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Introduction

The interaction of glycogen nanoparticles with
human blood+

Nadiia Davydiuk,i Vaidehi Londhe,i Manfred F. Maitz,
Andreas Fery 2 and Quinn A. Besford (= *

Carsten Werner,

Glycogen, a naturally sourced highly branched polysaccharide nanoparticle, has been receiving attention
in the field of nanomedicine due to its inherent non-toxicity and biodegradability. However, often in the
literature glycogen nanoparticles (NPs) are used that come from different commercial sources (animals
and tissues), which have significantly different sizes, molecular weights, and protein content, meaning a
comprehensive overview of the interactions of these differently-sourced NPs with the human immune
system is missing. Herein, we investigated coagulation, immune cell association and inflammation
responses triggered by source-dependent interactions of glycogen NPs in human blood, utilising four
types of commercially available glycogen: phytoglycogen (PG) isolated from sweet corn kernels, oyster
glycogen (OQG), rabbit liver glycogen (RLG), and bovine liver glycogen (BLG). Our results reveal that glyco-
gen NPs exhibit minimal immune cell association, low complement factor, granulocyte, and platelet acti-
vation, and have no impact on blood clotting. This is despite the significant physico-chemical differences
between the NP types, and when studied at exceptionally high particle concentrations (orders of magni-
tude higher than other typically studied synthetic systems). Given the similarities in the interactions with
blood, either of the commercial glycogens can be leveraged in nanomedicine with respect to immuno-
interactions, though PG provides a sustainable and ethically sourced form of NPs from plants. Together,
our results highlight a key benefit of using glycogen NPs as injectable biomaterials for therapeutic
applications.

polymer nanoparticles sourced directly from nature, which
may have more predictable biological outcomes.'®

Within the context of nanomedicine, some of the most impor-
tant features of polymer nanoparticles include tissue targeting
abilities, controllable conjugate-drug release rates, low-fouling
or stealthy behaviour, high water solubility, biocompatibility
(e.g., cell toxicity, inflammation responses, etc.), and biode-
gradability in the long-term."™ In line with this, significant
work has gone into developing polymer nanoparticle systems
that meet most, if not all of these criteria. These include
systems based on zwitterionic poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC),® polyethylene glycol (PEG),® and
poly(2-oxazoline),” in a variety of architectures, including as
polymer replica particles,®*° bottle-brush polymers,"*™** or as
layers on secondary substrates,'®'> as some examples amongst
many. While these systems have proved very useful, there is
also a strong-case to move towards minimally synthetic
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Furthermore, this can potentially allow for greener production
methods with fewer synthetic steps. With this in mind, bioma-
terial glycogen nanoparticles have been gaining significant
traction for use in nanomedicine.'”'®

Glycogen is a naturally occurring polysaccharide nano-
particle that functions as a primary storage form of cellular
glucose,>'”' where it acts as a vital energy source for cells in
the human body by storing glucose and releasing it when
needed.?”*! Glycogen is already present in most human cells,
meaning our cells already possess the cellular machinery to
degrade the nanoparticles in the long-term, yielding only
glucose and a small amount of protein.* Furthermore, it also
makes these nanoparticles inherently biocompatible**™
within our cells, with a very high-water solubility.>® Glycogen is
composed of linear chains of approximately 8-14 glucosyl
residues joined in o-1,4-glucosidic linkages, which are
branched by «(1 — 6) linkages, to form randomly hyper-
branched polysaccharide nanoparticles that are approximately
20-90 nm in diameter®” (Fig. 1). The particles contain a small
amount of associated protein that participates in the synthesis
pathway.”®
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Sources Structure

Glycogen nanoparticle
20-90 nm

Fig. 1 Schematic of a glycogen nanoparticle sourced from currently
available commercial animal, shellfish, and plant sources, along with the
internal chain structure.

Glycogen can be readily isolated from liver, muscle, brain,
and heart tissues of various animals.?® The liver is a particu-
larly common source because it is highly concentrated.?
Additionally, certain shellfish, such as oysters,® and the
kernels of sweet corn®" are also rich sources of glycogen and
can be extracted on an industrial scale.>**" Importantly, glyco-
gen nanoparticles are commercially available as a relatively
low-cost off-the-shelf nanoparticle from a variety of sources,?
supplied in a stable powder form, available on the gram-to-
tonne scale.

Glycogen has therefore been utilised in numerous studies
for treating and diagnosing diseases,**>* and as functional
macroscopic hydrogel materials.>*****” Recently, more
studies have used glycogen as a circulating nanoparticle in
mice (for tumour accumulation), and as circulating glucose-
responsive insulin-conjugates for treating diabetes in mice.*®
However, there is no clear understanding of what are the bio-
logical interactions of glycogen obtained from different
sources (animals or tissues) once they are integrated into
human blood with a therapeutic purpose. It is known that gly-
cogen from different sources differ in protein content, as well
as other physicochemical properties such as size, density and
charge, which may lead to different cell association and
inflammation responses in human blood. Herein, we look to
full characterise the physicochemical properties and in-blood
interactions of glycogens obtained from four common com-
mercial sources. We systematically compare rabbit liver glyco-
gen (RLG), bovine liver glycogen (BLG), oyster glycogen (OG),
and phytoglycogen (PG) (isolated from the kernels of sweet
corn). Our results provide insight into source-dependent
effects of glycogen interactions, which can better inform of
injectable nanoparticle choices for therapeutic applications.

Experimental section

Materials

Glycogen from bovine liver (BLG), rabbit liver (RLG), and
oysters (OG) were purchased from Sigma Aldrich.
Phytoglycogen (PG) sourced from the kernels of sweet corn was
purchased from Mirexus (Guelph, Canada). Alexa Fluor™ 488
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NHS dye (AF488-NHS), dimethyl sulfoxide (DMSO), a-amylase
from Aspergillus oryzae (activity ~30 U mg ™), trifluoroacetic
acid (TFA, >99%), phenol (>99%), sulfuric acid (>95%),
sodium bicarbonate (>99.7%), sodium carbonate (>99.5%),
ethylenediaminetetraacetic acid (EDTA), formaldehyde solu-
tion (wt 37%) and PBS buffer tablets were purchased from
Sigma Aldrich. A Micro BCA™ Protein assay Kit (product
number 23235), Amicon Ultra Centrifugal Filters (molecular
weight cut-off of 10 and 100 kDa), and 96-well microplates
(black walled, clear bottom, non-sterile; product number
M33089) were purchased from Thermo Fisher Scientific. Lysis
of red blood cells (RBCs) was performed using Pharm Lyse
buffer from BD Biosciences (Heidelberg, Germany). For cell
phenotyping, antibodies against CD3 AF700 (SP34-2), CD11b
Pacific Blue (ICRF44), CD14 APC-H7 (M®P9), CD66b BV421
(G10F5), CD45 V500 (HI30), CD56 PE (B159), lineage-1 cocktail
APC, HLADR PerCP-Cy5.5 (G46-6), and CD19 BV650 (HIB19)
were used, all purchased from BD Biosciences, except for
lineage-1 cocktail, CD15, and CD19, which were obtained from
BioLegend (CA, USA). C5a, prothrombin fragment F1 + 2 and
platelet factor 4 (PF4) concentration were determined using an
enzyme-linked immunosorbent assay (C5a ELISA from DRG
Diagnostics, Marburg, Germany; Enzygnost F1 + 2, Siemens
Healthineers, Erlangen, Germany; Zymotest PF4, CoaChrom,
Vienna, Austria). Positive controls for the blood assays, namely
Kaolin and Zymosan A (Saccharomyces cerevisiae) were pur-
chased from Sigma Aldrich while silica particles (1000 pm)
were synthesized in-house. The pH of the solutions was
measured by using a Mettler-Toledo FiveEasy FE20 pH meter.
Milli-Q water with a resistivity greater than 18.2 MQ cm,
obtained from a three-stage Millipore Milli-Q Plus 185 purifi-
cation system (Millipore Corporation, USA), was used in all
experiments unless otherwise stated. All materials were used
as received or passed purification.

Fluorescence labelling of glycogen NPs

The fluorescent labelling of the particles was carried out
according to the previously published protocol.?* The particles
(10 mg) were dissolved in 0.2 mL of 0.1 M sodium bicarbonate
buffer at pH 8. AF488-NHS (1 mg) previously dissolved in 1 mL
of anhydrous DMSO, was added to the glycogen types as
follows: PG-0.69 pL, OG-3.01 pL, RG-4.76 pL, BG-100 pL. These
ratios were chosen in order to provide each nanoparticle the
same number of fluorophores (considering the variations in
nanoparticle M,), which is important for later biological
studies. The mixture was then incubated for 24 hours at 24 °C
with continuous shaking. Subsequently, any unbound dye was
removed using centrifugal filters with a pore size of 10 kDa.
The particles were centrifuged (12 000 rpm, 5 min), washed
with Milli-Q water (2 times), freeze-dried, and stored in the
freezer (—20 °C) in the dark prior to use.

Gel permeation chromatography

Molecular weight and molar mass determination were per-
formed using an AF4 system Eclipse DUALTEC (Wyatt
Technologies Europe) with Agilent pump system (1260er Serie)
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with detection at various wavelengths (1 = 254, 280, 400,
500 nm). A solvent PBS-buffer (10 mM, pH = 7.4) was used as

the eluent with a flow rate of 0.8 mL min™".

Protein content of NPs by bicinchoninic acid (BCA) assay

Colorimetric protein detection was performed following a stan-
dard protocol provided by the supplier. Glycogen NP solutions
(1 mg mL™") and diluted albumin standards (0.5-0.0 mg
mL™") were prepared in Milli-Q water. To prepare working
reagents (WR), mixed 25 parts of Reagent MA (1.725 mlL,
mixture of sodium carbonate monohydrate 8% w/v, sodium
hydroxide 1.6% w/v, sodium tartrate 1.6% w/v, and sodium
bicarbonate) with 24 parts of Reagent MB (1.656 mL of
bicinchoninic acid disodium salt hydrate, 4% w/v) and 1 part
of Reagent MC (0.069 mL of copper(u) sulphate pentahydrate,
4% w/v). A 150 pL of each diluted albumin standard and glyco-
gen sample replicate was pipetted into a 96-well microplate.
Then, 150 pL of the WR was then added to each well followed
by thorough mixing by a plate shaker for 30 seconds. The plate
was covered and incubated at 37 °C for 2 h, then cooled and
the absorbance was measured at 4 = 562 nm on a Tecan SPARK
10 M Luminescence Multi Mode Microplate Reader.

Biodegradation of NPs by a-amylase

The enzymatic degradation of PG, OG, RG and BG were
assessed using a phenol-sulfuric acid assay.’® Glycogen NP
solutions (2 mg mL™") were prepared in Milli-Q water, and
a-amylase (1.0 U mL™") solutions in PBS buffer (pH 7.4) To
begin the assay, glycogen solutions (70 pL) were added to the
enzyme solution (200 pL), and the resulting mixtures were
incubated at 23 °C with gentle agitation (150 rpm) for 3 h.
Then, the undigested glycogen and enzyme were separated
from the free glucose using a centrifugal filter (100 kDa). The
filtrate was collected and divided into sample aliquots of
50 pL, to which concentrated sulfuric acid (150 pL) was added,
followed by the addition of 5% phenol solution (30 pL, pre-
viously prepared in Milli-Q water). The samples were sub-
sequently incubated at 90 °C with agitation (700 rpm) for
15 min. The UV-vis absorbance of the digested solution was
then measured at 480 nm with a Tecan SPARK 10M
Luminescence Multi Mode Microplate Reader. To measure the
glucose content in each type of particle, the initial glycogen
solutions (70 pL) were treated with 0.2 M TFA (200 pL) and sub-
jected to agitation (150 rpm) at 80 °C for 3 hours. Sample ali-
quots of 50 pL was added to concentrated sulfuric acid
(150 pL) and 5% phenol solution (30 pL). Then samples were
incubated at 90 °C with agitation (700 rpm) for 15 min. The
mixtures were then analysed by UV-vis absorbance reading at
A =480 nm on the microplate reader.

Dynamic light scattering (DLS) and zeta-potential (ZP)

Size distribution and ZP of the glycogen NPs were measured
with a Malvern Zetasizer Nano (ZS) instrument. Samples were
analysed at 298 K with disposable plastic sizing cuvettes and
clear disposable zeta cells, containing 1 mg of glycogen NPs
(dissolved in 1 mL of Milli-Q water, additively sonicated for
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5 min in an ultrasonic bath). The reported data show means
and standard deviations of three measurements.

Atomic force microscopy

Measurements were performed on a MFP-3D Asylum research
instrument, with Bruker OTESPA-R3 (force constant = 26 N
m™", resonance frequency = 300 kHz, tip radius - 25 nm) canti-
levers in tapping mode. The 0.2 mL of NPs with a concen-
tration of 0.001 mg mL™" were dispersed onto freshly cleaved
mica sheets (15 mm diameter) and left unperturbed for 1 h to
adsorb, then the mica surfaces were dried under a stream of
nitrogen. AFM topography images were recorded in dry air,
using the NanoScope v9.40 software package.

Blood assay to measure association of glycogen NPs with
human immune cells

Blood assays were performed following a recently published
protocol.’ The study was approved by the ethics committee of
the Sidchsische Landesdrztekammer under EK-BR-95/20-1.
Fresh blood was collected from healthy human volunteers
after obtaining informed consent. The blood was drawn into
sodium heparin vacuettes (Grenier Bio-one). The glycogen
nanoparticles, at concentrations of 1 x 10*° and 5 x 10° per pL
blood were incubated in whole blood (100 pL) for 1 h at 37 °C.
1 x 10° silica NPs served as the positive control. RBCs were
lysed by adding Pharm Lyse buffer at 40x blood volume and
washed with phosphate-buffered saline (pH 7.2, 4 mL, 2x)
(500g, 5 min, 4 °C). Cells were phenotyped on ice for 1 h using
titrated concentrations of antibodies against CD3 AF700 (SP34-
2), CD14 APC-H7 (M®P9), CD66b BV421 (G10F5), CD45 V500
(HI130), CD56 PE (B159), lineage-1 cocktail APC, HLA-DR
PerCP-Cy5.5 (G46-6), and CD19 BV650 (HIB19). Unbound anti-
bodies were removed by washing and centrifugation (500g,
5 min, 4 °C) in a PBS buffer containing 0.5% w/v BSA and
2 mM EDTA at pH 8. Cells were fixed in 1% w/v formaldehyde
in PBS. The samples were directly used for cell association ana-
lysis by flow cytometry (LSRFortessa, BD Biosciences, USA) and
analyzed using BD FACSDiva software.

Confocal laser scanning microscopy of glycogen NPs with
immune cells

Glycogen NPs (500 pg) were incubated in whole human blood
for 1 h, with incubation conditions and processes similar to
the association assay, though with a large excess of NPs. RBCs
were lysed by adding Pharm Lyse buffer at 40x blood volume
and washed with phosphate-buffered saline (pH 7.2, 4 mL, 2x)
(500g, 5 min, 4 °C) leaving only the leukocyte population. The
leukocytes were then fixed with 1% formaldehyde at room
temperature for 30 min. After fixation, the samples were per-
meabilised using Triton X-100 (0.1% in PBS) for 10 min fol-
lowed by staining with AF633-Phalloidin (Atto-TEC, 1:200)
conjugate. Between each step, the cells were washed (2x, 500g,
5 min). For imaging, the cells were transferred onto poly-L-
lysine coated coverslips and imaged using Dragonfly Spinning
Disc confocal microscope (Andor Technology Ltd, Belfast, UK).

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/d4nr03034f

Open Access Article. Published on 14 1403. Downloaded on 20/11/1404 02:24:14 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Hemocompatibility of glycogen NPs

Hemocompatibility assessments were carried out as previously
described.?®*° In brief, fresh venous blood was collected from
2 ABO compatible healthy human volunteers after obtaining
informed consent. Blood was anticoagulated with 0.5 U mL™"
heparin. A point-of-care assay for C-reactive protein
(Diagnostik-Nord, Schwerin, Germany) and a differential blood
cell count (DxH500, Beckman Coulter, Germany) were deter-
mined before performing subsequent experiments. All experi-
ments were done in triplicates and started within 15 min of
blood collection. The nanoparticles, or PBS (vehicle control),
were mixed with 2 mL of whole blood to obtain a final concen-
tration of 5 x 10® NPs per L of blood and 1 x 10*° NPs per pL
of blood in accordance to the concentration used in the associ-
ation assay. The blood-nanoparticle suspension was incubated
in polypropylene tubes for 2 h at 37 °C under constant over-
head rotation. For positive controls, 10 pg mL™" of kaolin.
10 ug mL™" zymosan, and 1 x 10’ silica NPs were also incu-
bated in 2 mL of blood. After 2 h incubation, the blood was
analyzed with regards to CD11b expression on CD15-gated
neutrophils, CD14-gated monocytes, and CD62P expression on
platelets by flow cytometry (LSRFortessa, BD Biosciences, USA)
and analyzed using BD FACSDiva software. Additionally, blood
samples were split and mixed with recommended stabilizers
for subsequent ELISA analysis of prothrombin fragment F1 + 2
(F1 + 2 Enzygnost, Siemens Engineers, Germany), and comp-
lement factor fragment C5a (DRG Instruments GmbH,
Marburg, Germany). The ELISAs were carried out according to
the manufacturer’s instructions.

Results and discussion
Physicochemical properties

An investigation on the morphology of glycogen nanoparticles
from different sources was conducted via atomic force
microscopy (AFM, Fig. 2) and dynamic light scattering (DLS,
Fig. 3A). From AFM, glycogen NPs exhibited a roughly spheri-
cal-like morphology in the dry (dehydrated) state. From DLS it
was found that PG exhibited the largest hydrodynamic dia-
meter (72 + 0.3 nm), compared with OG (48 + 0.2 nm), and
RLG (43 + 0.3 nm) (Fig. 3A), while the smallest size distri-
bution was observed for BLG (21 + 0.4 nm). The differences in
size values between AFM and DLS attribute to the fact that
AFM examines particles in a dry state, where particles can
become depressed (“pancake” structure), leading to larger
apparent diameters compared to DLS measurements in the
solvated state.

The polydispersity index (PdI) indicates the degree of het-
erogeneity in the size distribution of nanoparticles (Fig. 3A). A
small PdI value (<0.1) suggests a homogeneous population of
particles, while a value of >0.3 indicates a higher degree of het-
erogeneity.”® The Pdls of PG and OG nanoparticles are 0.08
and 0.10, respectively, indicating a relatively homogeneous
population. RLG nanoparticles have a PdI of 0.17 + 0.01,
suggesting a slightly higher degree of heterogeneity but still

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 AFM dry-state topographical images of (A) PG, (B) OG, (C) RLG
and (D) BLG nanoparticles dispersed on freshly cleaved mica. Scale bars
are 200 nm, with independent z-scales (in panels).

within an acceptable range. BLG nanoparticles have the
highest PdI of 0.23 + 0.04, indicating a more heterogeneous
population compared to the others.

The zeta-potential (ZP) of most commercial glycogen par-
ticles are slightly negative, depending on the source
(Fig. 3D). RLG nanoparticles have the most negative ZP
(—8 + 0.6 mV), followed by BLG nanoparticles (=5 = 0.1 mV).
PG and OG nanoparticles have relatively less negative ZPs
(-2 + 0.2 mV and -2 + 1.6 mV, respectively). This charge
suggests the presence of a minor quantity of leftover phos-
phate resulting from biological synthesis and degradation
processes.>>**

The number-average molecular weight (M,,) was determined
for all glycogens by gel-permeation chromatography (GPC),
which showed that the M, increases with increasing particle
diameter (Fig. 3B). PG nanoparticles, with the largest size,
have the highest M, of 29.1 + 1.61 MDa, followed by OG, RLG,
and BLG nanoparticles with progressively lower M, values
and smaller sizes. The degree of branching in NPs was
obtained by comparing previous values reported in the litera-
ture measured using 'H NMR.****** This was achieved by
assessing the ratio between the H1-6 proton signal at § =
4.93 ppm, associated with glucose residues linked by o-1,6-
glycosidic bonds branching, and the H1-4 proton signal at § =
5.32 ppm, indicative of the total glucose units within the gly-
cogen structure.”® As shown in Fig. 3C, the percentage of
a-1,6 linkages of RLG, BLG, PG and OG were 15.6%, 8.8%,
7.6% and 7.1%, respectively, which indicated that the follow-
ing branching order of RLG > BLG > PG > OG, therefore
showing no clear correlation between particle size and
branching density.

Nanoscale, 2025, 17, 252-260 | 255
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Fig. 3 The physicochemical properties of differently-sourced glycogen NPs. (A) The NP sizes from DLS and AFM, along with Pdl, (B) the M,
measured by GPC, (C) the branching degree (data taken from published papers (PG,** OG,*? RLG,> BLG*), (D) the zeta-potential (ZP), (E) the
protein content, and (F) the biodegradability towards a-amylase for the different glycogen NPs. Additional data (size and molar mass distributions,
Pdl, ZP) are provided in the ESI (Tables S1 and S2, Fig. S1 and S21). Error bars indicate standard deviations on at least three replicate measurements.

Protein content in glycogen NPs

During the initial stages of glycogen synthesis, a glycogenin
protein dimer serves as the anchoring core and initiates glyco-
gen formation.® Other enzymes, including glycogen synthase
and glycogen branching enzyme, then work in tandem to syn-
thesise the glycogen NPs. These proteins likely contributes to
the protein content found in glycogen NPs, perhaps also con-
taining an intracellular protein corona, which is important to
understand from the standpoint of differently sourced glyco-
gens. From Fig. 3E, it is evident that OG shows the highest
protein content at about 17.2 pg of protein per mg of NPs,
implying a richer presence of associated proteins. Conversely,
BLG exhibits the lowest protein content at 3.9 pg mg™,
suggesting a comparatively lower protein proportion among
the tested glycogen sources. The exact nature of the protein
content has not been investigated further.

Biodegradability by oa-amylase

The breakdown of glycogen involves enzymatic steps where the
a-1,6-glycosidic bond branch points and the a-1,4-glycosidic
bonds of the straight chain are cleaved by glycogen-debranch-
ing enzyme and glycogen phosphorylase.”>*” However,
a-amylase, a glucosidase enzyme, primarily catalyses the
hydrolysis of a-1,4-glycosidic bonds in glycogen,*® specifically
targeting these bonds to break them down into smaller
glucose units.*® Treating glycogen with trifluoroacetic acid
(TFA) can fully hydrolysed glycogen into glucose units.** The
biodegradability is therefore determined by the ratio of the
glucose yielded from incubation with o-amylase to that
achieved through complete hydrolysis with TFA. It was found
that all glycogens exhibit a similar biodegradability towards
a-amylase (PG: 47%, OG: 43%, RLG: 47% and BLG: 58%,

256 | Nanoscale, 2025, 17, 252-260

Fig. 3F). A degradation percentage falling within the 40-60%
range is considered efficient, especially given that the assay
employs only a single enzyme. In vivo, multiple glucosidase
enzymes participate in the degradation of glycogen, further
contributing to its biological breakdown.>>

Nanoparticle interactions with immune cells in human blood

Nanoparticles can interact with immune cells, such as phago-
cytic cells (neutrophils, monocytes, dendritic cells) and non-
phagocytic cells (T cells, B cells, NK cells).’>® These interactions
impact biocompatibility and alter the therapeutic efficacy of
nanoparticles designed for drug delivery and diagnostics.>”
Human blood assays provide a unique environment which
allows examination of the nanoparticle-immune system inter-
actions across all immune cells.

The interactions of PG, OG, RLG, and BLG with human
immune cells was examined at two different particle concen-
trations. Identification of different white blood cell popu-
lations and association with glycogen NPs was performed by
flow cytometry, according to a published gating strategy® (ESI
Fig. S3). The systems were tested with nanoparticle concen-
trations ranging from 5 x 10° to 1 x 10"® NPs per pL to assess
concentration-dependent effects on cell association. PG and
BLG showed minimal association with B cells and dendritic
cells, with values not exceeding 6% (Fig. 4A). There was negli-
gible association with neutrophils or NK cells, and less than
3% association with T cells and monocytes. A decreasing
association was noted with lower nanoparticle concentrations
(from 1 x 10" to 5 x 10° NPs per pL). Overall, the nano-
particles, even at high concentration in blood exhibited no sig-
nificant association with immune cells, indicating a stealthy
character. For example, non-stealthy materials, such as meso-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

(A) Immune cell association to glycogen NPs (PG, OG, RLG and BLG) at different concentrations. Data are shown as mean + standard errors

(n = 6). Confocal laser scanning microscopy images of leukocytes following (B) PG, (C) OG, (D) RLG and (E) BLG NPs after 1 h incubation at 0.5 mg
mL~* concentration. Cells were stained with a phalloidin-AF633 conjugate (red) and the nanoparticles were labelled with AF488 (green). Scale bars
are 15 pm. Statistical significance is determined by ANOVA followed by Tukey's test and is represented as *p < 0.05, **p < 0.005.

porous silica nanoparticles, exhibit immune cell associations
between 20% to 85%.> While the magnitude of nanoparticle-
immune cell interactions had slight differences across donors
(ESI Fig. S41) and immune cell subsets, the overall level of NP-
immune cell association remained below 10%. Furthermore,
10° silica NPs, used as positive control, exhibited significantly
higher immune cell associations (ESI Fig. S51). Furthermore,
we note that the cell associations observed for all glycogen NPs
are significantly lower than that for other stealthy PMPC NP
systems previously studied (associations between 5% to 35%),
where the PMPC-based systems were analysed at a concen-
tration 6-orders of magnitude lower (1 x 10" particles per uL)
than what has been studied here for concentrated glycogen.
The mechanism that leads to this stealthiness towards
immune cells is not clear, as it seems independent of the
physicochemical parameters of the glycogens (Fig. 3), but is
likely related to the low-fouling nature of the NPs, and due to
the presence of glycogen within cells to begin with.

To validate the stability and interaction of the NPs with leu-
kocytes, a larger excess of glycogen NPs were incubated with
the immune cells, making it possible to visualise leukocyte
cell uptake by CLSM. Bright spots could be seen localised
intracellularly for all particle types (Fig. 4B-E). It was also poss-
ible to visualise dispersed dye (cloudy regions), suggesting
intracellular degradation of the NPs once internalised and
released into the cytosol. Note that the type of leukocytes
could not be confirmed for the CLSM imaging.

Hemocompatibility of glycogen NPs

Hemocompatibility is a crucial property to determine for nano-
materials that contact with blood components, where prevent-
ing coagulation and inflaimmation are key challenges.’?
During hemocompatibility testing, aspects including activation
of platelets, coagulation, and complement system are assessed.
We investigated the hemocompatibility of all glycogen NPs by
assessing platelet activation, complement activation and

This journal is © The Royal Society of Chemistry 2025

initiation of the coagulation cascade. Additionally, cellular
activation of neutrophils and monocytes as a marker of inflam-
mation has been investigated. Due to the absence of dramatic
dose-dependent trends in the association assay, the highest
(1 x 10" NPs per pL) and a representative lower NP concen-
tration (5 x 10° NPs per pL) were selected for the subsequent
haemostasis and inflammation investigations. The coagulation
pathway involves the activation of Factor XII by contact with
negatively charged foreign surfaces (bacteria, viruses, yeast,
glass, medical apparatus).®® This drives thrombin generation
and fibrin formation through the intrinsic pathway.’* Fibrin
forms a fibrous mesh that traps red blood cells.”> Thrombin
promotes platelet activation and stabilizes the clot by binding
to fibrin.>®

Coagulation activation is detected by a prothrombin frag-
ment 1 + 2 (F1 + 2)°” biomarker, which is released during
thrombin formation.>® We found that at a concentration of 1 x
10'® NPs per uL the BLG and OG NPs induced higher F1 + 2
levels in comparison to PG and RLG. The observed elevation
consequently reduced to the control level at the lower NP con-
centrations. Notably, PG and RLG, even at the high concen-
tration exhibited levels similar or slightly lower than the blank
control (Fig. 5A). Overall, the F1 + 2 levels in response to the
NPs remained close to baseline suggesting negligible influence
of glycogen NPs on coagulation activation, though some differ-
ences between particle types were evident. In order to validate
the observed glycogen responses; kaolin, zymosan, and silica
NPs were used as positive controls in our coagulation assays
(F1 + 2) (ESI Fig. S61).

To study platelet activation, we used the P-selectin CD62P
marker. The percentage of platelets expressing CD62P was the
same for all types of glycogen at a concentration of 1 x 10"
NPs per pL, as the blank control (Fig. 5D). While, a slightly
higher activation was observed for all glycogen types at the
lower concentration of 5 x 10° NPs per pL (Fig. 5D), though the
levels remained comparable to blank. PF4 is a specific protein
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Fig. 5 Activation of coagulation and inflammation parameters in response to PG, OG, RLG and BLG in human whole blood: (A) prothrombin frag-
ment 1 + 2 (F1 + 2); (B) platelet factor 4 (PF4); (C) complement fragment C5a; (D) CD11b expression of granulocytes (% normalised to lipopolysac-
charide (LPS)), and platelets P-selectin CD62P expression. Data are shown as mean + standard error of n = 3. Statistical significance is determined by
ANOVA followed by Tukey's test and is represented as *p < 0.05, **p < 0.005.

found in platelet alpha-granules that is released during platelet
activation®® and degranulation.’® PF4 electrostatically binds
and neutralizes heparin, enhances blood coagulation, inhibits
local antithrombin activity, attracting granulocytes and fibro-
blasts through chemotaxis.’® In Fig. 5B we analysed the plate-
let factor 4 (PF4). The lowest PF4 activation was observed at a
concentration of 5 x 10° BLG per pL. The PG system showed
the highest PF4 activation at 1 x 10'® NPs per uL, but stabilizes
at 5 x 10° NPs per pL as compared to the control. OG, RLG did
not significantly change at 1 x 10" NPs per pL or 5 x 10® NPs
per pL concentrations.

If glycogen nanoparticles were to be recognised, the comp-
lement system would be sequentially activated, with the
pathway subsequently generating anaphylatoxins C3a and C5a,
promoting inflammation.®®®" The C5a fragment therefore
serves as a marker of inflammation mediated by total comp-
lement activation.”” At a concentration of 1 x 10'° NPs per pL,
the complement factor C5a levels were higher in response to
the OG and BLG systems. For OG, this possibly comes from
the higher protein content. The PG and RLG at either concen-
tration remained comparable to the blank control (Fig. 5C).
Although differences in C5a activation were observed between
the NP systems, likely owing to their physicochemical vari-
ations. However, none of the NPs induced a substantial C5a-
mediated humoral inflammatory response.

The CD11b expression was used as a marker of granulocyte
activation (cellular inflammation) in response to glycogen NPs
(Fig. 5D). Overall, the activation of granulocytes induced by gly-
cogen nanoparticles was less than that induced by LPS, indi-
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cating their non-inflammatory nature. At the higher concen-
tration of 1 x 10'° NPs per pL, CD11b expression was elevated
in response to PG as compared to OG, RLG and BLG. The
increased CD11b levels at the higher concentration could be
attributed to slightly larger particle size of PG. The increased
levels dropped at the lower 5 x 10° PG per pL concentration.
In contrast, OG and RLG systems exhibited concentration-
independent granulocyte activation across both NP concen-
trations. BLG displayed significantly lower granulocyte acti-
vation at the higher NP concentration as compared to all
other NPs and control. While the activation level increased
slightly at the lower concentration, it was not a significant
change. Overall, the OG, RLG and BLG NP systems did not
elicit granulocyte activation, while PG elicited a dose-depen-
dent response.

The minimal complement activation, negligible coagulation
activation, and lack of platelet and granulocyte activation high-
lights the low immunogenicity of the glycogen nanoparticles.
This indicates a high degree of hemocompatibility as well as
reduced likelihood of recognition as foreign agents despite
being derived from non-human sources. This further serves to
highlight the benefits of biomaterial glycogen NPs in nano-
medicine as injectable biomaterials. An interesting aspect to
be pursued in future investigations would be to clarify if glyco-
gen nanoparticles induce anti-glycogen antibodies, between
the different glycogen types. This has become evident as a
hurdle for PEGylated vaccine technologies,®” and given that
glycogen is already within us, perhaps this effect can be
avoided.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

We have investigated the physicochemical and biological inter-
actions with human blood of various commercial glycogen
nanoparticles (NPs) derived from different sources: phytoglyco-
gen (PG) from sweet corn kernels, oyster glycogen (OG), rabbit
liver glycogen (RLG), and bovine liver glycogen (BLG). These
NPs have sizes ranging from 20 to 90 nm, with significant
differences in molecular weights. Our evaluation revealed no
significant differences in degradability among the NPs, with
an average degradability of 49 + 9%. OG had the highest
protein content at 17.2 ug mg ', but this did not appear to
significantly affect inflammation or coagulation processes in
human blood. At a concentration of 1 x 10’ NPs per pL of
blood, all types of glycogen showed no significant recognition
by the immune system or impact on the coagulation pathway.
PG and RLG could be used at higher concentrations of 1 x 10"°
NPs per pL, although OG and BLG at this concentration exhibi-
ted increased activation of clotting and immune cells. These
properties suggests glycogen NPs to be highly suitable for drug
delivery, at particle concentrations several orders of magnitude
greater than other reported synthetic systems. Our data
suggest that glycogen can circulate in the bloodstream without
causing clotting or inflammation, allowing for the efficient
and safe transport of therapeutic agents can reach their targets
without being intercepted or neutralized by the body’s defence
mechanisms. Additionally, glycogen holds significant promise
for imaging and diagnostic applications due to this biocom-
patibility and also ease of functionalisation. Our results
further clarify the benefits of glycogen going ahead in thera-
nostic applications.
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