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Abstract: Abstract: Background: Accumulating research suggests that metabolites produced by
gut microbiota are essential for maintaining a balanced gut and immune system. Indole-3-acetic
acid (IAA), one of tryptophan metabolites from gut microbiota, is critical for gut health through
mechanisms such as activating aryl hydrocarbon receptor. Delivery of IAA to colon is beneficial for
treatment of gastrointestinal diseases, and one promising strategy is IAA esterified starch, which
is digested by gut microbes in colon and releases loaded IAA. Amylose content is a key structural
characteristic that controls the physicochemical properties and digestibility of starch. Methods: In the
current study, IAA was esterified with three typical starches with distinct amylose content to obtain
indolyl acetylated waxy maize starch (WMSIAA), indolyl acetylated normal maize starch (NMSIAA),
and indolyl acetylated high-amylose maize starch (HAMSIAA). The study comparatively analyzed
their respective physicochemical properties, how they behave under in vitro digestion conditions,
their ability to deliver IAA directly to the colon, and their effects on the properties of the gut micro-
biota. Results: The new characteristic peak of 1H NMR at 10.83 ppm, as well as the new characteristic
peak of FTIR spectra at 1729 cm−1, represented the successful esterification of IAA on starch back-
bone. The following in vitro digestion study further revealed that treatment with indolyl acetylation
significantly elevated the resistant starch content in the starch samples. In vivo experimental results
demonstrated that WMSIAA exhibited the most significant increase in IAA levels in the stomach,
whereas HAMSIAA and NMSIAA demonstrated the most remarkable increases in IAA levels in
the small intestine and colon, respectively. The elevated IAA levels in the colon are conducive to
promoting the growth of beneficial intestinal bacteria and significantly alleviating DSS-induced
colitis. Conclusions: This research presents innovative insights and options for the advancement of
colon-specific drug delivery systems aimed at preventing and curing gastrointestina disorders.

Keywords: indole-3-acetic acid; starch; colon-targeted delivery; gut microbiota; colitis

1. Introduction

Microbial metabolites are key players in the interaction between daily nutrients intake,
gut microbiome, and host health [1–3]. Expanding scientific studies have highlighted
the significant influence of gut microbiota-generated metabolites on preserving immune
system balance and gastrointestinal tract health [4–6]. Microbial metabolites of trypto-
phan such as indole-3-acetic acid (IAA), indole-3-propionic acid (IPA), indole-3-lactic acid
(ILA) and indole-3-acetaldehyde (3-IAld), are conducive to gastrointestinal function, anti-
inflammation, anti-oxidation, and immune regulation [7–10]. IPA was discovered as a

Nutrients 2024, 16, 3446. https://doi.org/10.3390/nu16203446 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu16203446
https://doi.org/10.3390/nu16203446
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-4236-2483
https://orcid.org/0000-0001-8931-4046
https://doi.org/10.3390/nu16203446
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16203446?type=check_update&version=1


Nutrients 2024, 16, 3446 2 of 18

prominent inflammation inhibitor since it can stimulate the receptor IL-10R1 of IL-10 in
human intestinal epithelial cells by the aryl hydrocarbon receptor (AHR) signaling pathway,
to counteract the overexpression of pro-inflammatory cytokines [11]. Supplementation with
ILA was shown to attenuate intestinal inflammation and IL-22 level in Cesarean section
offspring in mice [12]. Notably, IAA is crucial for intestinal health, as it can scavenge
free radicals, inhibit oxidative stress, and mitigate the production of pro-inflammatory
cytokines [13–16]. Furthermore, IAA’s therapeutic potential is evident through its interac-
tion with the AHR, which suggests a promising approach for managing gastrointestinal
conditions [13,17,18]. Within the colon, IAA activates the AHR signaling pathway, thereby
protecting gut epithelial integrity, maintaining the intestinal barrier, and playing an anti-
inflammatory role [19,20]. IAA is a small, fat-soluble molecule that is readily absorbed by
the small intestine [20]. However, oral administration of IAA often leads to inefficient colon
delivery, prompting studies to use high doses, such as 50 mM in drinking water [17], which
may not be practical for clinical applications. Therefore, there is an urgent need to develop
safe and effective methods for colon-targeted IAA delivery, to improve the bioavailability
and promote the immunomodulatory and therapeutic effects of IAA.

As a natural product for daily consumption, starch has advantages of high safety,
low cost, and good biocompatibility. Thus, starch can be potentially used as a carrier
for small molecular drugs and even microbial metabolites. Esterified starch with short-
chain fatty acids can regulate metabolism and intestinal microbiota composition [18,21,22].
Studies have found that 79% to 90% of butyrate esterified to starch is released in the human
gastrointestinal tract, and 57.2% is released in the large bowel [23]. High-amylose maize
starch (HAMS) is the most used starch carrier for metabolites delivery to the intestine, with
a relatively high cost due to its rarity. Amylose content (AC) is a key structural characteristic
that controls the physicochemical properties and digestibility of starch [24–26], and different
amylose content may have different colon-targeted delivery effects. Based on AC, starch
can be categorized into three main types: waxy type with AC of 0–8%, normal type with
AC of 20–40%, and high-amylose type with AC of 50–90%. Waxy maize starch (WMS),
normal maize starch (NMS), and HAMS are three typical representatives of their respective
types [27]. Therefore, these starches can be ideal candidates carriers for investigating their
colon-targeted IAA delivery abilities, and their positive impacts on health.

The objective of this study was to assess the capacity of starches with varying struc-
tures to deliver IAA to the colon and to investigate whether the release of IAA from acylated
starches promotes intestinal health. Consequently, three indolyl acetylated starches, namely
WMSIAA, NMSIAA, and HAMSIAA, were synthesized. Their corresponding physico-
chemical characteristics, in vitro digestion, colon-targeted IAA delivery, and impacts on
intestinal flora were comparatively investigated. We further evaluated the effect of NM-
SIAA in alleviating dextran sulfate sodium (DSS)-induced ulcerative colitis in mice. These
findings provide a scientific basis for the targeted delivery mechanisms of starches and
offer new strategies for promoting gut health.

2. Materials and Methods
2.1. Materials

HAMS, NMS, and WMS were obtained from Ingredion (Bridgewater, NJ, USA), Xinxi-
ang Liangrun Whole Grain Food Co., Ltd. (Xinxiang, China), and Baolingbao Biotechnology
Co., Ltd. (Dezhou, China), respectively. IAA, 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDCI), 1-methylimidazole, and dimethyl sulfoxide (DMSO) were
purchased from Bide Pharmatech Ltd. (Shanghai, China). DSS was provided by MP Bio-
science (M.W. = 36–50 kDa). Potato amylose standard solution and potato amylopectin
standard solution were purchased from Henan standard material research and develop-
ment center. Pepsin (Cat. No. P7000), pancreatin (Cat. No. P7545), and amyloglucosidase
(Cat. No. A7095) were acquired from Sigma Chemical Co. (St. Louis, MO, USA). D-glucose
assay kit (K-GLUC) was purchased from Megazyme (Wicklow, Ireland). All other reagents
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used in this study were of analytical grade and used as received from commercial sources
without further purification.

Female C57BL/6 mice (approximately 8 weeks-old and weighing 17–19 g) were pur-
chased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Mice were kept under temperature-controlled conditions, alternating light for 12 h,
and freely fed water and food. All animal experiments were conducted in accordance with
the protocols approved by the Animal Ethics Committee of Shandong Analysis and Testing
Center. All procedures are carried out safely and in strict compliance with the biosafety
regulations of the Shandong Administration Office of Laboratory Animals.

2.2. Preparation of Indole Acetylated Starch

HAMSIAA, NMSIAA, and WMSIAA were prepared by the condensation method,
using EDCI as the coupling reagent and 1-methylimidazole as the reaction base and catalyst.
DMSO was used as solvent in the reaction [28,29].

Starch of 100 g was added to DMSO (1 L) and stirred at room temperature until
solution became clear. IAA, EDCI, and 1-methylimidazole were then added to the solution
at a molar ratio of 1:1.2:2 and stirred at room temperature for 24 h. Indole acetylated
starch was obtained by washing the reaction liquid with ethanol four times. The indole
acetylated starch was then air-dried naturally. By controlling the molar ratio of IAA to
starch, indole acetylated starches with the degree of substitution (DS) between 0.3 and 0.35
were synthesized.

2.3. Determination of Amylose Content

Amylose content was determined by the dual-wavelength method, which is mainly
based on the reaction of iodine with amylose and amylopectin complex color to the absorp-
tion spectrum. Amylose or amylopectin reacted with iodine reagents to form complexes
with different colors, and their respective absorption spectra were obtained by scanning
with ultraviolet spectrophotometer. Then, the determination wavelength and reference
wavelength of amylose standard were found by means of the mapping method, and the
standard curve of amylose was established to measure the amylose content of the sample.
Configuration of sample scanning fluid: The sample was mixed with NaOH solution,
heated in water at 85 ◦C for 20 min, titrated with HCl after cooling to pH = 3.5, and then
transferred to 25 mL volumetric bottle, adding 0.2 mL iodine solution and fixing volume to
obtain 0.1 mg/mL sample scanning solution. Amylose standard solution series gradient
configuration: Take potato amylose standard solution, add appropriate amount of water,
titrate with HCl to pH = 3.5, transfer to 25 mL volumetric bottle, add 0.2 mL iodine so-
lution, constant volume to 25 mL, shake well after 20 min. (Concentration: 0, 24, 40, 56,
72, 88, 104 µg/mL). Standard solution scanning solution: 104 µg/mL amylose standard
solution and 140 µg/mL amylopectin standard solution (configuration method is the same
as amylose standard solution).

The amylose scanning solution and amylopectin scanning solution were scanned in
the full band on the ultraviolet spectrophotometer to obtain the maximum absorption
wavelength of amylose and amylopectin. The determination wavelength and reference
wavelength of amylose were determined by drawing with the equal absorption point
wavelength method. Subsequently, both the amylose solution series with a gradient
concentration and the sample scanning solution were subjected to scanning analysis. The
amylose standard curve was drawn to calculate the amylose content in the sample. The
formula is as follows:

W = C × 25 × 25 × 0.001/(2.5 × 50)× 100% (1)

where W represents amylose content, C represents concentration of sample scanning
solution, 25 represents the volume of two constant volumes of the sample, 2.5 represents
the volume of the extracted sample, and 50 is the weight of the sample.
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2.4. 1H NMR and Determination of DS

The 1H NMR spectra of starch were obtained using slightly modified previous de-
scriptions [30]. 1H NMR spectroscopy was used to analyze the starch samples to confirm
the esterification reaction between starch and IAA. The indole acetylated starch sample
(20 mg) was dissolved in deuterium-dimethyl sulfoxide (DMSO-d6, 0.6 mL) and placed in a
50 ◦C oven to dissolve the indole acetylated starch and obtain a uniform and clear solution.
Then, 1H NMR spectrum of the starch sample was measured on the Bruker AV III 400 (1H
at 400 MHz) magnetic resonance spectrometer. Chemical shift (δ) was measured in ppm.

DS was determined by the nuclear magnetic method [31]. Peaks between 4.00 and
5.50 ppm correspond to signals of the four hydrogens of the anhydroglucose unit. The
chemical shift of the NH proton on the indole group was 10.85 ppm. The formula for
calculating DS was as follows:

DS = (N × 4)/A (2)

Here, N represents the integral of the NH signal. A represents the integral of the four
hydrogen signals of the anhydroglucose unit.

2.5. FTIR Spectra of Starch

With a slight modification of the previous method [32], the sample was analyzed using
FTIR instrument (Nicolet 710, Thermofisher, Waltham, MA, USA). Each starch sample
(1 mg) was mixed with KBr (100 mg) and then pressed into a thin film sheet. The FTIR
instrument recorded wavenumbers between 400 and 4000 cm−1.

2.6. X-Ray Diffraction (XRD)

The crystal structure of the starch samples was measured by XRD-EMPYREAN diffrac-
tometer (PANalytical B.V., Almelo, The Netherlands) with a step size of 0.02 and a rate of
4 ◦/min at room temperature within the 2θ range of 3–50◦.

2.7. Scanning Electron Microscopy (SEM) of Starch

The starch samples were coated with a layer of gold under vacuum before observed by
SEM (SUPRA™ 55, Zeiss, Maple Grove, MN, USA) at an accelerated voltage of 10 kV during
photomicrographic examination. The micromorphology of starch particles was obtained.

2.8. In Vitro Digestion

Refer to the previous method and modify it slightly [33–35]. The pepsin solution
was obtained by adding 200 mg pepsin into 20 mL HCl (0.05 mol/L). Pancreatic lipase of
4.5 g was dispersed in 15 mL water, oscillated at 37 ◦C for 30 min, and centrifuged. The
supernatant of 10 mL was taken and mixed with 1.58 mL glucosidase solution to obtain a
mixed enzyme solution. Samples of 100 mg without any heat processing were weighed,
and NaAc (0.2 mol/L) solution of 1.65 mL was added to each sample. After oscillating
at 37 ◦C for 10 min, 1.65 mL pepsin solution was added, and the mixture was further
oscillated for 30 min. A solution of 200 µL was taken out and added to 2 mL ethanol to
quench the reaction. The amount of glucose in the solution is the amount of free glucose
in the reaction. Then, the original solution was added to 835 µL mixed enzyme solution
and continued oscillating at 37 ◦C. After adding the mixed enzyme, 200 µL solution was
taken out and quenched in 2 mL ethanol solution at 20 min and 120 min respectively. The
glucose concentration of the enzymolysis solution at three time points was measured by
the method in the D-glucose assay kit. The formula is as follows:

RDS(%) = (G20 × 0.9 − FG)/TS (3)

SDS% = (G120 − G20)× 0.9/TS (4)

RS(%) = 1 − RDS − SDS − FG/TS (5)
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Here, FG is the free glucose content. G20 is the glucose content after 20 min of reaction,
and G120 is the glucose content after 120 min of reaction. TS is the sample weight.

2.9. Animal Models

To evaluate the targeted IAA delivery ability of different indole acetylated starches,
after 7 days adaptation period, the mice were randomly divided into control group and
experimental groups (WMSIAA, NMSIAA and HAMSIAA groups), with six mice in each
group. The diets of the experimental group were modified based on AIN-93G formulation,
namely supplemented with 1.5% (w/w) HAMSIAA, NMSIAA, or WMSIAA on the basis of
the control group diet (formula detailed in Appendix A). After seven days treatment, fecal
samples were collected in a sterile environment for the analysis of the intestinal microbiota.
Subsequently, the mice were sacrificed, and stomach contents, small intestine contents,
colon contents, and hepatic portal venous blood were collected for the detection of IAA.

For evaluation of the protective effect of NMSIAA against colitis, after 7 days adap-
tation period, mice were randomly divided into control, DSS, sodium indole-3-acetate
(IAANa) and NMSIAA groups, with six mice in each group. For NMSIAA group, mice
were kept on mouse diets with 1.5% w/w NMSIAA, for all the other groups were fed with
control group diet (For IAANa group, mice were also kept on 2.68 mg/mL of IAANa
in drinking water). After one week of feeding, DSS, IAANa, and NMSIAA groups were
exposed to 2.5% (w/v) DSS dissolved in drinking water for six consecutive days. The body
weight was monitored daily. Colon length, disease-related index (DAI), and histopathologi-
cal changes in colon tissue were assessed at the end of the experiment.

2.10. Quantification of IAA

IAA levels were quantified using the UPLC-MS/MS method [36]. Quantification of
IAA in stomach contents, small intestine contents, and serum samples were performed by
multiple-reaction monitoring by mass spectrometry using positive mode electrospray ion-
ization (ESI) and ultra-high performance liquid chromatography (Waters ACQUITY UPLC).
Stomach contents, small intestine contents, colon contents or serum samples were added
with internal standard solution (IAA-d5), and then under ultrasonic extraction and cen-
trifugation. The obtained supernatant was purified by HLB solid phase extraction column,
filtered by 0.22 µm filter, and injected into the UPLC-MS/MS system for measurement.

2.11. Analysis of 16S rRNA Gene Sequences

Total DNA was extracted from feces and quantified by Nanodrop. The quality of
DNA extraction was detected by 1.2% agarose gel electrophoresis, and the target fragments
were amplified by PCR. The amplified products were purified by magnetic beads and then
fluorescence quantified by PCR amplification using Microplate reader (BioTek, FLx800,
Winooski, VT, USA). Illumina’s TruSeq Nano DNA LT Library Prep Kit was used to
prepare sequencing libraries. Double-ended sequencing was performed with the MiSeq
sequencer. Effective sequences were clustered into operational taxonomic units (OTU) with
97% sequence identity, and then compared with the Greengenes database (Release 13.8).
Sequence data analysis was carried out using QIME2, R language, R script, etc.

2.12. Statistical Methods

The data were expressed as mean values ± standard error of mean. The one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test was performed, and
* p < 0.05, ** p < 0.01, p < 0.05 was considered as the significance difference. Analysis
was performed using GraphPad Prism version 8.00 (GraphPad Software Inc., San Diego,
CA, USA).
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3. Results
3.1. Synthesis of Indole Acetylated Starches

The amylose content of three native starches was measured by dual-wavelength
method (Table 1). HAMS was found to have the highest AC of 56.97%, while WMS has the
lowest AC of 0.49%.

Table 1. Amylose content in native starch.

Sample HAMS NMS WMS

AC (%) 56.97 ± 0.23 31.10 ± 0.37 0.49 ± 0.03
Results are mean ± SEM (n = 3). of three independent measurements. Note: AC: amylose content; HAMS:
high-amylose maize starch; NMS: normal maize starch; WMS: waxy maize starch.

To obtain IAA esterified starches with similar DS for further comparative investigation,
HAMSIAA, NMSIAA and WMSIAA with DS between 0.3 and 0.35 were synthesized. As
shown in Table 2, to achieve a similar DS to that of HAMS, WMS and NMS require a higher
feeding ratio of IAA. This result indicates that HAMS is more readily acylated compared to
WMS and NMS. This difference may be related to their corresponding internal structure,
where the branched chain structure of amylopectin is unfavorable for esterified reaction
compared to amylose.

Table 2. Determined DS of synthesized indole acylated starch.

DS Molar Ratio of IAA vs. Starches

HAMSIAA 0.34 0.5
NMSIAA 0.32 0.55
WMSIAA 0.31 0.6

Note: DS: degree of substitution; HAMSIAA: indole acetylated high-amylose maize starch; NMSIAA: indole
acetylated normal maize starch; WMSIAA: indole acetylated waxy maize starch.

3.2. Structural Characterization of Indole Acetylated Starches

The 1H NMR spectra of indole acetylated starches and native starches were shown
in Figure 1. Compared with the spectrum of native starch, the indole acetylated starches
showed some new peaks, which were related to the NH (10.83 ppm) and the five aromatic
hydrogens (7.50, 7.35, 7.27, 7.08, 6.99 ppm) of the indole ring. The presence of these new
peaks indicates that IAA was successfully bound to the starch backbone by acylation.

The FTIR spectra of indole acetylated starches are shown in the Figure 2. The wide
peaks at 3400 cm−1 are attributed to -OH stretching vibrations, which are associated with
intermolecular and intramolecular hydrogen bonds [21]. In all, 2927 cm−1 should be caused
by the -CH stretching vibration of the glucose unit [37]. There is a strong band at 1640 cm−1,
which is assigned to the deformation vibration of water molecules absorbed by starch, and
the characteristic peak near 1021 cm−1 is related to the stretching of C-O-C bond. The
characteristic peaks at 929, 855 and 579 cm−1 are generated by the stretching vibration
of the glucose ring [38]. After acylation, some -OH was replaced by -NH of indole acetyl
group, so the broad peak at 3400 cm−1 was sharper than that of native starch, which may
be caused by the stretching vibration of -NH. Different from the native starch, the FTIR
spectrum of indole acetylated starches showed a strong absorbance band at 1729 cm−1,
which is due to the vibration caused by the symmetry interference of carbonyl C=O [39].
The enhanced peaks at 1459 and 745 cm−1 were attributed to the aromatic CH characteristic
peak of the indole acetyl group. All these results confirmed the successful esterification
reaction between IAA and starch.
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3.3. Effect of Indole Acetylation on the Crystalline Characters of Starch

The X-ray diffraction (XRD) patterns depicted in Figure 3 illustrated the structural
differences between the native starch and starch modified through indole acetylation.
Starch exhibits various crystalline forms, categorized into A, B, C, and V-types, which are
differentiated by the specific angles of their diffraction peaks in the XRD spectra. A-type
crystalline starch is characterized by its strong diffraction peaks at 15◦, 17◦, 18◦, and 23◦,
while B-type crystalline starch displays peaks at 5.6◦, 17◦, 22◦, and 23◦. V-type starch is a
kind of synthetic starch with 13.2◦ and 20◦ as its characteristic peaks [40]. XRD analysis
shows that HAMS has a B-type crystalline structure, while NMS and WMS have A-type
structures. WMS has the highest degree of crystallinity, followed by NMS, with HAMS
being the least. The higher crystallinity in waxy starches is due to the predominance
of amylopectin, consistent with previous studies [41,42]. The three indole acetylated
starches all exhibit a V-type structure, indicating that the acylation process has completely
transformed the crystalline structure of the starch.
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3.4. Starch Granule Morphology

The SEM microscopic images of different starches are shown in the Figure 4. HAMS,
NMS, and WMS showed smooth surface with polygonal or spherical shape. After acyla-
tion, the shape of starch granules became irregular with rough, loose surface, and loses
its clear edge. Notably, the WMSIAA showed a porous surface. The dramatic change
of morphologies could be due to the solvent DMSO used in the reaction disrupted the
crystalline structure of starch granules. In addition, the deformation observed in indole
acetylated starch may also be due to the disruption of intermolecular and intramolecular
hydrogen bonds by substituting IAA groups for OH groups in the glucose unit, resulting
in the destruction of the ordered crystal structure of starch particles.
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3.5. In Vitro Starch Digestion

There are many factors that affect the resistance to digestion of starch [43], among
which the amylose content is a key factor affecting the digestibility of starch [24,25]. Starch
is thought to have alternating layers of crystalline and amorphous regions constructed by
amylopectin and amylose, and the outer chains of amylopectin are organized into double
helices, some forming a crystal structure. The shorter double helix of type A starch is
easier to digest [44,45]. In vitro digestion of native starches and indole acetylated starches
are shown in the Table 3. WMS and NMS are typical A-type crystalline starches, with
WMS having the lowest amylose and highest amylopectin content. The double helix
in the crystalline region of WMS is easily disrupted, leading to a low resistant starch
(RS) content of 14.30 ± 1.87% and faster digestion. HAMS, a B-type crystalline starch,
has high-amylose and low amylopectin content, resulting in slower digestion with a
high RS content of 40.83 ± 1.25%. After IAA esterification, the RS content of all three
starches significantly increased to around 66–68%. The rapidly digestible starch (RDS) of
HAMSIAA and NMSIAA slightly increased, while the slowly digestible starch (SDS) of the
indole acetylated starches decreased markedly. In vitro digestion experiments preliminarily
indicated that all three starches with varying amylose content significantly enhanced their
resistance to digestion after indole acetylation. The enhanced resistance suggested indole
acetylated starches could potentially resist gastric and small intestinal digestion in vivo,
and thus be used for targeted delivering loaded IAA to colon.
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Table 3. Digestible and resistant starch contents of the starch preparations.

HAMS NMS WMS HAMSIAA NMSIAA WMSIAA

RDS (%) 27.59 ± 0.41 26.30 ± 0.32 38.75 ± 0.38 33.54 ± 0.75 31.83 ± 0.67 31.05 ± 0.52
SDS (%) 18.98 ± 0.14 39.67 ± 0.69 35.44 ± 0.59 0.44 ± 0.12 0.43 ± 0.10 1.59 ± 0.06
RS (%) 40.83 ± 0.72 22.5 ± 0.93 14.30 ± 1.1 66.02 ± 0.68 67.49 ± 0.59 67.31 ± 0.51

Results are mean ± SEM (n = 3). Note: RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant
starch; HAMS: high-amylose maize starch; NMS: normal maize starch; WMS: waxy maize starch; HAMSIAA:
indole acetylated high-amylose maize starch; NMSIAA: indole acetylated normal maize starch; WMSIAA: indole
acetylated waxy maize starch.

3.6. Colon-Targeted IAA Delivery In Vivo

The IAA content digestive tract of mice is shown in Figure 5. IAA concentrations
in stomach contents, small intestine contents, colon contents and portal vein blood were
remarkably increased in all three indole acetylated starch groups compared to the control
group (Figure 5). Specifically, the WMSIAA group showed the highest IAA concentration in
the stomach (200 µmmol/kg, Figure 5A), surpassing the levels found in the HAMSIAA and
NMSIAA groups, which were 50 µmol/kg and 58 µmol/kg, respectively. The content of
IAA was the highest in small intestine of the HAMSIAA group, which was 1.75 mmol/kg
(Figure 5B), compared with 1.10 mmol/kg and 0.66 mmol/kg in the NMSIAA and WMSIAA
groups. In mice colon contents, the IAA content of HAMSIAA groups showed the highest as
4.19 mmol/kg, while in NMSIAA and WMSIAA group at 3.51 mmol/kg and 2.99 mmol/kg
(Figure 5C). Moreover, IAA concentration in colon contents of the three groups of indole
acetylated starches was significantly higher than that in the stomach and small intestine,
indicating that the vast majority of loaded IAA had been successfully transported to the
colon by indole acetylated starches, which is consistent with in vitro digestion data (Table 3).
In portal venous blood (Figure 5D), all three indole acetylated starch groups showed a
noteworthy increase in the IAA level compared to control group, indicated that the high
level of IAA in colon had been absorbed into the blood in the gut, resulting an increased
level of IAA in portal vein system. In summary, these results demonstrated the high
efficiency of the starch-based system for colon-targeted delivery of IAA and provided a
reference for the release of loaded IAA in different position of digestive tract in vivo.Nutrients 2024, 16, x FOR PEER REVIEW 11 of 18 
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trations in portal venous blood. Results are mean ± SEM (n = 6), * p < 0.05. Note: HAMSIAA: indole
acetylated high-amylose maize starch; NMSIAA: indole acetylated normal maize starch; WMSIAA:
indole acetylated waxy maize starch.
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3.7. Analysis of Gut Microbiota

16S rRNA gene sequencing elucidated shifts in fecal bacterial communities, as depicted
in Figure 6 for bacterial community changes in mice feces. At the phylum level (Figure 6A),
the relative abundance of Bacteroidetes and Actinomycetes in the indole acetylated starch
groups increased, and the ratio of Firmicutes/Bacteroidetes (F/B) and TM7 decreased. The
F/B ratio of the control group was 15.88, and those of the HAMSIAA, NMSIAA and
WMSIAA groups were 4.65, 4.02, and 10.90, respectively. The F/B ratio was reported to be a
biomarker associated with intestinal dysfunction and could be used to identify pathological
conditions in the intestine. Having a low F/B ratio is generally considered healthy because
it promotes a balanced immune system [46]. Studies have found that the occurrence of
TM7 in the gut is associated with type 2 diabetes and impaired glucose metabolism [47],
and its abundance is also positively correlated with inflammation [48].
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indole acetylated waxy maize starch.
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At the genus level (Figure 6B), The relative abundance of Allobaculum, a mucus-
degrading bacteria that was associated with inflammatory bowel disease (IBD) pathol-
ogy [49], was reduced in the HAMSIAA and NMSIAA groups compared to the control
group. This suggests that HAMSIAA and NMSIAA groups have the potential to prevent
or alleviate IBD such as colitis. As a pathogenic bacterium capable of producing hydrogen
sulfide, the relative abundance of Desulfovibrio in the NMSIAA group has decreased signifi-
cantly. The relative abundance of AF12 and Parabacteroides in all three indole acetylated
starch groups was significantly higher than that in the control group. Previous studies
have shown that AF12 has a positive effect on weight control [50]. Parabacteroides has physi-
ological characteristics of carbohydrate metabolism to produce SCFAs and has potential
therapeutic applications in maintaining host intestinal homeostasis [51,52]. An increase
in the relative abundance of Oscillospira was also observed in HAMSIAA and NMSIAA
groups, a bacterium with a high potential to produce SCFAs such as butyric acid [53].

Venn diagrams were used to count common and unique species in experimental groups
and the operational taxonomic units (OTUs) of each group were counted. HAMSIAA,
NMSIAA, WMSIAA, and control groups were compared at the genus level (Figure 6C),
184 common species were shared by the four groups, and unique species in group were
739, 1035, 435, and 555, respectively. The result indicated that the OUT level of microorgan-
isms changed significantly and the NMSIAA group had the highest OTU level. The top
50 bacteria at genus level with relative abundance were analyzed by clustering heat map
(Figure 6D). Some bacterial genera show marked differences in relative abundance between
groups. For example, Bifidobacterium, Adlercreutzia, Oscillospira, Prevotella, Odoribacter, and
Christensenella are all beneficial intestinal bacteria. The relative abundance of these bacteria
in the indole acetylated starch groups increased compared with the control group. Bilophila,
Kaistobacter, and Staphylococcus are known as pathogenic bacteria, and they all decreased in
indole acetylated starch groups to varying degrees. In short, the indole acetylated starches,
especially NMSIAA and HAMSIAA, induced a potentially beneficial gut microbiome re-
sponse, enhanced the relative abundance of probiotics, and provided inhibition against
pathogenic bacteria.

3.8. NMSIAA Improved DSS-Induced Colitis in Mice

Since the NMSIAA group showed the lowest F/B ratio and highest OTU level in gut
microbiota analysis, we further tested its protective effect against DSS-induced colitis, with
results depicted in Figure 7. Mice were treated NMSIAA or IAANa with the consistent
IAA administration for 7 days before access to DSS in drinking water (Figure 7A). After
addition of DSS, the NMSIAA group showed significant improvement in weight loss
(Figure 7B), DAI (Figure 7C), and colon length (Figure 7D,E). Histologic analysis showed
that reductions in goblet cells, mucosal injury, inflammatory cell infiltration, and crypt loss
were significantly alleviated in the mice treated with NMSIAA (Figure 7F). Meanwhile, the
NMSIAAA group was able to significantly reduce histopathological scores (Figure 7G). In
contrast, oral administration of IAANa showed a minor remission effect on colitis, due
to the extensive absorption of IAA in upper gastrointestinal tract, making it difficult to
reach the colon. This is consistent with our previous research results that IAA released
by indole acetylated starch in colon, and the remission effect on colitis may be closely
related to the activation of the AHR/IL-22 pathway [18]. These findings suggested that
the NMSIAA treatment was capable of significantly alleviating DSS-induced colitis in mice
and enhancing intestinal homeostasis.
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Figure 7. NMSIAA ameliorated DSS-induced murine colitis. The schematic diagram of animal study
design (A). Weight change (B), DAI (C), colon length (D,E), histopathological changes in colonic
tissues (F) and histopathology score (G). Results are mean ± SEM (n = 6), * p < 0.05, ** p < 0.01. Note:
NMSIAA: indole acetylated normal maize starch.

4. Discussion

In this study, we investigated the use of starches with various AC as carriers to
chemically acylate IAA onto starch backbones, aiming for colon-targeted IAA delivery
in vivo. The findings revealed that different starch carriers exhibited significant differences
in their colon-targeted delivery performance and health impact.

As a tryptophan metabolite in the intestine, IAA can bind to AHR and play a role in
regulating intestinal immune homeostasis by inhibiting pro-inflammatory cytokine levels
and inflammatory response [54,55]. However, IAA is easily absorbed in the upper digestive
tract, and thus oral IAA can lead to inefficient colon delivery. Starch is an important source
of carbohydrates in the human body. In view of the high anti-digestion ability of modified
starch in the stomach and small intestine, the IAA concentration in the colon is expected to
be increased through appropriate delivery of modified starch to the colon. It is a safe and
effective means to select starch as a carrier to deliver IAA to the colon. AC in starch is a
key factor affecting physicochemical properties and digestive properties. Analysis of AC
indicated 56.97% for HAMS, 31.10% for NMS, and 0.49% for WMS. There are many factors
that affect the enzymolysis performance of amylase [43,56,57]. The most reported is that the
content of amylose and amylopectin affects the crystal type and digestion characteristics
of starch [24,25,58]. HAMS has the highest AC, and its amorphous region is not easily
destroyed compared with the crystalline double helix of amylopectin, and it has a stronger
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resistance to enzymatic hydrolysis and a slower digestion rate [59]. The crystalline region
of starch is mainly composed of amylopectin, which is a double helix structure formed
by hydrogen bonds in the molecule. This region was damaged by the decrease in starch
crystallinity caused by the weakening of hydrogen bonds during esterification [60]. After
the esterification of IAA, the hydroxyl group was replaced by the indole acetyl group, which
resulted in the destruction of the ordered double helix structure of starch particles, and the
crystalline structure of starch changed into V-type. The contents of RDS and SDS decreased,
and the contents of RS increased during in vitro digestion, which initially indicated that
indole acetylated starch could possibly deliver a large amount of IAA to the colon.

This study investigated the colon-targeted delivery efficacy of various starch deriva-
tives and their impact on gut microbiota regulation. Three distinct esterified starches—
HAMSIAA, NMSIAA, and WMSIAA, were incorporated into the diet of mice, and the
IAA content in different tissue samples was analyzed. Compared to the control group,
the content of IAA in various tissues of the three indole acetylated starch groups has been
significantly increased. Notably, the IAA levels in the stomach contents, small intestine
contents, and hepatic portal venous blood were consistently lower than those found in
the colon. Specifically, the WMSIAA group exhibited the highest IAA content in stomach,
while the HAMSIAA group showed the highest IAA levels in small intestine and colon.
This could be attributed to the loose and porous starch granules of WMSIAA (Figure 4),
which results in an increased specific surface area. As a result, WMSIAA has greater contact
with enzymes compared to HAMSIAA and NMSIAA, making it more easily digestible by
enzymes in the stomach. Conversely, HAMSIAA and NMSIAA could mostly reach the
lower digestive tract and result in a high release the loaded IAA there. Additionally, in the
mice treated with the three types of indole acetylated starches, no significant differences
were observed on the IAA content in the portal vein blood showed. These findings under-
score the successful targeted delivery of IAA to the colon by the indole acetylated starches,
with the HAMSIAA group demonstrating the most effective delivery.

Furthermore, 16S rRNA sequencing revealed that the different indole acetylated
starches exerted distinct regulatory effects on the intestinal microbiota. The F/B is a
crucial indicator for evaluating the structure of intestinal microbiota, and a higher F/B
value is associated with obesity [46]. The study observed a decrease in the F/B ratio
among the indole acetylated starch groups, suggesting a shift toward a healthy microbial
profile. Concurrently, the relative abundance of beneficial bacteria increased, while that of
pathogenic bacteria decreased in these groups. These microbiota changes indicate that the
delivery of IAA via different amylose derivatives has a positive regulatory influence on
intestinal bacteria.

To investigate the potential of amylose-mediated colonic targeting of IAA in facilitating
disease remission, this study employed NMSIAA for the early intervention of DSS-induced
colitis. Our findings demonstrated a significant reduction in the severity of colitis in mice
treated with NMSIAA, contrasting with the minimal impact of orally administered IAANa
with consistent IAA administration. The remission of colitis in NMSIAA group could be
related to IAA activation of AHR and ERK pathway [17,18]. The poor effect of IAANa group
was likely due to its extensive utilization in the upper gastrointestinal tract, hindering its
arrival at the colon to exert a physiological effect. Additionally, our previous study has
documented the colitis-alleviating effects of HAMSIAA [18], while HAMS with a high
content of RS showed much less alleviation in colitis, further supporting the notion that the
colon-targeted delivery system holds promise for the treatment of colitis.

5. Conclusions

In summary, three indolyl acetylated starches, namely WMSIAA, NMSIAA. and HAM-
SIAA, were synthesized and characterized with 1H NMR, FTIR, XRD, and SEM. In vitro
digestion experiment showed that the RS content in all three starches was significantly
increased after indole acetylation. When added to mice diet, NMSIAA and HAMSIAA
showed remarkable effects on colon-targeted IAA delivery. NMSIAA showed the most
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abundant intestinal microbiota species by enhancing the relative abundance of probiotics
and inhibiting against pathogenic bacteria, resulting in a healthy microbial profile. In mice
models, NMSIAA showed effective alleviation of DSS-induced colitis. Overall, this work
offers novel perspectives and alternatives for the development of colon-targeted delivery
systems for the prevention and treatment of gut related disorders.
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Appendix A

Table A1. Composition of experimental diets (g/kg diet) based on AIN-93G formulation.

Ingredient
Diet

Control WMSIAA NMSIAA HAMSIAA

Standard maize starch 529.5 514.5 514.5 514.5
WMSIAA 0 15 0 0
NMSIAA 0 0 15 0
HAMSIAA 0 0 0 15
Casein 200 200 200 200
Sucrose 100 100 100 100
Sunflower Seed Oil 70 70 70 70
Alpha cellulose 50 50 50 50
Mineral Mix AIN 93G 35 35 35 35
Vitamin Mix AIN 93VX 10 10 10 10
L-Cystine 3 3 3 3
Choline bitartrate 2.5 2.5 2.5 2.5
Total 1000 1000 1000 1000

WMSIAA, indole acetylated waxy maize starch.; NMSIAA, indole acetylated normal maize starch; HAMSIAA,
indole acetylated high-amylose maize starch.
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