grrc without coverslip at magnifications of 24X (a), 40x (b), and
63x% (c), as well as at 63X after sample preparation using a glass coverslip (d). The green channel resolved a solid structure that could be resolved in
increasingly high magnifications. Using an additional coverslip on the sample reduced the thickness and allowed for a more homogeneous focus

plane, increasing the overall image quality.

Figure 7. Confocal laser scanning microscopy image of a native sponge of fluoresceine-labeled PGA,, prrc, and olive oil containing Nile red.
Fluoresceine (left) and Nile red (middle) were separately resolved by individual laser channels (488 nm, S14 nm) and merged (right). This
confirmed that the labeling by fluoresceine isothiocyanate was successful and none of the fluorescent material is present in solution allowing for
selective analysis of the structure of the oil-containing polymer scaffold.

respective other image channel exhibits no fluorescence. This
experiment clearly visualizes and allows for distinguishing
between the oil and the polyglucosamine domain in the CLSM
image. It also confirms that confocal microscopy, combined
with a labeled polyglucosamine, is suitable for analyzing the
structure of the oil-containing polymer scaffold. Therefore, this
method is further exploited by expanding the experiments
again to a series with a decreasing mass of polyglucosamine
relative to olive oil (Figure 8). In conjunction with this, the
CLSM “Tile Scan” method was employed to capture a larger
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area of the material under the microscope. The CLSM images
of the series consistently display the porous polyglucosamine
network. To quantify these and establish trends, a
comprehensive pore size analysis was conducted (Figure S15,
Table S1). The plot in Figure 9 of the determined pore size
against Cyp shows a saturation curve. The mean pore size levels
off at a certain capacity. It is interesting to note that, from this
point onwards, the negative slope of B, starts to decrease
significantly (see Figure la). This fact suggests a correlation
between pore size and capacity.
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Figure 8. Confocal laser scanning microscopy images of native sponges of PGA,, grrc with oil-to-PGA ratios of 500 (a), 1,000 (b), 1,200 (c), 2,000
(d), 2,400 (e), and 4,000 (f). The images reveal a continuous porous structure with an apparent increase in pore size when increasing the oil-to-

PGA ratio.
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Figure 9. Plot of the mean pore size against Cip for PGA,; grrc.

An explanatory approach to visualize and shed light on the
formation principles must always start from the moment of
precipitation, where the emulsion is broken up and the
network solidifies (Figure 10). The dissolved polyglucosamine,
acting as an emulsifying agent, occupies the interface between
the oil and the aqueous phase. The stability of the emulsion
and the average size of the oil droplets are highly dependent on
the concentration of the polysaccharide. According to this, one
would expect a positive correlation between the amount of
polyglucosamine deployed and the amount of olive oil bound.
But the opposite is observed. With reduced amounts of
polyglucosamine in the fixed volume, a greater excess of olive
oil was taken up. The addition of the buffer and the control of
the pH towards a neutral environment initiates the formation
of nanofibrils, which are the subunits in this instance. The
woven-like structure surrounds the oil droplets. It is also
interconnected between separate pores and offers its surface

High PGA
content

Precipitation

Emulsion Low PGA

content

Low C, 5
High stability

QOil removal

High C, 5
Low stability

Figure 10. Schematic representation of the described pore formation process, its influence on the oil-binding capacity C;, and the origin of the

fibrillar subunits found in the polyglucosamine sponges.
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for the electrostatic and hydrophobic molecular interactions,
holding the oil in place.

Higher concentrations of polyglucosamine do mechanically
reinforce and strengthen the network by further deposition
onto the fibrils. However, sealing the delicate fibrils to a solid
wall-type structure decreases the available surface area and
reduces the effective pore size, as shown in Figure 9. This
results in the near-linear nature of the capacity curve for low
oil-to-PGA ratios (see Figure 1). On the other hand,
decreasing the concentration and, consequently, increasing
the oil excess leads to a stronger reliance on the fibrillar nature
of the network. This ultimately leads to a stretching of the
material, resulting in an inherent decrease in the density of the
sponge. Consequently, one must anticipate a minimum
amount of polyglucosamine at which the fibrillar network
becomes overextended. At this crucial point, the mechanical
stability and oil binding capacity collapse because the fibrils are
no longer capable of maintaining the interconnection. This
might occur hierarchically. Initially, the connections through-
out larger cavities cannot be upheld, then between individual
pores, and lastly around single oil droplets.

4. CONCLUSION

In conclusion, we presented a novel and resilient approach for
quantifying the lipid binding capacity of polyglucosamine
polymers, as well as examining the polyglucosamine-generated
morphology using microscopy techniques to elucidate the
principles of structure formation. This work contributes to the
ongoing debate on the in vivo lipid binding of chitosan when
administered orally with the goal of body weight reduction.
After molecular and physicochemical characterization, we
examined the lipid binding capacity of PGA,; over a broad
range of oil-to-PGA ratios and quantified it with C;y and an
exceptional C,,.. The resulting rigid oil sponges were then
subjected to analysis via CLSM after fluorescent labeling and
electron microscopy in both the native and isolated, dried
states. The images revealed a three-dimensional, highly porous
network featuring nanofibrils as the underlying substructural
motive. The density of the network decreased with a reduction
in the polyglucosamine concentration. In contrast, the capacity
relative to the polyglucosamine mass increased significantly.
After careful analysis of the data and correlation of the revealed
trends, we concluded that an interplay of morphological
characteristics and molecular interactions is leading to the
ultra-high lipid-binding capacity. The fibrillar network offers a
mechanically and chemically stable scaffold. The polyglucos-
amine provides an extensive surface for molecular interactions
of both electrostatic and hydrophobic nature with the
triglycerides and free fatty acids of the olive oil. The presented
concepts and techniques for quantifying the oil binding
capacity, as well as isolating and structurally analyzing
sponge-like morphologies, have the potential to establish a
new standard in material characterization. They are powerful
tools, not only when considering the herein-investigated
polyglucosamine gels as a pharmaceutical ingredient, but also
for technical or industrial applications where a non-invasive
method is preferred. The ability of resolving an undisturbed
native structure cannot be understated and is a major
advantage over traditional topography analyses and rheology
because it allows for more reliable and significant comparison
of material characteristics and morphological features. Hydro-
and oleogel characterization from flocculation and absorption
events in wastewater treatment and the agricultural sector

59

could be potentially useful cases, as well as morphological
investigations of thickening agents in technical lubricants.
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