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ABSTRACT

Recent studies have highlighted the prebiotic effect of inulin through the selective promotion of colon-residing bacteria, modulation of the composition of the gut
microbiome, and consequent generation of beneficial effects on gastrointestinal inflammation, diabetes, and cancer. However, as a water-soluble polysaccharide, the
prebiotic effect of inulin is limited by low delivery efficiency and short retention time within the colon. In this study, inulin microparticles (MPs) were produced by
the electrospray method, and their material properties and bioavailability were evaluated. Inulin was electrosprayed with poly(vinyl) alcohol (PVA) (MW =
89,000-98,000 g/mol) to improve its processability and mucoadhesive properties. MPs produced at PVA:Inulin mass ratio 1:3 were of diameter 0.42 + 0.46 um. FTIR
and confocal laser scanning microscopy confirmed the presence and colocalization of the PVA and inulin in the particles. MP suspensions exhibited a time dependent
viscoelastic rheological response that trended with time toward the response of the inulin suspension. Additionally, MP suspensions exhibited greater viscosity and
shear thinning behavior than their individual components and two-component mixtures. The gut retention of inulin in mice was prolonged when delivered in these
MP suspensions relative to inulin suspensions and PVA-inulin two-component mixtures. The increased retention is hypothesized to be a result of the effect of PVA on
rheological and mucoadhesive properties. The increased retention of inulin leads to improved availability of inulin for gut microbiota which can support applications
in drug delivery and foods.

enhanced mechanical properties (Kim et al., 2020; Youn et al., 2019).
UV treatment with plasticizers has greatly improved the physical

1. Introduction

Inulin is a fructan polysaccharide that occurs naturally in many
foods, such as leeks, asparagus, onion, garlic, and chicory (Carlson et al.,
2018). It is commonly used in the food industry to replace sugar or fat
and to modify rheological properties (Barclay et al., 2010; Liu et al.,
2022; Mensink et al., 2015; Nieto-Nieto et al., 2015; Zhang et al., 2019).
Inulin is a dietary fiber that is not digested in the stomach and small
intestine but instead is metabolized by commensal bacteria in the colon.
Consuming prebiotics such as inulin has been associated with a number
of health benefits, including stimulation of the immune system, pro-
duction of beneficial metabolites, and reduced allergy risks (Carlson
et al., 2018; Kolida et al., 2002; Van De Wiele et al., 2007; Wahbi et al.,
2020).

Recent studies have combined inulin with PVA and plasticizers to
expand its application and to make functional biomaterials with

properties of inulin while maintaining its biodegradability and antimi-
crobial activities (Youn et al., 2019). The same UV curing method has
been additionally used to create biomaterials that could serve as trans-
dermal drug delivery systems (Kim et al., 2020). These studies show the
good compatibility between inulin and PVA as well as the versatility of
this combination as a biomaterial. Nevertheless, the aforementioned
studies only focused on ex vivo applications and have not expanded to
the prebiotic effects and human health.

Concerning human health, studies have suggested that the formu-
lation of inulin affects its prebiotic efficacy. Specifically, when admin-
istered in a gel form, inulin exerts a synergistic effect (compared to
inulin suspensions) with immune checkpoint blockade therapy in
various murine tumor models (Han et al., 2021). The effect is generated
through modulation of the gut commensal microorganisms and was
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explained by the increased inulin retention in the colon when gelled and
the resulting increased probiotic bacteria and short-chain fatty acid
(SCFA) production (Han et al., 2021). Wahbi et al. also show that the
formulation of inulin affects its properties (Wahbi et al., 2020). They
electrospun inulin into composite nanofibers with polyvinyl alcohol
(PVA) and found that the nanofibers increased the prebiotic activity by
38% compared to their suspension counterparts. Here inulin suspen-
sions, inulin gels, and inulin nanofibers primarily differ in their physical
forms: specifically, the microstructure and surface area-to-volume ratios
of these materials vary. Inulin suspensions lack any network micro-
structure and have a small surface area-to-volume ratio relative to
nanosized samples. In contrast, inulin gels have a microstructure
responsible for their modified and more solid-like rheological proper-
ties; and inulin nanofibers have a much larger surface area to volume
ratio.

In addition to gel, nanofiber, and suspension formulations, inulin can
also be made into microparticles (MPs) via several techniques, including
electrospraying, spray drying, and solvent-precipitation
(Beirao-da-Costa et al., 2013; Jain et al., 2014; Sarkar et al., 2018;
Zaeim et al., 2019). Inulin in particle form has been studied for targeting
the colon (Jain et al., 2014; Zaeim et al., 2019). This form has addi-
tionally been studied for the encapsulation of bioactive molecules as
well as in conjunction with bioactive molecules to improve molecule
stability and viability (Afinjuomo et al., 2021; Beirao-da-Costa et al.,
2013; Zaeim et al., 2020). However, how this particle form affects in-
ulin’s gut retention properties has not been the subject of systematic
study.

The first part of this paper describes the creation and characteriza-
tion of the material properties of inulin MPs; the second part examines
inulin gut retention in vivo when delivered as a MP formulation. The MPs
are prepared via electrospraying inulin and PVA. Electrospraying is a
form of electrohydrodynamic processing (EHDP) that utilizes a high
potential difference between a polymer solution and a collector plate to
yield particle or capsule production. The high potential difference and
the dominance of the solution’s surface tension over the electrostatic
repulsion cause the formation of nano- and micro-particles. The ad-
vantages of this technique over others include its low cost, its scalability,
its reproducibility, and its benign processing conditions (i.e., ambient
temperatures and pressures). Because inulin is not electrosprayable as a
pure component (Jain et al., 2014), inulin has been blended with PVA
for successful spraying. PVA is biocompatible, of low toxicity, and used
in FDA-approved medical products. It additionally exhibits mucoadhe-
sive properties when highly hydrolyzed (Popov et al., 2016) and readily
dissolves in solvents that are non-hazardous. It is also well-studied and
commonly used for electrospraying, including with inulin (Felice et al.,
2015; Ghorani & Tucker, 2015; Jacobsen et al., 2018; Oguz et al., 2018;
Rostami et al., 2019; Wahbi et al., 2020). To simulate the oral dosage
form for in vivo studies in mice, the resulting inulin MPs are character-
ized in the following ways: 1) morphology and size distribution in dry
and hydrated states; 2) chemical composition and the localization of
these components; 3) transient and steady-state rheology when sus-
pended in water, and 4) inulin release profile. We correlate these
properties with the results of inulin gut retention studies in vivo to better
understand bioavailability in the gut.

2. Experimental section
2.1. Materials

PVA (Mw = 89,000-98,000 g/mol, 99% hydrolyzed), inulin from
chicory, FITC-inulin, ethanol, glacial acetic acid (AA), and fluorescein
isothiocyanate (FITC) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Cyanine5 (Cy5) and Cyanine7 (Cy7) amines were purchased
from Lumiprobe (Cockeysville, MD, USA). The fructan assay kit was
from Megazyme (Ireland).
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2.2. Fluorescence conjugation of inulin and PVA

PVA was labeled with FITC following the procedure published by
(Kaneo et al., 2005). Briefly, PVA (2.5 g) was dissolved in DMSO (66.6
mL) and pyridine (416.6 pL) under stirring at 80 °C for 24 h. FITC (83
mg) and dibutyltin dilaurate (31 pL) were added to the PVA solution,
and the reaction was carried out for 2 h at 95 °C in darkness. The crude
product was precipitated and washed with IPA, followed by dialysis
against DEMI water and lyophilization.

Cy5-inulin or Cy7-inulin conjugates were synthesized using the
method described by (Hauser-Kawaguchi et al., 2019). In brief, Car-
boxymethyl inulin (CMI) was first produced by dissolving 500 mg inulin
in 2 M NaOH, added with 276 mg chloroacetic acid, and heating to 70 °C
for 75 min. The solution was neutralized with acetic acid after cooling,
and CMI was precipitated by cold ethanol. Resulted CMI (40-50 mg) was
activated in 10 mL 1 M equivalent of NHS and EDC for 1.5 h. The
activated CMI solution was subsequently added dropwise to
Cy5/Cy7-amine (Lumiprobe) (10-15 mg, 12.2-18.3 uM), dissolved in
dimethyl sulfoxide (DMSO). The conjugation of the dye to CMI was
allowed to proceed for 24 h at room temperature, in the dark with
shaking. Dialysis was carried out (Float-a-Lyzer, Spectrum Labs,
Phoenix, AZ) against water, and the resulted solution was lyophilized
until dry powders was obtained.

2.3. Preparation of mixtures for electrospraying

A stock solution of 5.0 wt% PVA was weighed and dissolved in a
solution containing 84 vol% H>0, 6 vol% AA, and 10 vol% ethanol (84/
6/10 H,O/AA/ethanol) (Felice et al., 2015). The stock solution was left
to fully dissolve in a 70 °C oven overnight. Inulin suspensions made with
15 wt% inulin in ultrapure H20 (18.2 MQ-cm) were prepared and left in
a 40 °C water bath for 20 min. This concentration of inulin was chosen to
maximize the inulin content but avoid inulin gelation that can occur
with higher inulin concentrations (Han et al., 2021). For confocal laser
scanning microscopy (CLSM) and IVIS imaging (described below), PVA
solutions and inulin suspensions were prepared by adding FITC-PVA and
Cy7-inulin in the ratios of 1:9 and 1:19 to the unconjugated forms,
respectively.

Following dissolution, equal parts PVA solution and inulin suspen-
sion were combined, resulting in a final mixture concentration of 2.5 wt
% PVA and 7.5 wt% inulin in HoO/AA/Ethanol (91/3.4/5.6 by volume,
shifted slightly because the inulin suspension was only in water for this
case (Felice et al., 2015)). This was the minimum concentration of PVA
that resulted in sustained, successful MP production. Preliminary studies
showed that sustained fiber production (electrospinning) could also
occur with inulin when solutions contained only water. PVA concen-
trations were increased to a final concentration of 7.5 wt%, and final
inulin concentrations remained constant at 7.5 wt%.

For pure PVA particles, minimizing PVA content was not a goal, so
6.0 wt% PVA in HoO/AA/Ethanol (84/6/10 by volume) (Felice et al.,
2015) was combined with equal parts ultrapure water. This resulted in a
final concentration of 3.0 wt% PVA in HoO/AA/Ethanol (91/3.4/5.6 by
volume). A higher PVA concentration allowed for a greater particle
production rate while maintaining stable electrospraying. Each newly
combined sample was well mixed before further characterization or
used in EHDP.

2.4. Characterization of mixtures for electrospraying

The conductivity of PVA solutions and PVA-inulin mixtures used for
electrospraying was measured using a compact conductivity meter (EC
11, Horiba, Japan). Rheological properties were measured using an
Anton Paar MCR 702 rheometer (Austria) at 20 °C. PVA solutions were
measured in a cone and plate configuration (6 = 2°, 50 mm in diameter).
PVA-inulin mixtures were measured in a parallel plate configuration (50
mm in diameter) with 600-grit sandpaper adhered to the rheometer
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tooling to mitigate any potential for wall slip. The viscosity is measured
and reported at the high shear limit of = 100 s~ (Librén et al., 2017;
Perez-Masia et al., 2014). Data points were log spaced. Measurements at
a given shear rate were performed until the viscosity was constant with
an allowance of 1%, and the signal was averaged for the last 0.5 s.
PVA-inulin mixtures were allowed to rest quiescently for 1 h prior to
measurement to achieve a steady state (SI Fig. 1). The surface tension of
the prepared mixtures was measured using an optical goniometer
(Rame-hart Instrument Co., New Jersey, USA, Drop Image Advanced
software). All measurements were performed in triplicate at a minimum.

2.5. Microparticle production via electrospraying

The EHDP equipment was assembled in a horizontal configuration
with a high-voltage power supply (PO30HP2M, Acopian, USA) and a
digital syringe pump (KDS100, KD Scientific, Massachusetts, USA). This
equipment is contained in a covered plastic box to reduce photo-
bleaching and minimize changes in relative humidity. After the poly-
meric mixture was prepared, it was loaded into a disposable syringe
(Becton Dickinson, New Jersey, USA) with an 18-gauge stainless steel
needle. The syringe was attached to the pump so that the tip-to-collector
distance was approximately 12 cm. The steel collector plate is 28 cm x
28 cm and is covered with standard aluminum foil. The needle is
attached to one electrode, and the collector plate is attached to the other
electrode. The pump is set to a flow rate of 0.5 mL/h for PVA-inulin
mixtures, 0.4 mL/h for fluorescently labeled PVA-inulin mixtures, and
0.4 mL/h for pure-PVA solutions. The voltage was adjusted between 21
and 25 kV to achieve a stable Taylor cone. The collection time varied
between 3 and 18 h to produce adequate amounts of samples for testing.
Approximately 50 wt% of the sample was recoverable and useable after
each process, as assessed using scanning electron microscopy. These
electrospraying conditions were chosen to maximize particle production
rather than to compare electrosprayability. Particle properties were then
compared by means of the characterization techniques discussed in the
methods.

2.6. Characterization of MP powder

2.6.1. Morphological characterization of MPs

Scanning electron microscopy (SEM; Tescan MIRA3, Pennsylvania,
USA) was used to characterize the size and morphology of electro-
sprayed MPs. Specimens were sputter-coated with gold. An operating
voltage of 5 kV and an average working distance of 9.7 mm were used.
Images for morphological analysis of dry MPs were captured at 35 kx
magnification. Images for size analysis of dry MPs were captured at 20kx
magnification. Particle size analysis of the electrosprayed inulin-PVA
MPs was performed by measuring the particle diameter with ImageJ.
If the particle was not perfectly spherical, the largest diameter mea-
surement was taken. The particle size dispersity was compared using the
coefficient of variation, Cv = 6/p, where o is the standard deviation and
p is the average particle size (Felice et al., 2015). In all cases, a minimum
of 900 particles from three random parts of the sample were analyzed to
determine size distributions.

2.6.2. Hydrated size distribution

A Malvern Mastersizer 2000 with Hydro 2000S wet dispersion unit
(United Kingdom) was used to measure the hydrated particle size dis-
tribution of the MPs. Samples were dispersed in water with equivalent
inulin concentrations of 180 mg/mL and gently mixed. After 30min,
samples were added to the chamber, with the stirring speed at 1750 rpm
and sonication. Data were analyzed using the following parameters:
particle refractive index was set to 1.50, the dispersant was taken as pure
water, and obscuration was controlled in the range of 2-15%.

2.6.3. Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy (Jasco FTIR-4100, Japan) was used for chemical
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composition analysis and comparison of the prepared MPs with their
pure components. Samples were prepared by filling the instrument well
with powders of pure PVA, pure inulin, or PVA-inulin MPs. Spectra were
collected with 1 cm-1 resolution and an average of 64 scans over a
spectral range of 4000-500 cm-1. Spectra were normalized and exam-
ined by Spectra Manager software.

2.6.4. Confocal laser scanning microscopy (CLSM)

An inverted confocal laser-scanning microscope (CLSM) (Nikon
AlRsi equipped with NA = 1.4x, 100x objective, Japan) was used to
examine the dry and hydrated MPs as well as the hydrated inulin sus-
pension. The MPs to be imaged were prepared with FITC-PVA and Cy5-
inulin, as described in sections 2.3 and 2.5. The inulin suspensions to be
imaged were prepared with FITC-inulin (Sigma Aldrich) at a ratio of 1:9
to the unconjugated form of inulin. The following two channels were
used: the Cy5-inulin was imaged with a 641 nm excitation and an
emission band from 663 to 738 nm, and the FITC-PVA and FITC-inulin
were imaged with a 488 nm excitation and an emission band from
500 to 550 nm.

Samples of dry PVA-inulin MPs were imaged in an 8-well plate
(Thermo Fisher Scientific). For studies of hydration kinetics, inulin as-
received or PVA-inulin MPs were suspended in ultrapure water at a
concentration equivalent to those used in the rheological characteriza-
tion, as described in section 2.8. Specifically, 180 mg/mL and 240 mg/
mL were used, respectively. After combining the material with water,
samples were vortexed mixed briefly for homogeneity. Immediately
following, they were added to their respective imaging containers and
mounted onto the microscope. Inulin suspensions were imaged in a
sealed 8-well plate and PVA-inulin MP suspensions were imaged in a
smaller device to conserve sample. The smaller device was made with a
silicone spacer (1 mm thick and 4.5 mm in diameter, Grace Biolabs)
adhered on a glass slide and sealed. Images were taken at approximately
t=0s,1800s, 3600 s, 7200 s, and 14,400 s at a constant height of 5 pm
above the coverslip. Swelling, aggregation, and any evolution with time
were examined.

2.7. Inulin release study

120 mg PVA-inulin MPs were weighed and dispersed in 5 mL simu-
lated intestinal fluid (SIF without Pancreatin, USP 26). The dispersion
was incubated at 37 °C, 400 rpm and 100 pL samples were collected at
the desired time point with 100 pL fresh buffer replenished immediately.
Samples were centrifuged at 20,000 g for 5 min to remove undissolved
particles. Supernatants were collected, and inulin concentration was
measured by the Fructan Assay Kit (Megazyme, K-FRUC); readouts were
acquired by the plate reader (Biotek Synergy NEO 2, USA).

2.8. Rheological characterization of MP suspensions and PVA-inulin
mixtures

Characterization of the transient and steady-state rheology of PVA-
inulin MP suspensions was performed and compared to that of four
controls: PVA MP suspensions, PVA solutions, inulin suspensions, and
two-component mixtures all made with equivalent concentrations of
PVA and inulin. All samples were prepared to match gut retention
studies, as described in section 2.9. Briefly, MPs and control mixtures
were prepared in ultrapure water at a fixed concentration of 180 mg/mL
inulin and 60 mg/mL PVA. For PVA-inulin MPs, this corresponded to
240 mg MP/mL. For PVA MPs, this corresponded to 60 mg/mL. For
inulin suspensions, this corresponded to 180 mg/mL of inulin. For PVA
solutions, preparation was conducted by dissolving PVA in water (60
mg/mL) at 70 °C. For the two-component mixture, the following was
performed: first, the required amount of PVA (60 mg/mL PVA) was
dissolved in water at 70 °C. Then the required amount of inulin (180
mg/mL) was added to the PVA solution. After preparation, all samples
were well vortexed and left in a 37 °C water bath for 30 min to fully
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disperse either the MPs, the inulin, the PVA, or the two-component
mixture. Samples were allowed to rest at room temperature for
approximately 10 min before loading in the rheometer.

An Anton Paar MCR 702 rheometer (Austria) was used with Peltier
temperature-controlled plate and hood at 20 °C. A smooth 50 mm cone
and plate geometry (8 = 2°) was used for PVA solutions. A 25 mm and
50 mm parallel plate geometry was used for MP suspensions and two-
component mixtures, respectively. Sandpaper (600 grit) was adhered
to the parallel plate fixtures to address wall slip and a solvent trap was
used to minimize sample evaporation. A study of the effect of gap ath =
500, 750, and 1000 pm was performed with the PVA-inulin MPs; it
revealed no gap dependence in the rheological properties (SI Fig. 3). A
500 pm gap was used for all rheological measurements.

We measured the time-dependent linear viscoelastic moduli (0 = 1
rad/s, y = 0.04%) of samples for a duration of 4 h (SI Fig. 2 shows linear
regime). Following these 4-h time sweeps, two additional rheological
tests were performed. First, the frequency-dependent linear viscoelastic
moduli were measured from ® = 0.1-100 rad/s (y = 0.04%). Next, the
steady-state viscosity was measured as a function of shear rate over the
range of 0.1-300 s~'. Data points were log spaced. To achieve steady-
state, measurements at a given shear rate were performed until the
viscosity was constant with an allowance of 1% and the signal was
averaged for the last 0.5 s. All data is collected with at least 3 replicates.

2.9. Gut retention studies

For the in vivo imaging of gut retention, Cy-7 labeled inulin was
added in the PVA-inulin MPs as described in section 2.3 or was added to
inulin suspensions in 1:19 for the other control groups. MPs, inulin, and
PVA-inulin mixtures were orally administered to BALB/c mice at the
dose of 36 mg inulin per mouse, five mice in each group, and images
were taken every 2 h under anesthesia. Fecal pellets were collected
every 2.5 h. Images were acquired and analyzed using IVIS Lumina
Living Image Software (v.4.5.5).

For fecal inulin quantification, mice were fed on alfalfa-free diet
(AIN-93 M) 24 h before the experiment to minimize interference of
fructose derived from food. Then PVA-inulin MPs and equal amounts of
inulin or inulin with PVA were suspended in water and administered to
BALB/c mice by oral gavage. Fecal pellets were collected every 2.5 h and
homogenized in water. The resulting fecal slurry was boiled for 10 min
and centrifuged at 20,000xg for 10 min at 4 °C, subsequently. The su-
pernatants were collected and measured for inulin concentration by the
Fructan Assay Kit (Megazyme, K-FRUC) according to the manufacturer’s
instructions.

3. Results & discussion
3.1. Properties of mixtures for electrospraying

The mixtures electrosprayed are described in section 2.3. To sum-
marize, the final materials were 3.0 wt% PVA and, separately, 2.5 wt%
PVA and 7.5 wt% inulin in HoO/AA/Ethanol (91/3.4/5.6 by volume).
These concentrations and solvents were optimized for MP production
rather than beaded fiber or fiber production. The pure inulin suspen-
sions were not electrosprayable; therefore, their properties are not re-
ported. However, Table 1 shows that the addition of inulin to the
mixture caused a reduction of conductivity, an increase in viscosity, and
a slight reduction of surface tension. A reduction of conductivity with
inulin has been previously reported and may be related to interactions

Table 1
Conductivity, viscosity, and surface tension of electrosprayed material solutions.

Sample Conductivity (pS/cm) Viscosity (cP) Surface tension (mN/m)
PVA 709 + 0.7 37.8+2 57.3 + 0.06
PVA:Inulin 620 +£1 198 £5 52.5 + 0.04
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between inulin and PVA (Guo et al., 2018). The viscosity increase cor-
relates with increasing overall solid content (Kumar et al., 2014). The
slight reduction of surface tension with increasing inulin concentration
has also been previously reported (Usman et al., 2021). How these dif-
ferences in properties may affect the particles produced will be discussed
in section 3.2.

3.2. Particle size, size distribution, and morphology

The SEM images in Fig. 1 show the as-received inulin and the pro-
duction of MPs with varying diameters and shapes. It should be noted
that the electrospraying conditions were optimized to maximize particle
production. We acknowledge that some differences observed from the
characterization methods could result because of variability in electro-
spray conditions. The as-received inulin (Fig. 1(a)) has an average
diameter of 9.5 + 2.7 pm and layered surfaces leading to a less spherical
shape. MPs made of PVA (Fig. 1(b)) had an average diameter of 0.35 +
0.22 pm and were the most spherical. MPs made of 1:3 PVA-inulin
(Fig. 1(c)) had an average diameter of 0.42 + 0.46 um, respectively,
and were more non-spherical than the pure PVA MPs. The presence of
inulin in the microparticles correlated with a significant increase in
average diameter, as evidenced by the 2-sample t-test (a = 0.05, p <
0.001). However, the PVA-inulin MPs are still an order of magnitude
smaller than the as-received inulin.

The particle size dispersity, Cv, is 0.29, 0.63, and 1.10 for the as-
received inulin, pure PVA MPs, and PVA-inulin MPs, respectively. The
presence of inulin in the MPs is correlated with an increase in size dis-
persity. This increased MP size dispersity can also be demonstrated by
the maximum diameters of MPs. The maximum observed diameter for
the PVA-inulin MPs was 5.2 pm, while that of the pure PVA MPs was 2.1
pm.

We hypothesize that the incorporation of inulin generates several
effects. First, the PVA-inulin mixtures had a lower conductivity and a
higher viscosity than the pure PVA solutions. Both these characteristics
can contribute to greater particle sizes and size dispersity (Abyadeh
et al., 2017; Felice et al., 2015; Morais et al., 2020). Indeed, we observe
such a correlation.

Flow rate is another parameter that can influence particle size and
size distribution. Greater flow rates typically result in larger particles
and increased size distribution (Alehosseini et al., 2018; Smeets et al.,
2017). Although only a modest change (25%), the greater flow rate used
for PVA-inulin mixtures (0.5 mL/h) compared to the pure PVA solutions
(0.4 mL/h) could also contribute to their greater size distribution.

The PVA MPs made here are about half the average size and 50%
more polydisperse than a prior report in the literature (Felice et al.,
2015). The operating conditions of the present study relative to the
literature study are the following: the flow rate is higher (0.4 mL/h vs
0.3 mL/h or less); the needle diameter is larger (18 gauge vs 24-25
gauge); and, the voltages are higher (21-25 kV compared to ~10 kV).
The smaller size is consistent with the larger voltages used in this study.
Larger voltages can lead to smaller particles because of the greater
strength of the drawing force relative to the surface tension (Alehosseini
et al., 2018; Felice et al., 2015). Moreover, the polydispersity has been
reported to increase with increased flow rate and increased needle
diameter because of the increased presence of multiple jets, yielding
multiple particle production sites at the outlet rather than a single site as
associated with just one jet (Alehosseini et al., 2018; Cloupeau &
Prunet-Foch, 1990; Grace & Marijnissen, 1994; Smeets et al., 2017).
High voltages can also lead to broader size distributions because of
destabilization of the electrospray jet (Felice et al., 2015).

3.3. Chemical composition by FTIR
As reported in Fig. 2, the FTIR spectrum of inulin shows two peaks at

988 and 933 cm ™. These peaks are associated with the C-C and C-O
stretching as well as C-O-H and C-O-C deformation modes of oligo- and
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Fig. 1. Scanning Electron Microscopy and size distributions of dry inulin as-received (a & d), electrosprayed MPs made of pure PVA (MW = 89,000-98,000 g/mol) (b
& e), and electrosprayed MPs made of PVA (MW = 89,000-98,000 g/mol) and inulin at a ratio of 1:3 (c & f). All micrographs were taken with a voltage of 5.0 kV, a

working distance of ~10 mm, beam intensity of 8.00. The scale bars are 2 pm.
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Fig. 2. FTIR spectra for PVA-inulin microparticles compared to their primary
components: PVA powder and inulin powder.

polysaccharides, as previously discussed in (Melanie et al., 2015) and
(El-Kholy et al., 2020). These peaks are not present in the as received
PVA powder but are present in the PVA-inulin MP spectrum, confirming
the presence of inulin in the MPs. The spectrum of the PVA powder
shows a peak at ~1420, representing O-H bending. This peak is not
apparent in the as-received inulin powder but is present in the
PVA-inulin MP spectra. These results, therefore, confirm the presence of
PVA in the MPs.

3.12 Confocal laser scanning microscopy assesses colocalization of
PVA and inulin in the microparticles

PVA/inulin MP size and sphericity, as assessed from confocal mi-
croscopy images of the fluorescently labeled MPs (Fig. 3), are similar to
the SEM micrographs of Fig. 1. We observed colocalization of PVA
(green, Fig. 3a and d) and inulin (red, b and e) within each particle,

rather than sequestration of materials into separate particles. When
observing a single MP (Fig. 3(d—f)), this colocalization is also apparent.
From these confocal microscopy images and FTIR data, we conclude that
both inulin and PVA are co-dispersed within the individual particles.

3.4. Microparticle hydration

Confocal microscopy images were acquired to characterize the hy-
dration of the particulate microstructure of inulin, PVA MP, and PVA-
inulin MP suspensions (Fig. 4). The duration of the measurements is
comparable to the typical GI transit time in mice, as given in the IVIS
imaging study below and by (Padmanabhan et al., 2013). The duration is
also comparable to the rheological measurements discussed subse-
quently. The initial few minutes of the time evolution of these concen-
trated samples could not be captured due to the time to initiate the
experiment, which included sample mixing, loading, and sealing of the
device. A video of the hydration of the MPs in a dilute case is given in the
SI. Although different from the concentrated states in Fig. 4, the video
provides insights into these initial few minutes of swelling and aggre-
gation of MPs.

The images in Fig. 4 show the following. For the PVA-inulin MPs
(Fig. 4(a)), we observe particle swelling and aggregation as well as some
PVA dissolution. In this hydrated state, inulin appears encapsulated by
the PVA; the particles are mostly inulin (red) and are dispersed in and
around a PVA (green) matrix. The PVA matrix here appears to be
partially dissolved and spread throughout the sample in this hydrated
state. Furthermore, these swelled, aggregated particles remain stable for
longer than 4 h.

The control sample of PVA MPs in Fig. 4(b) shows partial dissolution
and swelling. The initially spherical particles (c.f. SEM images of Fig. 1)
are no longer distinct. The remaining undissolved PVA remains stable
for longer than 4 h. In comparison, the other control, the as-received
inulin suspension (Fig. 4(a)), exhibits little to no swelling or aggrega-
tion of the inulin particles. Nevertheless, these particles are still slightly
larger and more dispersed through the sample than those in PVA-inulin
MP suspension. This inulin suspension sample also remains stable for
longer than 4 h. It should be noted that the environment of the GI tract
could affect the particle hydration process. Oral administration to mice
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Fig. 3. Confocal laser scanning microscopy images of dry electrosprayed FITC-PVA:Cy5-Inulin MPs. (a) & (d) shows the FITC channel only; (b) & (e) shows the Cy5
channel only; (c) & (f) shows combined FITC and Cy5 channels. The scale bar for (a)-(c) is 5 pm while that of (d)-(f) is 2 pm.
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Fig. 4. Confocal laser scanning microscopy images of the time evolution of (a) electrosprayed FITC-PVA:Cy5-Inulin MP suspension, (b) electrosprayed FITC-PVA MP
suspension, and (c) FITC-inulin suspension. PVA and inulin are displayed in green and red, respectively. Images were taken at the same location at different times

after mixing with water, scale bar = 10 pm.

(described in Section 2.9) occurred through feeding needles which
bypassed dilution from saliva, going directly to the stomach. However,
as shown in this study, valuable information was still gathered by
measuring hydration in water.

It is interesting to compare these measurements to the character-
ization of the dry MPs as reported in Fig. 1. The colocalized PVA and
inulin observed in the dry state become separately sequestered in the
hydrated state. Additionally, the MP form of the PVA is no longer
observable in the hydrated state. We conclude that the PVA is likely

encapsulating the inulin. Furthermore, Fig. 4 suggests that any rheo-
logical change in the sample in this timeframe occurs on the molecular
or polymeric level because very little microstructural change is visible
with confocal microscopy.

The diameter of the PVA and PVA-inulin MPs and the as-received
inulin were measured after exposure to water for 30 min under dilute
conditions (Fig. 5). Dilute conditions are expected to exaggerate the
swelling effects relative to the confocal images shown above due to
increased solvation driving force. Under these hydration conditions, an
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Fig. 5. Size distributions of inulin suspension particles (as received), PVA MPs,
and PVA-Inulin MPs in their hydrated state after 30 min of exposure to water in
the dilute regime.

increase in particle size is observed for the MPs relative to the dry par-
ticle sizes, as reported in Fig. 1. Specifically, the most probable diameter
of the PVA MP increases by three orders of magnitude to 316 pm; the
most probable diameter of the PVA/inulin MPs increases by one order of
magnitude to 3.3 pm. On the other hand, the as-received inulin does not
experience a significant change in particle size when hydrated (most
probable diameter ~ 7.8 pm). These data confirm the size difference
between hydrated inulin and hydrated PVA-inulin MPs observed in the
confocal images in Fig. 4.

We thus observe that the particles whose size increases contain PVA.
That is, the observed greater swelling for the PVA MPs here and the lack
of significant swelling of inulin suggest PVA controls the size change
with hydration. This difference in swelling is likely related to the dif-
ference in hydrophilicity of the two polymers. PVA is very hydrophilic
and will swell more in water (Harpaz et al., 2019) while inulin is known
to be more hydrophobic; it will swell less or not at all (Kirtania et al.,
2021; Mensink et al., 2015).

MP agglomeration may also contribute to the greater size, as
described in other systems (Bchir et al., 2019). Moreover, partially
dissolved PVA could contribute to the larger measured sizes of PVA MPs
and PVA-inulin MPs. There is some evidence for such partial dissolution
in the confocal microscopy images of Fig. 4.

3.5. Rheological characterization of microparticle suspensions

Rheological properties of the PVA/inulin MP suspensions as
administered in the in vivo studies are compared to that of PVA MP and
as received inulin suspensions in Fig. 6. For this study, t = 0 s is after 30
min of incubation in a 37 °C water bath. This incubation time and water
bath temperature were used to conform to timing and sample prepara-
tion in the mice experiments discussed later.

The duration of the transient measurements shown in (a) is compa-
rable to the typical GI transit time in mice, as given in the IVIS imaging
study below and by (Padmanabhan et al., 2013). The linear elastic
modulus of the PVA/inulin MP suspension increases by about a factor of
ten over the duration of the experiment. The elastic modulus of the
inulin suspension control grows over a time comparable to the
PVA-inulin MPs; however, the level of increase is much greater; the
elastic modulus of this material grows by a factor of about one thousand.
In contrast, the PVA MP suspensions have an elastic modulus that is
nearly independent of time. Moreover, with time, the elastic modulus of
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Fig. 6. (a) Time-dependent linear elastic modulus over 4 h (y = 0.04% and o =
1 rad/s); (b) frequency-dependent linear viscoelastic moduli (t = 4 h, y =
0.04%); and, (c) shear-rate dependent viscosity (t = 4 h, y = 0.1 to 300 s-1) of
PVA-inulin MP suspensions and pure inulin suspensions.

the PVA-inulin MP suspensions tends towards that of the as-received
inulin suspensions rather than that of the PVA MP suspensions.

The frequency-dependent linear viscoelastic moduli reported in
Fig. 6(b) were collected at the conclusion of the kinetic measurements
reported in Fig. 6(a). The results are consistent with convergent rheo-
logical properties of the PVA/inulin MPs and the inulin control. That is,
the linear viscoelastic moduli of these two materials are indistinguish-
able from each other. The moduli of the PVA-MPs are lower than the
other two samples.

The shear-rate dependent viscosity of the three specimens shows
shear thinning behavior (Fig. 6(c)). There is no evidence of a plateau
viscosity at either high or low shear rates. Generally speaking, typical
shear rates found in the digestive tract are between 0.1 s~ and 10 s~}
(Hardacre et al., 2016; Lentle et al., 2005; Tamargo et al., 2019). The
PVA-inulin MP suspensions display the greatest viscosity over the entire
range of physiologically relevant shear rates. Inulin suspensions, on
average, display the lowest viscosity and pure PVA MP suspensions
display viscous properties intermediate between the other two samples.
The shear-thinning character of the PVA-inulin MP and inulin control
are similar. The PVA MP curve differs in shape from the others; this



K.T. Saud et al.

material displays two regimes of shear-thinning behavior. It should be
noted that this shear-thinning behavior of the inulin suspensions may be
related to its observed poor performance in electrospraying on its own.
Previous studies have shown that strongly shear thinning polysaccharide
solutions usually do not form fibers or particles via electrohydrodynamic
processing (Stijnman et al., 2011).

A scenario that explains these data is the following: the elastic
modulus is most sensitive to the release and hydration of inulin, while
the shear-rate-dependent viscosity is sensitive to both MP form and the
presence of inulin. The sensitivity of the elastic modulus to inulin is most
apparent from Fig. 6(a), where the pure inulin suspension experiences
the greatest modulus increase with time. Furthermore, the convergence
of the moduli of the pure inulin suspensions with PVA-inulin MP sus-
pensions suggests that inulin is the common feature that dominates the
viscoelastic response.

To investigate this further, we first compared the rheology of PVA-
inulin MP suspensions to that of PVA-inulin two-component mixtures
(shown in SI Fig. 4). These data show that the PVA-inulin MP suspension
initially has a greater modulus than the equivalent two-component
mixture. However, with time, these two samples evolve towards the
same behavior, which converges to the pure inulin suspension again
(Fig. 6(b)).

Next, we evaluate the effect of the MP form alone on rheological
behavior by looking at pure PVA solutions and pure PVA MP suspen-
sions. SI Fig. 5 shows that the MP form does indeed cause an increase in
the viscoelastic moduli of the PVA in both the transient and frequency-
dependent response. However, this modulus remains constant with time
and frequency, suggesting that the elastic modulus is not dominated by
the MP form. Together, these data indicate that the MP form initially
dominates the transient viscoelastic behavior, but this influence lessens
with time and a transition occurs to a long-time regime that is domi-
nated by the inulin contribution.

The features that dominate the strain rate dependent viscosity can be
similarly evaluated in Fig. 6 and SI Figs. 4 and 5fig4. First, Fig. 6(c)
shows that all samples have non-Newtonian shear thinning behavior
where the magnitude of the shear-rate dependent viscosity of the PVA-
inulin MP suspensions is almost equivalent to the sum of the pure PVA
MP and inulin suspensions. These results suggest that both inulin and
MP form influence this behavior. Inspecting further, instead of a shear-
rate independent viscosity that is typical of PVA solutions (SI Fig. 5), the
pure PVA MP suspensions have non-Newtonian shear-thinning
behavior. This result suggests that despite the lessening effect on the
viscoelastic behavior, the MP form contributes to the shear thinning
behavior of the sample. PVA-inulin two-component mixtures and PVA-
MP suspensions both show shear thinning behavior. However, PVA-
inulin MP suspensions show greater shear thinning. Therefore, inulin
affects the strain rate dependent viscosity, but to a lesser extent than the
MP form.

Summarizing these rheological results, the rheological response of
the PVA-inulin MP suspensions shows the effects of both MP form and
the presence of inulin. The inulin was observed to be more influential for
the linear viscoelastic behavior at long times. The MP form contributed
more to the short-time viscoelastic behavior as well as the increased
viscosity and shear thinning behavior. Interestingly, all inulin-
containing suspensions show rheological change over the 4-h measure-
ment; however, none of the suspensions show visual changes via CLSM
in this time period. At the same time, the many small particles observed
in the dry state by SEM are not found in the hydrated state. The hydrated
size distributions (Fig. 5) confirm the lack of these smaller particles
suggesting that they are likely dissolved. Because only the inulin-
containing samples show increased elastic modulus with time and
inulin suspensions themselves are visually observed to gel over 4 h, we
hypothesize that the presence and interactions of dissolved inulin are
responsible for the observed rheological changes.
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3.6. Inulin release profile

The inulin release profile in the simulated intestinal fluid (SIF) of the
PVA-inulin MPs is compared to inulin as-received in Fig. 7. This figure
indicates that the MPs follow a burst release profile of inulin. More
specifically, in the first 2 h, ~70% of inulin is released from the PVA-
inulin MP suspensions. Additionally, the PVA-inulin MP suspensions
attain steady-state after approximately 500 min. Even though this in
vitro assay is expected to display a faster release of inulin than the
rheological experiments (Fig. 6) because of the different environments
(diluted in SIF compared to the constant concentration in DI water,
respectively), the release profile shows a time scale that is comparable to
the kinetics in the transient rheological response of Fig. 6(a). This cor-
respondence further supports the hypothesis that the release of inulin
impacts the kinetics of the transient rheological response of the PVA-
inulin MP suspension.

3.7. Gut retention study

Retention of inulin in the gastrointestinal tracts of mice was first
evaluated by live animal imaging. Cyanine 7-conjugated inulin was
added to the PVA-inulin MPs, PVA-inulin mixture, and inulin as-
received in the 1:19 ratio to native inulin. Then the fluorescence-
labeled formulations were fed to mice via oral gavage. Extended gut
retention was not identified in the mouse live imaging results (SI Fig. 7)
because the method cannot differentiate the various segments of the GI
tract when the stomach and intestines are naturally arranged in mice. To
accurately capture the difference in colon retention, fecal samples were
instead collected and imaged to measure the Cy7-inulin signal (Fig. 8).
The onset of inulin excretion was at 5.0 h for most mice. This suggests an
overall GI transit time of 5 h, consistent with the literature (Padma-
nabhan et al., 2013). The fluorescent intensity reached the peak at 10 h
for the inulin and PVA-inulin mixture. In comparison, the maximum
signal for the PVA-inulin MPs was seen after 15 h (Fig. 8(b)). This sig-
nificant delay indicates that the inulin microparticles traverse the GI
tract more slowly than both the free inulin and PVA-inulin mixtures.
This difference could improve the availability of inulin for gut-residing
microbes.

In order to confirm the prolonged colon retention of MPs, the inulin
excretion kinetics in the feces was also evaluated, shown in Fig. 9. The
inulin content measured the total amount of long-chain inulin remaining
in the feces, which excludes degraded fructose from inulin. We first note
that the as-received inulin and PVA-inulin mixture reached the highest
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Fig. 7. Release profile of inulin from the microparticles compared to as
received inulin.
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Fig. 8. Gut retention study of PVA-inulin MPs by fecal excretion. Mice were orally gavaged with Cy7-labeled inulin, PVA-Cy7-Inulin mixture, or Cy7-MPs, and fecal
samples were collected at indicated time points (a) Images of fecal pellets collected and (b) total fluorescence intensity of the feces, quantified from (N = 5).
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Fig. 9. Fecal inulin content of mice over 24 h after oral administration of as-
received inulin, PVA-inulin mixture, and PVA-inulin MPs.

fecal concentration by ~7.5 h, while the PVA-inulin MPs reached their
maximum by around 10 h. This delayed peak for the PVA-inulin MPS
further supports the enhanced colon retention of the microparticle form
of inulin. These data also show a reduction of the total amount of inulin
present in the feces for the PVA-inulin mixture and PVA-inulin MPs - the
greatest reduction for the MPs. This reduction can be explained by the
inulin assay kit and the fact that it only measures long-chain inulin
remaining in the feces. Colon fermentation is expected to break down
the polysaccharide and generate fructose from inulin, therefore reducing
the amount of long-chain inulin present (Flint et al., 2012). Conse-
quently, the lower inulin content detected in the fecal samples from the
PVA-inulin mixture and MPs treated mice can be attributed to the
extended transit times, which allow for more fermentation.

Comparing the feces quantification from these two different methods
(Figs. 8 and 9) identifies similarities and differences. Both quantifica-
tions show a later appearance of peak inulin content for the MPs, sug-
gesting enhanced colon retention. However, there is an approximate 2.5
h delay in the transit time in the live animal imaging (SI Fig. 7(b))
compared to the direct measurement of inulin (Fig. 9). This delay may be
ascribed to the frequent anesthesia performed in mice when acquiring
the live images. It has been reported that inhalation anesthesia may
disrupt normal gastrointestinal motility (Dryn et al., 2018; Flint et al.,
2012). Additionally, the reduction of inulin content for the PVA-inulin
mixture and MPs in Fig. 9 suggests more of the inulin in these samples
is fermented, consistent with enhanced colon retention. This reduction is
not observed from the fluorescence quantification in Fig. 8, where the
fluorophore persists even when the conjugated inulin is degraded.

These results can be explained by the mucoadhesive properties of the

highly hydrolyzed PVA (Popov et al., 2016; Suchaoin et al., 2016) and
the increased viscosity/moduli of the sample described in section 3.6
and SI. Essentially, these two features of the MP suspensions could
contribute to an increase in bioavailability of the inulin fermentation by
colon residing bacteria (Fig. 9). The gut retention trends of these three
samples align with the trends in viscosity at the physiological shear rates
(0.1 s 'and 10 s_l) (Hardacre et al., 2016; Lentle et al., 2005; Tamargo
et al., 2019). Specifically, the greatest gut retention of inulin, as quan-
tified here, occurred with the sample with the greatest viscosity at shear
rates = 0.1 s™! - 10 s~! (PVA-inulin MP suspension); the least gut
retention of inulin occurred with the sample with the lowest viscosity in
this regime (inulin suspension). A direct comparison of these samples is
given in the SI. Further animal studies could investigate the gut micro-
biome composition and changes in metabolite levels, such as SCFAs.
Such measurements would provide greater insight into specific prebiotic
effects of modified inulin. Nonetheless, colon-targeting and retentive
formulation are promising strategies for modulating host microbiome in
multiple diseases applications.

4. Conclusions

In conclusion, inulin was successfully electrosprayed into micro-
particles by blending it with a PVA solution at a ratio of 1:3 PVA-inulin
by weight. The MP form and presence of inulin had significant effects on
transient, hydration-induced rheological properties when suspended in
water. The rheological differences between samples were observed in
both linear viscoelastic modulus and steady shear viscosity measure-
ments: inulin-containing samples had greater viscoelastic moduli and
shear-rate dependent viscosity. When administered to mice and
compared to inulin as-received and PVA-inulin mixtures, PVA-inulin MP
suspensions resulted in greater colon retention as given by fecal quan-
tification and IVIS imaging. We conclude that this response is correlated
with the modified rheological properties of the microparticle hydration
and the mucoadhesive properties of the PVA incorporated into the
formulation. These results expand our understanding of the effect of
inulin formulation and rheological properties on the prebiotic effect of
inulin. They can be helpful in the design of colon-targeted products in
both food and biomedical applications, especially for gut microbiome
modulation through prebiotics.
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