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ARTICLE INFO ABSTRACT

Keywords: The production of short chain fatty acids (SCFAs) by the colonic microbiome has numerous benefits for human
PLGA health, including maintenance of epithelial barrier function, suppression of colitis, and protection against
Microbiome medicine carcinogenesis. Despite the therapeutic potential, there is currently no optimal approach for elevating the colonic
Colonic d}’ug dellver}f . microbiome's synthesis of SCFAs. In this study, poly(D,r-lactide-co-glycolide) (PLGA) was investigated for this
Nanoparticles and microparticles . i . . . . . .
Metabolomics application, as it was hypothesised that the colonic microbiota would metabolise PLGA to its lactate monomers,
Microbiome sequencing which would promote the resident microbiota's synthesis of SCFAs. Two grades of spray dried PLGA, alongside a
Spray drying lactate bolus control, were screened in an advanced model of the human colon, known as the M-SHIME® system.
Whilst the high molecular weight (Mw) grade of PLGA was stable in the presence of the microbiota sourced from
three healthy humans, the low Mw PLGA (PLGA 2) was found to be metabolised. This microbial degradation led
to sustained release of lactate over 48 h and increased concentrations of the SCFAs propionate and butyrate.
Further, microbial synthesis of harmful ammonium was significantly reduced compared to untreated controls.
Interestingly, both types of PLGA were found to influence the composition of the luminal and mucosal microbiota
in a donor-specific manner. An in vitro model of an inflamed colonic epithelium also showed the polymer to affect
the expression of pro- and anti-inflammatory markers, such as interleukins 8 and 10. The findings of this study
reveal PLGA's sensitivity to enzymatic metabolism in the gut, which could be harnessed for therapeutic elevation
of colonic SCFAs.

serotonin and dopamine, are synthesised by bacteria in the GI tract and
could play a role in human mood, motor control, sleep, and social
behaviour [3].

1. Introduction

The gut microbiome encompasses a hub of metabolic activity,

whereby microbial and human metabolites interplay in a dynamic and
bidirectional manner [1]. Small molecules produced by the intestinal
microbiota have significant effects on host health. For example, indoles
generated from bacterial tryptophan metabolism modulate the aryl
hydrocarbon receptor within epithelial cells, safeguarding against
inflammation and carcinogenesis [2]. Neuroactive compounds, such as
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SCFAs are an important group of microbial metabolites. Key SCFAs
include acetate, propionate, and butyrate, and are produced through
bacterial fermentation of dietary fibre in the colon. SCFAs activate cell-
surface receptors such as free fatty acid receptor 3, succinate receptor 1,
and hydroxycarboxylic acid receptor 2, leading to far-reaching effects on
host physiology [1,4]. These effects include maintenance of epithelial
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barrier function, suppression of colitis, immunoprotection (e.g., against
asthma), inhibition of carcinogenesis, cardiovascular protection, and
improved glucose tolerance [1,5-8].

Insight into the roles of gut microbial metabolites in human health
has sparked interest in their development as potential medicines [4,9].
Among them, SCFAs have garnered substantial attention and invest-
ment, with the therapeutic potential of butyrate reported as early as the
1970s [10]. However, despite this early interest, no licensed pharma-
ceutical products currently exist for delivery of SCFAs, either in their
original or pro-drug form [11]. Key reasons for this may lie in the
molecules' pungent odours and variability in clinical trials. An early
clinical study reported that patients developed ‘socially unacceptable
odour’ following injection with butyric acid, arising from the volatile
compound's presence in sweat and breath [12]. Secondly, clinical
studies delivering SCFAs have produced varying results, with common
pitfalls including small sample sizes, heterogenous endpoints, different
administration routes, and biopharmaceutical challenges (i.e., achieving
an effective concentration of drug in the colon) [13-15].

One notable success in SCFA delivery has been inulin-propionate
ester (IPE), in which the SCFA propionate is covalently bound to the
prebiotic inulin [16]. Upon arrival in the colon, the microbiota cleaves
propionate from inulin and releases the SCFA at its target site [17].
Clinical studies have shown numerous benefits of IPE administration,
including significant reductions in weight gain, intrahepatocellular lipid
content, pro-inflammatory IL-8 in serum, and abdominal adipose tissue
distribution in overweight and obese adults, alongside changes in faecal
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microbiome composition [17-19]. However, to exert these therapeutic
benefits IPE must be administered in high dosages (10-20 g/day). Such
dose sizes would increase the pharmaceutical burden on patients more
than a typical oral dosage form providing <1.0 g of drug. An additional
reason for the lack of translation of SCFAs as medicines could include
their wide discussion in the literature, which may have impaired their
patentability for pharmaceutical companies [20].

In light of these challenges, there is substantial opportunity for
developing novel products that can increase colonic SCFA concentra-
tions. The two most researched methods to increase colonic SCFA con-
centrations, without directly delivering SCFAs, include administration
of prebiotics and probiotics [21-24]. As with IPE, one crucial drawback
of prebiotics is their dose; to elicit a therapeutic effect they generally
need to be administered in large doses, which may place undue
administration burden on patients [25]. Lactobacillus and Bifidobacteria
represent the most widely researched genera of probiotics [26,27]. They
are typically formulated as solid oral dosage forms with live cell counts
from 10% to 10'° CFU/mL and have been clinically tested for a wide
range of indications, namely irritable bowel syndrome, inflammatory
bowel disease (IBD), antibiotic-associated diarrhoea, C. difficile infec-
tion, obesity/metabolic syndrome, neuropsychiatric conditions, and
atopic dermatitis [27-31]. Many strains within these genera can directly
produce SCFAs or lactate as a precursor for microbial SCFA synthesis in
the intestines (Fig. 1) [21,32]. Whilst probiotics have received prom-
ising results in a myriad of studies, they face multiple pharmaceutical
and biopharmaceutical challenges. For instance, formulation processes
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Fig. 1. The metabolic pathway detailing the fermentation of dietary carbohydrates to SCFAs by the colonic microbiota, with lactate highlighted as a key inter-

mediatory. The enzyme ‘@’
producing SCFAs in the gut; for example, members of the Bacteroidota phylum

involved in the synthesis of butyrate represents butyryl CoA:acetate CoA transferase. A multitude of bacterial species are capable of

are mainly responsible for producing acetate and propionate, whereas the Bacillota

phylum is the predominant source of butyrate production [4]. Reference [36] provides a detailed overview of bacterial species involved in intestinal lactate pro-
duction and utilisation. Figure revised from reference [4], which was published open-access under the Creative Commons Attribution License.
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can frequently reduce the number of live bacteria within products due to
heat, mechanical stress, oxygen, and excipient exposure [33]. Further,
gastric acid, enzymes, and bile salts can inactivate probiotics in vivo,
reducing the number of live bacteria that reach the colon [34]. Even
probiotics that reach the colon alive can have insufficient effects due to
lack of mucosal colonisation [35]. Hence, there is a requirement for
alternatives to prebiotics and probiotics for augmentation of colonic
SCFAs.

The aim of this study was to develop an oral therapeutic that could
increase colonic SCFA concentrations. Two types of poly(D,.-lactide-co-
glycolide) (PLGA) were selected and formulated as particles in the nano
to micro range. It was hypothesised that the PLGA would be metabolised
by the microbiota, resulting in significant and controlled liberation of
lactate monomers, which would subsequently be utilised for SCFA
synthesis (Fig. 1). PLGA was selected over poly(D,1-lactide acid) (PLA)
due to its higher hydrophilicity, which could facilitate interaction with
fluids in vivo [37]. The biocompatibility of PLGA is well documented for
parenteral administration, thus toxicity following oral administration
was judged to be unlikely [38]. The PLGA particles were evaluated using
the M-SHIME® batch reactor, an advanced model of the human colon, to
assess their potential for therapeutic modulation of the microbiome and
colonic epithelium [39]. The results reveal previously unknown in-
teractions between PLGA and the microbiome, which could open new
avenues for treating microbiome-based disease.

2. Materials and methods
2.1. Materials

Resomer® RG 504H (PLGA, acid terminated, 50:50, Mw
38,000-54,000 g/mol), referred to as ‘PLGA 1°, and Resomer®
Condensate RG 50:50 MN 2300 (PLGA, acid terminated, 50:50, Mw
2000-2500 g/mol), referred to as ‘PLGA 2’ were purchased from Evonik
Industries (Essen, Germany). Pure lactic acid was purchased from Sci-
entific Laboratory Supplies Ltd. (Nottingham, England). Caco-2 cells
(HTB-37) were purchased from American Type Culture Collection
(Virginia, US). Lipopolysaccharide (LPS) sourced from Escherichia coli
K12 and THP1-Blue™ cells were purchased from InvivoGen (California,
US). Where used, water was of HPLC-grade and obtained via an ELGA
HPLC water purification system (ELGA LabWater, High Wycombe,
England).

2.2. Methods

2.2.1. Spray drying of PLGA particles

The formulation of nano-microparticles was strategically chosen to
maximise the polymers' surface area to volume ratio, thereby increasing
the proportion of PLGA exposed to the microbiota. For this purpose,
PLGA particles were prepared by spray-drying under anaerobic (nitro-
gen-rich) conditions. A BUCHI™ B-290 spray drier with a B-295 inert
loop (BUCHI™, Flawil, Switzerland) was utilised with precise operating
parameters to achieve desirable particle attributes. The inlet tempera-
ture was set to 50 °C, the aspirator was set to 95%, and the height was
maximised (65 mm). PLGA was pumped through silicone tubing at a
10% pump rate via a two-fluid nozzle (@ 0.7 mm, BUCHI™, Flawil,
Switzerland). The feed concentration of PLGA in acetone was 50 mg/mL
(5.0% w/v).

2.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine the
morphology and size of PLGA particles. A few milligrams of each sample
were spread evenly onto a 25 mm aluminium stub using self-adhesive
carbon tape (Taab Laboratory Equipment, Reading, England). To pre-
pare the particles a fine layer of gold was sputtered onto the sample
surface for 60 s at a current of 20 mA, using the Quorum Q150R Plus
Rotary Pumped Coater (Quorum, Laughton, England). Examination of
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the particles was then conducted with the Phenom Pro Desktop SEM
(Fisher Scientific, Loughborough, England) at an accelerating voltage of
10 kV. Images were captured digitally. Five batches of PLGA 1 and PLGA
2 were examined with SEM and 5-20 images of each batch were
captured.

The size of particles was measured using ImageJ (version 1.53 t), via
the line tool, with the scale set according to the scale bar shown in the
SEM images. Individual particles were measured manually as automatic
particle counting and sizing could not be reliably performed by the
software due to the close proximity of particles. The largest and smallest
particles (around five of each) within each image were visually selected
and measured to provide insight into particle size distribution.

2.2.3. Set-up of the human colon model

The behaviour of PLGA particles in a simulated colonic environment
was investigated using the M-SHIME® model, configured for short-term
batch experiments [21,39]. These experiments were conducted at Pro-
Digest (Gent, Belgium). The human colon model consisted of glass ves-
sels inoculated with 70 mL sterile basal medium, 1.40 g/L mixed fibre,
and 10% v/v faecal suspension. Here, the basal medium contained a
proprietary mix of salts and nutrients similar to that used by Ghyselinck
et al. [40]. To mimic the buffering capacity of the colon, the basal me-
dium was adjusted to have the same biorelevant buffering capacity as
fed state simulated colonic fluid [41]. Mixed fibre was present in the
incubation medium to provide a carbon source for the faecal microbiota
and to simulate a fed colonic state [42].

Faecal suspensions were added to the incubation medium to mimic
the colonic microbiome and thus facilitate examination of PLGA's in-
teractions with the microbiota. Faecal samples were collected from three
healthy adult donors (no health conditions, no use of antibiotics in the
preceding three months, n = 2 females, n = 1 male) and stored at —80 °C
in aliquots. Ethical approval for collection of faecal samples was ob-
tained from the University Hospital Ghent (reference number:
B670201836585). Faecal suspensions (7.50% w/v) were prepared in an
anaerobic environment by homogenising faecal samples with a buffer
(K2HPO4 8.80 g/L; KHyPO4 6.80 g/L; sodium thioglycolate 0.10 g/L;
sodium dithionite 0.015 g/L) and an in-house cryoprotectant; a modi-
fied version of that developed by Hoefman et al. [43].

A faecal suspension of 7.50% w/v is similar to the concentration
shown by Vertzoni et al. to represent the metabolic activity of colonic
bacteria (8.3% w/v, based on microbial depletion of four drugs) [44].
Faecal suspensions were thawed only once, immediately prior to addi-
tion to incubation vessels, to preserve microbial viability [45]. Five
mucin-covered microcosms, as previously used by Ghyselinck et al. [46],
were also added to each reaction vessel to enable simulation of the
mucosal colonic microbiome, which is known to significantly differ from
that of the lumen [47].

Spray-dried PLGA particles (PLGA 1 and 2) were incubated in vessels
containing the faecal microbiota from each of the three healthy donors
(n = 3 incubations per donor, hence n = 9 incubations per PLGA type).
The PLGA dose was selected based on results from an initial dose-finding
study, wherein ascending concentrations of PLGA particles were incu-
bated in the M-SHIME® model with the faecal microbiota of a single
human donor (n = 1 per concentration) (Fig. S1). A final dose of 4.5 g/L
was chosen to prevent over-acidification of the media whilst maximising
butyrate production. A bolus of lactic acid was used as a control in the
dose-finding and main experiments to examine the difference between
immediate lactate availability and controlled release of lactate from
PLGA. The dose of the lactate bolus was selected to be equal to the
number of moles of lactate in the PLGA samples (PLGA: 54% molar
weight lactate, 46% molar weight glycolate). As with the PLGA in-
cubations, lactate was incubated within vessels containing the faecal
microbiota from each of the three donors (n = 3 incubations per donor).
A blank medium (70 mL sterile basal medium, 1.40 g/L mixed fibre, and
10% faecal suspension) was used as an untreated control (n = 3 in-
cubations per donor). This resulted in 36 incubations in the main 48-h
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M-SHIME® batch experiment (Fig. 2).

Before commencement of the incubations the headspace of vessels
was flushed with nitrogen (20 x 2 min cycles; 700 mbar overpressure,
900 mbar underpressure) to generate an anaerobic environment for
microbial growth [48]. Incubations were conducted for 48 h with vessels
maintained at 37 °C and continuously shaken at 90 rpm.

2.2.4. Deployment of the human colon model

2.2.4.1. Measuring fermentative activity. Samples from the M-SHIME®
experiment were collected at 0, 3, 6, 24, and 48 h, enabling a thorough
assessment of the dynamic changes over the incubation period. The pH
of incubations was measured using a calibrated pH probe. Lactate con-
centration was assayed using a commercially available Enzytec™ kit (R-
Biopharm AG, Darmstadt, Germany) with an LOQ of 10.0 mg/L, ac-
cording to the manufacturer's instructions. Concentrations below this
LOQ were set to zero. Concentrations of SCFAs and branched chain fatty
acids (BCFAs), isobutyrate, isovalerate and isocaproate, were measured
using gas chromatography (GC) coupled with flame ionisation detection
(FID). Here, 2-methyl hexanoic acid was added as an internal standard
and 2.0 mL of sample was extracted using diethyl ether. The GC-FID
protocol utilised a GC SGE capillary column (30 mm x 0.32 mm ID-
BP 21 x 0.25 pm (Achrom, Machelen, Belgium)) operating at a tem-
perature range of 110-160 °C with an increase of 6 °C/min. The injec-
tion volume was set at 1.0 pL, the temperature of the injector and
detector was 200 °C, and the carrier gas was nitrogen (95.6 mL/min).
Ammonium concentration was measured with the indophenol blue
method using an AQ300 Discrete Analyzer (SEAL Analytical, Wisconsin,
United States) [49]. Gas production (including N3, O3, CO5, Hy, CHy,
NH;3, HyS, and volatile amino acids and SCFAs) was determined by
measuring the pressure (kPa) in the headspace of each vessel with a
pressure meter.

2.2.4.2. Profiling luminal and mucosal microbiome structure. The impact
of treatments on the luminal microbiome structure was analysed by
comparing the microbial composition and abundance of samples
collected at 0 and 48 h. Quantitative bacterial taxonomic profiling was
conducted by combining two experimental methods: 16S rRNA-targeted
Mllumina sequencing and flow cytometry, as in reference [50]. This
combination of methods facilitated the assignment of microbial counts

/ " Incubation medium
| e 70 mL basal medium
[ 1.40 g/L mixed fibre

intestinal epithelium
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per taxonomic group. The absolute counts of taxonomic groups were
calculated by multiplying the relative abundances measured during
sequencing with the total viable cell count measured by flow cytometry.

Samples (n = 3 per donor per timepoint) taken from the lumen of
incubation vessels were aliquoted into two separate groups for cell
counting and Illumina sequencing.

The cell count of samples was measured using an Accuri™ C6 Plus
Flow Cytometer (BD Biosciences, New Jersey, US) according to the
method in reference [21]. Briefly, samples were diluted ten-fold in
phosphate-buffered saline solution and cells were stained using SYTO 24
dye and propidium iodide. Cells were then passed through the cytometer
at high flow rate and counted via detection of fluorescence. The BD
Accuri CFlow software was utilised to analyse data. Signal noise, e.g,
arising from medium debris, was removed by applying a threshold value
of 700 on the SYTO channel for all samples. Parent and daughter gates
were set to count all bacterial populations accurately.

Samples were compositionally analysed using 16S rRNA-targeted
[llumina paired-end sequencing. Cells were pelleted from 1.0 mL of
luminal sample, DNA was extracted, and subsequently amplified
following an in-house ProDigest protocol, as used in references [21, 40,
46]. For amplification, the QuantStudio 5 Real-Time PCR system
(Applied Biosystems, Foster City, US) was used with primers that span
two hypervariable regions (V3 - V4) of the 16S rRNA gene: 341F (5-
CCTACGGGNGGCWGCAG-3) and 785R (5-GACTACHVGGGTATC-
TAAKCC-3). Sequencing of the 2 x 250 base pair amplicons was
completed by LGC genomics GmbH (Berlin, Germany) using the Illu-
mina Miseq platform as per manufacturer's instructions [51]. To ensure
data quality, read assembly and clean-up was completed by following
the standard operating procedure for the mothur code (Version 1.44.3)
developed by Kozich et al. [52]. This involved assembling reads into
contigs, alignment-based quality filtering, removal of chimeras, and
assignment of taxonomy into operational taxonomic units (OTUs) based
on 97.0% sequence similarity. Sequences that were unclassified, classi-
fied as non-bacterial (e.g, eukaryotic, archaeal, viral), or had relative
abundances of <5% across samples were excluded from the analysis.

The mucosal microbiome was analysed with 16S rRNA-targeted
[lumina sequencing without flow cytometry, to generate data in the
form of relative OTU abundances. This process mirrored the sequencing
method used for the luminal samples, wherein mucosal samples from the
mucin-covered microcosms (0.1 g, n = 3 per donor per timepoint) were

M-SHIME® experiment set-up

Donor 1 Donor 2 Donor 3

2.43g/L

-
&) e 10 % v/v human faecal Blank control I
00 suspension (treatment-free) . J ml l ‘ . . |
OO | five mucin-covered LY 4N ) 4 ’ |
B microcosms T o
PLGA 1 o : - ‘ -
45g/L . ‘ | ‘ . i
Assayed features L ‘ |« 2| ' | ’ ‘
. pH - ¢ - -
¢ Lactate
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. iCFAs ) 4.5¢g/L l 1 | ‘ W i
e Ammonium . [
s Gases #J l-.d_v 1 . J i |
* Luminal and mucosal - e B
microbiota
« Effect of fluids on the Lactic acid % T L.

i

Fig. 2. Experimental setup of the main colonic simulation study. PLGA 1: high Mw PLGA (38,000-54,000 g/mol); PLGA 2: low Mw PLGA (2000-2500 g/mol).
Samples were incubated in a short-term M-SHIME® system for 48 h with the faecal microbiota sourced from three healthy human adults (Donors 1 and 2: female;

Donor 3: male). N = 3 incubations were conducted per donor for each sample

(PLGA 1, PLGA 2, lactate, blank control (treatment-free)).
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sampled.

2.2.4.3. Effect of treatments on the intestinal epithelium. The Caco-2/
THP1 co-culture model was utilised to test the impact of treatments
on an IBD-like intestinal epithelium. This co-culture model features an
apical compartment comprised of Caco-2 cells that, when seeded on
suitable supports, mature into enterocyte-like cells [53,54]. The exact
method followed was first reported by ProDigest in reference [55]. The
basolateral compartment of the model consists of THP1 monocytes,
which differentiate into macrophage-like cells upon treatment with
phorbol 12-myristate 13-acetate (PMA) [56]. In this study, THP1-Blue™
cells were used as these cells have been transfected with a secreted
alkaline phosphatase (SEAP) gene. The secretion of SEAP in response to
NF-«kB activation allowed the measurement of NF-kB activity. Hence, co-
culture of Caco-2 and THP1 cells allowed the measurement of treat-
ments' effects on interactions between human intestinal and immune
cells.

To set-up the model, Caco-2 cells were seeded in 24-well semi-
permeable inserts (0.4 pm Thincerts, Greiner Bio-one, Wemmel,
Belgium) at a density of 1 x 10° cells/insert. The Caco-2 cells were
cultured at 37 °C in a humidified atmosphere of air/CO; (95:5, v/v) in
Dulbecco's Modified Eagle Medium supplemented with heat-inactivated
foetal bovine serum (HI-FBS, 20% v/v) and HEPES (10 mM); three
medium changes were completed per week. After 14 days a functional
monolayer with a transepithelial electrical resistance (TEER) of >300
Q*em? was achieved, as measured by a Millicell ERS-2 voltohmmeter
(Millipore, Massachusetts, US). Concurrently, THP1-Blue™ cells were
seeded into 24-well plates at a density of 5 x 10° cells per well. Roswell
Park Memorial Institute 1640 medium, supplemented with HI-FBS (10%
v/v), HEPES (10 mM), and sodium pyruvate (1 mM), was used to culture
the THP1-Blue™ cells at 37 °C in the same humidified environment as
for the Caco-2 cells. Treatment with 50 ng/mL PMA for 48 h enabled
differentiation of THP1-Blue™ cells into macrophage-like cells.

Before co-culture the TEER of an empty insert was measured; this
reading was subsequently subtracted from monolayer TEER readings to
account for any electrical resistance of inserts. To initiate co-culture,
Caco-2 inserts were placed on top of wells containing PMA-
differentiated THP1-Blue™ cells. The apical compartment, in contact
with the Caco-2 monolayer, was then filled with test/control medium.
For test conditions, the apical compartments were filled with luminal
fluid obtained from the M-SHIME® fermentation vessels after 48 h of
incubation, that had been diluted 1:5 v/v with Caco-2 culture medium
(n = 3 per donor per treatment). Prior to addition, the incubation
samples were sterilised via filtration through 0.22 pm filters to prevent
microbial contamination of the cell cultures. Several control conditions
were used to validate the model set-up. The first was an untreated
control, whereby no further compounds were added to the apical and
basolateral compartments. The second control treated the apical Caco-2
cells with 12 mM sodium butyrate. For both test and control conditions
the basolateral compartment, in contact with the THP1-Blue™ mono-
layer, was filled with Caco-2 culture medium. After 24 h of incubation
the TEER of the Caco-2 monolayers was measured and the basolateral
supernatant was discarded. The basolateral compartment was then re-
filled with Caco-2 culture medium containing 100 ng/mL ultrapure
LPS to stimulate an inflammatory response. In a third control, the cul-
ture medium contained 100 ng/mL ultrapure LPS in combination with 1
pM hydrocortisone. After 6 h the basolateral supernatant was collected
and the levels of immunoregulatory markers (IL-6, IL-8, IL-10, IL-1p,
TNF-a, CXCL10, and MCP-1) were measured with the Luminex®
multiplex (ThermoFisher Scientific, Massachusetts, US) according to the
manufacturer instructions. NF-xB activity was determined spectropho-
tometrically at 690 nm as described by Possemiers et al. [48].

2.2.5. Data analysis and statistics
GraphPad Prism (Version 9.5.1) was utilised for data visualisation

167

Journal of Controlled Release 369 (2024) 163-178

and statistical analysis. Differences between metabolic markers for
PLGA 1, PLGA 2, and the lactate bolus for different donors at different
timepoints were assessed using a two-way ANOVA with matching for
each treatment across timepoints followed by a Tukey's multiple com-
parison test. Total BCFA synthesis was compared by summing the con-
centration of total BCFAs in each donor's vessels over 48 h. An ordinary
one-way ANOVA was then employed to test the difference between
treatments' average BCFA production across the three donors. The mean
absolute and relative abundances of bacterial genera in vessels after 48 h
was calculated across replicates (n = 3) for each donor-treatment pair-
ing. Bray-Curtis dissimilarity was used to quantify p-diversity, and was
calculated between all luminal and mucosal samples using the SciPy
module (Version 1.10.1) in Python. In all cases, P < 0.05 was considered
significant. Significance markers were used accordingly on plots: * P <
0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001. Unless stated other-
wise, points on plots represent mean values and error bars represent
standard deviation.

3. Results and discussion
3.1. Characteristics of spray dried PLGA particles

Fig. 3 shows the SEM images of the spray-dried PLGA particles tested
in the M-SHIME® colon model. The spray-dried particles exhibited
substantially altered morphologies and reduced sizes compared to their
original forms (Fig. S2). At the micron scale, the differences between
spray-dried PLGA 1 and 2 were evident. PLGA 1 particles displayed a
larger size distribution than PLGA 2, with a diameter range of approx-
imately 0.80-20 pm compared to 0.80-10 pm. PLGA 1 particles were
also less spherical, displaying collapsed and occasionally hollow mor-
phologies. Non-spherical particles have lower densities than solid par-
ticles and can be formed due to differences between polymer diffusion
and solvent evaporation rates during the formation of a spray-dried
particle [57]. Here, the rate of acetone evaporation during particle
formation likely exceeded the rate of PLGA 1 diffusion, leading to PLGA
1 accumulation at the droplet surface and hollow particle cores sus-
ceptible to buckling [58]. PLGA 1 likely had lower diffusivity than PLGA
2 as its larger molecular weight causes stronger intermolecular in-
teractions and more chain entanglement [59].

SEM also revealed the presence of non-spherical filaments among the
PLGA 1 particles (Fig. 3A). These filaments were formed due to the rapid
rate of acetone evaporation, which exceeded the rate at which droplets
could be formed during atomisation of the feed solution from the spray-
drying nozzle [60]. Filaments and non-spherical particles may have
poorer flowability than spherical particles, potentially impacting the
downstream processability of the powder during pharmaceutical
manufacturing. However, it is worth noting that particles with
collapsed, hollow morphologies may be more compactible (e.g, for
tabletting) [61]. To improve the likelihood of PLGA 1 forming spherical
particles during spray drying the rate of acetone evaporation could be
reduced, for example by lowering the inlet temperature and decreasing
polymer concentration in the feed solution [57,60].

In contrast, PLGA 2 clearly formed smoother particles than PLGA 1,
without the presence of filaments (Fig. 3B). This difference in
morphology likely resulted from the lower molecular weight of PLGA 2,
leading to higher polymer diffusivity and the formation of solid particles
[571. However, noticeable agglomeration was observed between PLGA 2
particles. Agglomeration likely resulted due to an increased ‘stickiness’
of the polymer based on its low glass transition temperature (Tg, around
30 °C) [62]. Research shows that spray drying polymers with low Tg
values is challenging, as particles are more likely to stick to the spray
dryer walls and agglomerate [63]. Particle stickiness is most prominent
at temperatures between the Tg and 30 °C > T, the so-called the sticky
region [64]. In this study an inlet temperature of 50 °C was used to spray
dry PLGA, as per previous methods, however this temperature falls with
the sticky region of PLGA 2 [65-68]. Comparatively, the Ty of PLGA 1 is
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Fig. 3. Scanning electron microscopy images of the PLGA particles produced by spray drying. A: PLGA 1 (Mw 38,000-54,000 g/mol); B: PLGA 2 (Mw 2000-2500

g/mol).

46-50 °C thus its particles were less adhesive during spray drying and
did not agglomerate. These findings indicate that PLGA 1 particles could
have been improved by lowering inlet temperature, whilst PLGA 2
particles could have been improved by increasing the inlet temperature
(above the sticky region), underscoring the complexity of spray drying
and the requirement for method optimisation.

3.2. Microbiome interactions of PLGA in the M-SHIME® model of the
human colon

3.2.1. Release of lactate from PLGA particles

Fig. 4 illustrates the effect of PLGA 1 and PLGA 2 particles, and the
lactate bolus, on lactate concentration and pH in the M-SHIME® colonic
vessels in comparison to the blank treatment-free incubations. As ex-
pected, the lactate bolus resulted in significantly higher lactate con-
centrations in the vessels than the blanks and the PLGA treatments
(Fig. 4A). The lactate bolus was variably consumed by the microbiota
from the three donors; after 48 h the microbiota from donors 1 and 2 had
utilised significantly more lactate than donor 3 (P < 0.0330). It is likely
that the metabolic activity of the donors' microbiota was inhibited by the
lactate bolus, as the pH of cultures fell below 5.50 at several points from
6 h onwards (Fig. 4B). The lactate bolus resulted in significantly lower
pH than the blank conditions for all donors at all timepoints (P < 0.05),
except for donor 1 at 48 h which narrowly missed significance (P =
0.0548).

The lactate concentrations in the vessels dosed with PLGA 1 particles
were similar to that measured in the blank (Fig. 4A). Here, lactate
concentration increased in the first six hours due to microbial fermen-
tation of fibre in the basal media and was subsequently consumed. From
Fig. 4A it is clear that none of the three donors metabolised PLGA 1 to
the extent that additional lactate was detectable in the vessels. In
comparison, the lower molecular weight PLGA 2 provided sustained
release of lactate in the presence of all three donors' microbiota
(Fig. 4A). This was accompanied by a gradual decrease in pH, reaching
pH 5.46-5.54 after 48 h (Fig. 4B). Lactate concentration in the vessels
dosed with PLGA 2 was significantly higher than blank vessels from 0 to
48 h across donors (P < 0.05). In addition, the pH of vessels dosed with
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Fig. 4. A: Lactate concentration of the faecal microbiota cultures sourced from
three healthy human donors, at different timepoints, when dosed at 4.5 g/L of
PLGA 1 and PLGA 2, and 2.43 g/L lactic acid. B: The pH of the faecal microbiota
cultures sourced from three healthy human donors, at different timepoints,
when dosed at 4.5 g/L of PLGA 1 and PLGA 2, and 2.43 g/L lactic acid. The
dotted line at y = 5.50 is to facilitate identification of timepoints where pH fell
below a potentially toxic level for microbiota [69]. D1 - D3: donors 1-3.
Measurements were conducted in triplicate and are represented as means + SD.
Significance markers are not shown due to space and instead discussed in-text.
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PLGA 2 was significantly higher than those dosed with the lactate bolus
from O to 6 h for all donors (P < 0.05) and at 24 h for donors 1 and 2 (P <
0.05), suggesting that the polymer was less toxic for the microbiota in
this timeframe (Fig. 4B).

These results reveal for the first time that PLGA can be metabolised
by the human gut microbiota. Whilst PLGA 1 particles were found to be
stable in the presence of the microbiota, PLGA 2 particles were degraded
within a surprisingly short time. This is surprising because PLGA
degradation in vivo is reported as arising from random chain scission by
water molecules over several days to months [37,70]. Whilst the present
results have been captured ex vivo, they signify that the gut microbiota
are metabolically capable of digesting PLGA, which can now be vali-
dated in vivo. There are several possible reasons for the different sta-
bilities of PLGA 1 and 2. Firstly, PLGA 1's higher molecular weight
would increase the number of bond scissions required for lactate liber-
ation and could prevent bacterial ingress via diffusional mass transfer
due to greater polymer chain entanglement. Further, PLGA 1's longer
chains mean that there were fewer carboxylic end groups present to
increase polymer hydrophilicity and thus enable contact with the
microbiota in the aqueous incubation fluid. In addition, PLGA 1 particles
had a higher maximal diameter, hence lowering the relative surface area
exposed to the microbiota. The faster degradation of PLGA 2 may also
have been aided by autocatalysis [71].

PLGA 1 and PLGA 2 were chosen and formulated to have the best
chance of being metabolised by the gut microbiota. Compared to other
marketed grades of PLGA they have low molecular weights, carboxylic
acid end groups, and a 50:50 ratio of D,L-lactate to glycolate units [62].
Based on the results that PLGA 1 was not meaningfully metabolised by
the microbiota, it is unlikely that higher molecular weight grades of
PLGA would be metabolised either. Additionally, PLGA grades with
ester, rather than carboxylic acid, end groups are also less likely to be
degraded. This is because carboxylic acid groups are more hydrophilic
and thus attract water molecules, leading to swelling and potentially
easier enzyme access throughout the polymeric structure [70]. Further,
a 50:50 ratio of D,L-lactate to glycolate provides an ideal balance for
lowering T, achieving fully amorphous chains, and optimising the hy-
drophilicity of PLGA [37]. Consequently, PLGA grades with other
monomeric ratios are expected to be less susceptible to microbial
metabolism.

3.2.2. Effect of PLGA on microbial metabolites and gas

3.2.2.1. Synthesis of short chain fatty acids. Fig. 5 presents the effects of
PLGA 1, PLGA 2, and the lactate bolus on the concentrations of SCFAs in
the M-SHIME® colonic model compared to the blank incubations
without treatment. As expected, PLGA 1 did not significantly alter ace-
tate, propionate, or butyrate concentrations compared to the treatment-
free control. These results reinforce the relative stability of the PLGA 1
particles in the medium during the observation period. In comparison,
PLGA 2 showed a distinct propensity to alter SCFA synthesis. Whilst
acetate production was not affected, propionate was increased in donor
3's vessels at 24 h (P = 0.0130) and donor 2's vessels at 48 h (P =
0.0437), compared to the treatment-free blanks (Fig. 5B). Furthermore,
PLGA 2 significantly increased butyrate concentration in donor 1's
vessels at 24 and 48 h (P = 0.0070 and 0.0187) and donor 2 and 3's
vessels at 48 h (P = 0.0242 and 0.0469) (Fig. 5C). These findings indi-
cate that the lactate released from PLGA 2 was converted to propionate
and butyrate. Acetate was not increased by PLGA 2 at any of the time-
points, however may have been produced and rapidly converted to
butyrate between timepoints.

In juxtaposition to PLGA, the lactate bolus exhibited clear inhibitory
effects on SCFA production. Acetate concentration was reduced in donor
1's vessels at 6 and 24 h (P < 0.0038), donor 2's vessels at 3, 6, and 48 h
(P <0.0395), and donor 3's vessels at 6 and 24 h (P < 0.0135) (Fig. 5A).
Propionate concentration was reduced in donor 1's vessels at 6 and 24 h
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Fig. 5. The concentration of short chain fatty acids in the faecal microbiota
cultures sourced from three healthy human donors, at different timepoints,
when dosed at 4.5 g/L of PLGA 1 and PLGA 2, and 2.43 g/L lactic acid. Blank
signifies cultures that have not been treated. A: acetate concentration; B: pro-
pionate concentration; C: butyrate concentration. D1 - D3: donors 1-3. Mea-
surements were conducted in triplicate and are represented as means + SD.
Significance markers are not shown due to space and instead discussed in-text.

(P < 0.0198), donor 2's vessels at 3 and 6 h (P < 0.0129), and donor 3's
vessels at 3, 6 and 24 h (P < 0.0132) (Fig. 5B). Butyrate concentration
was reduced in donor 1's vessels at 6 and 24 h (P < 0.0330) and donor 3's
vessels at 3, 6 and 24 h (P < 0.0141) (Fig. 5C). However, butyrate
concentration was less affected in donor 2's vessels and was even
increased compared to controls at 48 h (P = 0.0029). These results
suggest that the lactate bolus had generally toxic effects on the micro-
biota, with varying effects depending on the baseline microbiome
composition.

3.2.2.2. Production of gas, branched chain fatty acids, and ammonium.

Fig. 6 presents the effects of the interventions on gas, BCFA, and
ammonium production in the M-SHIME® colonic vessels. Most gas was
produced between 6 and 24 h as the microbiota multiplied and fer-
mented the substrates in their media (Fig. 6A). After 48 h, PLGA 2 did
not significantly alter gas production compared to the blank, indicating
that fermentation of the polymer did not lead to significant accumula-
tion of gases associated with SCFA synthesis, such as methane,
hydrogen, and carbon dioxide [4]. Similarly, PLGA 1 and the lactate
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Fig. 6. The (A) gas pressure, (B) total branched chain fatty acid (BCFA), and (C)
ammonium concentrations of the faecal microbiota cultures sourced from three
healthy human donors, at different timepoints, when dosed at 4.5 g/L of PLGA
1 and PLGA 2, and 2.43 g/L lactic acid. Blank signifies cultures that have not
been treated. D1 - D3: donors 1-3. Measurements were conducted in triplicate
and are represented as means + SD. Significance markers are not shown due to
space and instead discussed in-text.

bolus also had insignificant effects on gas production, except for the
lactate bolus with the donor 3 microbiota (P = 0.0156). The reason for
the lactate bolus reducing gas output by donor 3's microbiota is likely
the toxic acidification in this vessel that inhibited the samples' normal
metabolic function (Fig. 4B).

Total synthesis of BCFAs was reduced across all donors by PLGA 2
and the lactate bolus (P = 0.0261 and 0.0018, Fig. 6B). Most BCFA
synthesis occurred from 24 to 48 h, with isobutyrate and isovalerate
accounting for the largest proportion of BCFAs (Fig. S3). Donor 3's
microbiota produced a significantly higher concentration of valerate
compared to the other two donors, demonstrating the individual nature
of microbiome activity (P < 0.0001). BCFAs are predominately syn-
thesised by the colonic microbiota from BCAAs during protein meta-
bolism [72]. There is evidence that BCFAs have detrimental effects on
human health [73]. For instance, faecal concentrations of isovalerate
have been positively correlated with depression and cortisol levels in
humans [74]. However, there is also conflicting data in the literature
that BCFAs may have positive health effects in some cases [75]. Hence,
drawing conclusions on PLGA's health effects via BCFAs may be
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premature, whilst research on the intestinal activities of BCFAs are
further characterised [76].

As with BCFAs, ammonium concentrations were significantly
reduced by the addition of PLGA 2 and the lactate bolus (P < 0.0075 at
48 h, Fig. 6C). Intestinal ammonia is generally considered to be negative
for human health due to its association with neurological dysfunction,
inflammation and permeability in the colonic epithelium, and promo-
tion of colorectal cancer [77].

The microbiome's fermentation of fibre to SCFAs reduces its protein
fermentation to BCFAs and associated metabolites [72]. This explains
why BCFA concentrations were initially low in all vessels, as the
microbiota was preferentially fermenting the fibre present in the media.
Once the fibre was depleted, the microbiota in the blank and PLGA 1
vessels switched to protein metabolism, leading to increased concen-
trations of BCFAs and ammonium. In contrast, PLGA 2 promoted the
SCFA synthesis pathway through its sustained release of lactate,
resulting in reduced concentrations of BCFA and ammonium. Although
the lactate bolus also reduced BCFA and ammonium concentrations this
was likely due to inhibition of the microbiota's general metabolic ac-
tivity as SCFA synthesis was also impaired due to the local pH-lowering
effects (Figs. 4B and 5).

These findings provide evidence that controlled delivery of lactate
via PLGA 2 could significantly elevate SCFA synthesis in the colonic
environment whilst reducing ammonium and having no significant ef-
fect on gas production. Consequently, oral delivery of PLGA 2 particles
to the colon could hold promise for the treatment of many diseases
associated with reduced SCFA microbial synthesis [1,5-7].

3.2.3. Effect of PLGA on microbiome composition

3.2.3.1. Effect on the luminal microbiota. Fig. 7 illustrates the composi-
tions of the luminal bacteria in the incubation vessels alongside the
impact of the interventions on their abundance after 48 h. The full
abundance results for each of the three replicates of donor-treatment
pairings are available in the Supplementary Material. Each untreated
luminal sample had a unique composition, which likely underpinned the
differences in metabolic activity observed between donors in previous
sections. Whilst these response differences are difficult to predict based
on microbiome composition alone, assessment of the species present in
each untreated blank sample can aid the formation of hypotheses for the
samples' unique response to the treatments. For example, Actinobacteria
species are known to tolerate high lactate concentrations better than
Bacteroides species [78]. Donor 3's untreated samples had significantly
lower absolute abundances of Actinobacteria (P < 0.0002) than both
donor 1 and 2, and higher absolute abundances of Bacteroides (P =
0.0373) than donor 1. This may provide reasoning as to why donor 3's
microbiota had relatively lower tolerance to the lactate bolus than donor
1 and donor 2's microbiota, evidenced by a greater decrease in pH and
lower production of SCFAs in Figs. 4B and 5.

Compared to the blank, the lactate bolus significantly reduced ab-
solute bacterial abundance in all donors' vessels (P < 0.0001). Similarly,
PLGA 2 showed a significant antibacterial effect in donor 2 and 3's
vessels (P < 0.0001); whilst PLGA 1 only reduced bacterial numbers in
donor 2's vessels (P = 0.0002) (Fig. S4). The pronounced antibacterial
effect of the lactate bolus is most likely due to its acidification of the
culture media (Fig. 4B). However, the mechanism by which PLGA 1 and
PLGA 2 reduced bacterial viability is less clear, particularly considering
that PLGA 1 was relatively stable over the 48 h.

PLGA 2 had a positive effect on microbial activity, based on the re-
sults in Section 3.2.2. However, the results in Fig. 7 suggest that the
polymer may exert negative effects on bacterial viability. As these re-
sults are based on an in vitro model of the colon it is essential to confirm
any effect of PLGA on microbiome abundance in vivo. Interestingly,
although the abundance of most OTUs decreased in the presence of
lactate, the abundance of Alistipes significantly increased in donor 1's



L.E. McCoubrey et al.

Journal of Controlled Release 369 (2024) 163-178

B Uncultured Actinobacteria 8 Unclassified Bacteroidales Bl Unclassified Atopobiaceae
. Adlercreutzia Bl Bacteroides Atopobium
Bl Agathobacter Unclassified Bacteroidia Bl Unclassified bacteria
W Akkermansia Bm Barnesiella B Bilophila
i Alistipes B Unclassified Bifidobacteriaceae Blautia
B Anaerostipes Bifidobacterium

6x10°-

4x109+ .

Absolute abundance (cells/mL)

Fig. 7. The absolute abundances (cells/mL) of the 17 most common bacterial taxa in the luminal fluid of the M-SHIME® incubation vessels, 48 h after incubation
with 4.5 g/L of PLGA 1 and PLGA 2, and 2.43 g/L lactic acid. Blank signifies incubation vessels that have not been treated. D1 - D3: donors 1-3. Measurements were
conducted in triplicate for each donor-treatment pairing and resulting abundances are shown as mean values.

vessels (P = 0.0011) but not in donor 2 or 3's vessels. Alistipes species are
known to be producers of propionate and acetate, but have also been
associated with various disease states [79]. These findings highlight that
the effects of the lactate bolus on microbial composition were
microbiome-dependent, which aligns with the variations observed in the
SCFA results (Fig. 5).

Fig. 8 presents the B-diversity of the luminal samples after 48 h.
Based on the similarities of untreated blank vs treatment vessels, PLGA
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Fig. 8. The p-diversity between samples from the luminal fluid of the M-
SHIME® incubation vessels, 48 h after incubation with 4.5 g/L of PLGA 1 and
PLGA 2, and 2.43 g/L lactic acid. Blank signifies incubation vessels that have
not been treated. p-diversity is represented as Bray-Curtis dissimilarity, which
ranges from 0.00 to 1.00, where values closer to 1.00 represent higher micro-
biome dissimilarity. Bray-Curtis dissimilarity was calculated pairwise between
all samples using the mean relative abundances of genera across three repeats.
D1 - D3: donors 1-3.
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1, PLGA 2, and the lactate bolus had a more profound impact on donor
1's microbiota than on the other two donors. Here, the lactate bolus
affected donor 1's relative bacterial abundance the most (Bray-Curtis
dissimilarity: 0.831), followed by PLGA 2 (Bray-Curtis dissimilarity:
0.666) and then PLGA 1 (Bray-Curtis dissimilarity: 0.545). In compari-
son, donor 2 and 3's microbiota was less affected by the interventions.
The Bray-Curtis dissimilarities between the blank and PLGA 1, PLGA 2,
and the lactate bolus for donor 2 were 0.177, 0.253, and 0.200,
respectively). For donor 3 dissimilarities were even lower, at 0.105
(PLGA 1), 0.166 (PLGA 2), and 0.125 (lactate bolus). It is essential to
note that the dissimilarities are based on relative rather than absolute
taxonomic abundance. Therefore, though PLGA 2 reduced the number of
live bacteria in donor 2 and donor 3's vessels, it did not substantially
affect the proportions of taxa present. In contrast, PLGA 2 did not
significantly affect bacterial viability in donor 1's vessels but did greatly
alter the relative composition of bacteria. These results signify that
PLGA 2 may impact both the quantity and proportions of bacteria in the
colonic lumen, likely in a subject-specific manner. These in vitro findings
underscore the need for further examination of the polymer's micro-
biome effects in vivo, involving a larger number of subjects to more
comprehensively capture interindividual differences.

3.2.3.2. Effect on the mucosal microbiota. Fig. 9 shows the effects of
PLGA 1, PLGA 2, and the lactate bolus on the relative abundance of
mucosal bacteria. The lactate bolus induced substantial changes in the
mucosal microbiota composition in all donor's vessels. Donor 1 and 2's
vessels exhibited similar alterations, with relative expansions of Bifido-
bacterium, Clostridium sensu stricto, Coriobacteriales, Senegalimassilia,
and Streptococcus species. Concurrently, the abundances of Bacteroides,
Lachnospiraceae, and Roseburia species were decreased. In donor 3's
vessels the lactate bolus induced a proportional expansion of Actino-
bacteria, Bifidobacterium, Clostridium sensu stricto, Enterococcus, and
Lactobacillus species, whilst increasing the abundances of almost all
other species. It is likely that the sustained acidification caused by the
lactate bolus selected for bacterial strains with greater tolerance to a low
pH environment (Fig. 4B) [80]. For instance, several Bifidobacterium and
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Fig. 9. The relative abundances (%) of the 28 most common bacterial taxa in the mucosal samples of the M-SHIME® incubation vessels, 48 h after incubation with
4.5 g/L of PLGA 1 and PLGA 2, and 2.43 g/L lactic acid. Blank signifies incubation vessels that have not been treated. D1 - D3: donors 1-3. Measurements were
conducted in triplicate for each donor-treatment pairing and resulting abundances are shown as mean values.

Lactobacillus species have been reported to survive incubation in fluids
with a pH below 5.0 [81,82]. Although some of the taxa selected by the
lactate bolus are regarded as commensals (e.g., Bifidobacterium and
Lactobacillus species), others, such as Clostridium sensu stricto, Strepto-
coccus, and Enterococcus species, have been associated with pathogenic
properties [83,84]. The combination of these findings with the metab-
olite data suggests that the lactate bolus shifted the mucosal microbiota
towards a more dysbiotic state.

Compared to the lactate bolus, PLGA 2 had a lower impact on donor
1's mucosal bacteria (Fig. 9). This is reflected in a lower p-diversity
between PLGA 2 and donor 1's blank compared to the lactate bolus and
donor 1's blank (Bray-Curtis dissimilarity 0.703 vs 0.860) (Fig. 10). The
B-diversities between PLGA 2 and donor 2 and 3's blanks (donor 2:
0.267; donor 3: 0.181) were similar to those between the lactate bolus
and donor 2 and 3's blanks (donor 2: 0.224; donor 3: 0.141). Hence,
PLGA 2 altered the bacterial composition of donor 2 and 3's microbiota
to a quantitatively similar extent as the lactate bolus. These results un-
derscore the importance of qualitatively and quantitatively analysing
microbiome data, as the results in Fig. 9 suggest that PLGA 2 had a less
profound impact on microbiome composition than lactate.

PLGA 2 significantly reduced the proportion of Bacteroides in donor
1's vessels (P = 0.006). Generally, the p-diversity results show that donor
1's microbiota was the most sensitive to alterations by the interventions.
However, PLGA 2 also significantly increased the relative abundance of
Prevotella species in donor 2's vessels (P = 0.0298). This relative increase
in Bacteroides species in donor 1's vessels and decrease in Prevotella
species in donor 2's vessels is interesting, as these two genera have been
associated with human lifestyle and health [85]. High Bacteroides and
low Prevotella abundance has been associated with the Western diet,
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Fig. 10. The p-diversity between samples from the mucosal beads of the M-
SHIME® incubation vessels, 48 h after incubation with 4.5 g/L of PLGA 1 and
PLGA 2, and 2.43 g/L lactic acid. Blank signifies incubation vessels that have
not been treated. f-diversity is represented as Bray-Curtis dissimilarity, which
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biome dissimilarity. Bray-Curtis dissimilarity was calculated pairwise between
all samples using the mean relative abundances of genera across three repeats.
D1 - D3: donors 1-3.
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which is high in protein, fat, and ultra-processed foods [86]. Conversely,
high Prevotella and low Bacteroides abundance has been associated with
plant-based diets rich in polysaccharides [87]. The increase in Prevotella
abundance in donor 2's vessels may be explained by Prevotella species'
high expression of carbohydrate metabolising enzymes (CAZy). The
fermentation of PLGA 2 by bacterial CAZy, such as esterases, could have
thus selected for Prevotella species [87]. These results provide early
evidence that PLGA 2 may promote a favourable shift in the mucosal
microbiome, away from compositions associated with the Western diet
and disease [88]. However, to validate these findings, further in-
vestigations should be conducted in vivo, involving multiple individuals
and longer durations of PLGA 2 administration. Such studies will offer
more robust insights into the impact of PLGA 2 on microbiome
composition and its potential as a beneficial therapeutic approach.

3.3. Effect of PLGA on an IBD-like intestinal epithelium

3.3.1. Effect on epithelial integrity

Fig. 11 illustrates the effect of the interventions on the integrity of a
Caco-2 monolayer in contact with macrophage-like THP1-Blue™ cells.
As expected, the sodium butyrate control significantly protected the
Caco-2 monolayer from damage induced by the THP1-Blue™ cells
(Fig. S5). Luminal samples taken from donor 1's vessels maintained
Caco-2 integrity, independent of the treatment administered to vessels.
This suggests that donor 1's microbiota conferred inherent protection
against epithelial damage that was not improved by PLGA 1, PLGA 2, or
the lactate bolus.

In the case of donor 2, the blank and PLGA 1 samples led to a
reduction in TEER of the Caco-2 cells due to THP1-Blue™ cell-induced
damage (Fig. 11). However, fluid from donor 2's PLGA 2 and the
lactate bolus vessels significantly protected the integrity of the Caco-2
monolayer. Notably, donor 2's PLGA 2 and lactate bolus vessels con-
tained significantly lower ammonium levels compared to the blank and
PLGA 1 vessels (Fig. 6C). In addition, PLGA 2 increased propionate and
butyrate concentrations in donor 2's vessels, and the lactate bolus
increased final butyrate concentrations (Fig. 5). These results suggest
that PLGA 2 and the lactate bolus may have provided protection to the
Caco-2 cells by reducing the concentration of pro-inflammatory
ammonium (both treatments), and increasing concentrations of anti-
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Fig. 11. The effect of treatments on the transepithelial electrical resistance
(TEER, Q*cm?) of Caco-2 monolayers. Results are presented as the TEER 24 h
following treatment with diluted fluid obtained from the M-SHIME® fermen-
tation vessels after 48 h of incubation, as a percentage of initial TEER at time
zero (100%, represented by the dotted line). Blank: untreated M-SHIME®
vessels; PLGA 1: vessels treated with 4.5 g/L PLGA 1 particles; PLGA 2: vessels
treated with 4.5 g/L PLGA 2 particles; lactate bolus: vessels treated with 2.43 g/
L lactic acid. The mean TEER value for the epithelial model at 0 h, across donors
and treatments, was 1462 + 151 Q*cm? N = 3 for each donor-treatment
pairing, with results represented as means + SD.
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inflammatory SCFAs in the fluids (for PLGA 2, only).

In the case of donor 3, the blank and PLGA 1 fluids also did not
protect the Caco-2 monolayer. Although samples from donor 3's PLGA 2
vessels numerically increased TEER compared to the blank, this increase
narrowly missed statistical significance (P = 0.0589). However, samples
from donor 3's lactate bolus vessels did significantly protect the integrity
of the cells (P = 0.0103). Notably, the lactate bolus exerted a generally
toxic effect on donor 3's microbiota, leading to a sustained decrease in
pH (Fig. 4B), reduced synthesis of SCFAs (Fig. 5), and decreased absolute
abundance of luminal bacteria (Fig. 7). This inhibitory action on
microbiota also reduced the synthesis of pro-inflammatory ammonium,
potentially explaining the observed protective effects on Caco-2 TEER.

3.3.2. Effect on anti-inflammatory IL-10

Fig. 12 depicts the impact of treatments on the anti-inflammatory
cytokine IL-10 in the basolateral compartment of the Caco-2/THP1 co-
culture model. As expected, the positive control, hydrocortisone,
significantly increased IL-10 secretion (Fig. S6C), confirming the val-
idity of the assay. PLGA 1 had no effect on IL-10 secretion for any donor,
and PLGA 2 and the lactate bolus were only significant for one donor
each. Incubation fluids treated with PLGA 2 promoted a statistically
significant increase in IL-10 secretion from cells for samples taken from
donor 1's vessels (P = 0.0316). In this case, but not for donor 2 and 3,
PLGA 2 showed anti-inflammatory potential. In contrast, donor 3's fluids
treated with the lactate bolus had a negative impact on IL-10 secretion.
Whilst this is also limited to one donor, and thus broad conclusions
cannot be made, it signifies that the lactate bolus was potentially pro-
inflammatory in this situation. Overall, none of the treatments had a
clear impact on IL-10 as the three donors were not uniformly affected.

3.3.3. Effect on pro-inflammatory markers

Fig. 13 presents the impact of treatments on pro-inflammatory
markers in the basolateral compartment of the Caco-2/THP1 co-cul-
ture model. These markers, including cytokines (IL-6, IL-8, IL-1p, TNF-
a), chemokines (CXCL10, MCP-1), and a transcription factor (NF-xB),
are known to be positively associated with inflammation, with higher
concentrations indicating a greater degree of pro-inflammatory signal-
ling [89-95]. The results from the controls were in line with that ex-
pected (Fig. S6).
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Fig. 12. The effect of treatments on IL-10 concentration in the basolateral
supernatant of the Caco-2/THP1 co-culture model. IL-10 was measured 6 h
after basolateral lipopolysaccharide stimulation of the Caco-2/THP1-Blue™ co-
cultures following apical pre-treatment for 24 h with fluid from M-SHIME®
incubation vessels that had been diluted 1:5 v/v with Caco-2 culture medium.
Blank: untreated M-SHIME® vessels; PLGA 1: vessels treated with 4.5 g/L PLGA
1 particles; PLGA 2: vessels treated with 4.5 g/L PLGA 2 particles; lactate bolus:
vessels treated with 2.43 g/L lactic acid. N = 3 for each donor-treatment pairing
with results represented as means + SD. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 13. The effect of treatments on pro-inflammatory markers present in the basolateral supernatant of the Caco-2/THP1 co-culture model. Markers were measured
6 h after basolateral lipopolysaccharide stimulation of the Caco-2/THP1-Blue™ co-cultures following apical pre-treatment for 24 h with fluid from M-SHIME®
incubation vessels that had been diluted 1:5 v/v with Caco-2 culture medium. Blank: untreated M-SHIME® vessels; PLGA 1: vessels treated with 4.5 g/L PLGA 1
particles; PLGA 2: vessels treated with 4.5 g/L PLGA 2 particles; lactate bolus: vessels treated with 2.43 g/L lactic acid. N = 3 for each donor-treatment pairing with
results represented as means + SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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PLGA 2 fluids demonstrated mostly neutral activity in the cell model.
The polymer had no significant effect on IL-6, TNF-a, CXCL10, or MCP-1
concentrations compared to the blank. However, in one instance PLGA 2
exhibited anti-inflammatory action: donor 1's fluids treated with PLGA 2
showed significantly lower concentrations of IL-8 (P = 0.0430) than the
blank. Furthermore, in several cases PLGA 2 displayed less pro-
inflammatory potential than PLGA 1, evidenced by reduced CXCL10
concentrations in samples from all donor fluids (P < 0.05), MCP-1
concentrations in samples from donor 3 (P = 0.0007), and NF-kB in
samples from donor 2 (P = 0.0360).

In two cases PLGA 1 was more inflammatory than the blank: CXCL10
concentrations in samples from donor 1 (P = 0.0446), and MCP-1 con-
centrations in samples from donor 3 (P = 0.0136). PLGA 2 was found to
be more inflammatory than the blank in one instance, where donor 3
fluids treated with PLGA 2 provoked secretion of IL-1p (P = 0.0150).

PLGA 1 had neutral effects on cytokines, but its stimulation of the
CXCL10 and MCP-1 chemokines is intriguing. In vivo, these chemokines
play a role in leukocyte recruitment, and have been associated with
greater disease severity in IBD [96,97]. While PLGA is generally regar-
ded as fully biocompatible, and included in various marketed formula-
tions, it is essential to consider the potential pro-inflammatory
properties of its molecular cousin, PLA [98]. A recent study showed that
PLA oligomers can cause acute intestinal and hepatic inflammation in
mice by binding to matrix metallopeptidase 12 (MMP12), leading to
significantly increased TNF-a. PLA oligomers bind to MMP12 via elec-
trostatic interactions between PLA's carboxyl groups and MMP12's zinc
ions. Though PLGA has a similar structure to PLA, it may have insig-
nificant affinity for MMP12 due to the larger space between its carboxyl
groups. Further, neither PLGA treatments were found to affect TNF-a in
the cell culture model.

3.4. Translational potential of PLGA

It is envisaged that PLGA 2 would be formulated for oral adminis-
tration, and would transit through the GI tract before being metabolised
by the colonic microbiota to provide sustained lactate release. It is not
expected that PLGA 2 would be significantly degraded in the stomach or
small intestine, as these regions have substantially lower microbial
abundances than the colon [99]. However, if upper GI degradation of
PLGA 2 was identified as a challenge, then the polymer could be
formulated for colon-specific release [54]. PLGA 2 offers several ad-
vantages over existing products designed to increase colonic SCFA
concentrations. Firstly, it is considerably less challenging to work with
than probiotics, which often experience reduced efficacy due to inacti-
vation during formulation and transit through the GI tract [34]. Sec-
ondly, precise dosing is achievable with PLGA whereas quantifying the
exact number and activity of live bacteria within probiotic products is
difficult and can vary between batches. Thirdly, at an effective con-
centration of 4.5 g/L and an estimated colonic fluid volume of 560 mL,
human adults would require a PLGA 2 dose of around 2.50 g, which is
significantly less than that required for prebiotics [54]. As such, PLGA 2
is expected to be less burdensome for patients in terms of administration
and may achieve higher compliance compared to prebiotics.

With all results, it is important to keep in mind the limitations of the
models used. The M-SHIME® and epithelial cell models are ex vivo/in
vitro techniques, thus data may not fully reflect in vivo outcomes. In
addition, these results are based on the microbiota sourced from three
healthy donors, and outcomes may vary when assessing a larger popu-
lation and/or individuals with disease. The results in this study outline
that PLGA 2 can be degraded by the gut microbiota, which could be
leveraged for sustained delivery of lactate over the course of colonic
transit. The extent to which SCFA synthesis is increased, microbiome
composition is altered, and epithelial function is modulated will be best
characterised in vivo; however, the present data provide a useful foun-
dation for planning and justifying in vivo experiments. An avenue for
future investigation could be the estimation of an ideal rate of lactate
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release from the PLGA particles, to enable optimal stimulation of SCFA
production in the colon.

Though the positive findings for PLGA 2 administration out-
numbered the negative, it is important to highlight the data that was not
in full support of the polymer. Namely, PLGA 2 reduced the number of
live bacteria in the luminal incubation samples. This raises concerns that
the polymer could reduce bacterial viability in vivo. Additionally, one
donor's luminal fluids incubated with the polymer increased concen-
trations of pro-inflammatory IL-1p in the epithelial cell culture model.
Further, several effects of PLGA 2 were observed in a donor-dependent
manner, suggesting the significance of individual microbiome compo-
sitions for response to PLGA 2 treatment, which could lead to inter- and/
or intra-individual variability in the clinic. As PLGA 2 is progressed to in
vivo studies, it is advised that analyses investigate both favourable and
unfavourable consequences of PLGA 2 administration. This will enable
proper appraisal of the product's potential as a novel microbiome
medicine.

4. Conclusions

This study investigated PLGA nano-microparticles as a means of
increasing microbial synthesis of SCFAs in the colon. The results showed
that PLGA particles with a molecular weight of 2000-2500 g/mol (PLGA
2), but not 38,000-54,000 g/mol (PLGA 1), were significantly degraded
by the human faecal microbiota in the short-term colon M-SHIME®
system. PLGA 2 metabolism led to sustained release of lactate in the
presence of all donors' microbiota over 48 h, with milder effects on
cultures' pH compared to a lactate bolus. PLGA 2 significantly increased
microbial synthesis of butyrate in all donors' vessels, in addition to
reducing the production of harmful ammonium. The PLGA 2 particles
had a mainly neutral effect on the in vitro model of the intestinal
epithelium, leading to minor and donor-specific changes in epithelial
integrity and inflammatory marker expression. PLGA 2 was also found to
alter luminal and mucosal microbiome composition in all donors' ves-
sels. Here, effects on relative abundances were generally deemed as
neutral or beneficial, whilst the absolute abundance of luminal bacteria
was significantly reduced in two donors' cultures. In conclusion, this
study revealed the susceptibility of PLGA to metabolism by human
faecal microbiota, a trait that could be exploited to increase concen-
trations of SCFAs in the colon. Onward investigation will focus on
optimising the formulation of PLGA for colonic delivery, leading to its
assessment as a microbiome therapeutic in vivo.
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