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Abstract

The present study aims to identify how structural modifications of amylopectin corn starch on
esterification with folic acid (FA) affectds in vitro digestion. Small angle X-ray scattering
(SAXS) confirmed that at low FA esterificatiof®-10%), the mesophase order showed the
absence of any super-structural order. However, a discotic stacking of SF forming columnar
hexagonal phases and columnar helical phases (with strong optical anisotropy) was observed
upon increasing FA esterification (20-40%). X-ray diffraction (XRD) evidenced the development
of a V and B-type molecular packing order in SF with increased FA esterification from 20-40%,
with a consequential increase in the percentage of slow digestible starch (SDS) and resistant
starch (RS). The slower digestion phenomenon displayed a dual-phase behavior, with digestion
rates k> k, wherek; being ca.0.3 of k. Stacking over packing order appeared to be more
influential in limiting the enzymatic action. A k-means clustering analysis of the total digested
starch and Fourier transform infrared (FTIR) spectroscopy peak ratios (1000/1022)décated

that 0.04 level FA substitution was crucial for slower hydrolysis of SF. This study provides
structural insights for developing starch-folic acid ester derivatives that could form building-
block copolymers for future development of oral drug/ nutraceutical delivery vehicles with

tailored starch digestion properties.
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1. Introduction

Starch is recognized as one of the most promising building-block polymers for designing
biocompatible oral drug delivery systems for a therapeutic utility in chronic gastrointestinal
diseases, including inflammation and cancers [1]. In particular, starch has received much
attention in this area due to its abundant availability, low-cost, biodegradability, biocompatibility,
and non-toxicity. Moreover, starch itself is a physiologically active component. Modified
starches have been shown to ameliorate the conditions of colon cancer, lower cholesterol and
reduce cardiovascular diseases [2].

Starch has recently been explored for the preparation of relatively inexpensive drug
delivery systems with the capability of molecular recognition of inflamed and cancerous cells
inside mammalian systems via esterification of folic acid (FA), the latter is a water-soluble
vitamin. In particular, FA is widely accepted as a ligand molecule for targeted cancer thexapies a
compared to other water-soluble vitamins. This is because FA specifically binds with its high
binding affinity, K;~ 10'°M to folate receptors [3-5], that are overexpressed in various
epithelial cancers, such as brain, breast, colorectal, renal, nasopharyngeal, ovarian, and uterine
[6]. However, such esterification of starch-based delivery systems using FA has been
demonstrated to result in multi-scale structural modifications [3, 4, 6]. Starch is structurally
arranged in granules-(-100 pm in size) which are partly crystalline in nature and consist of
alternating layers of amorphous and semi-crystalline domains. These semi-crystalline domains
can again be described as a lamella formed by amorphous and crystalline regions with repeat
distances ranging 9-10 nfy]. During the esterification process with FA, there are intermediate
steps that involve treatment with solvents (e.g. dimethyl sulfoxide (DMSOQ)). In a recent study, it

was demonstrated that such intermediate steps result in profound mesoscopic structural



rearrangements in starchigg. A loss of 75% of the semi-crystalline registries of amylopectin
corn starch (corresponding to a repeat distance of ca. 9 nm) upon initial DMSO treatment was
observed, followed by the total loss of stacking and packing order in the starches upon treatment
with the crosdinker, n, n’-dicyclohexylcarbodiimide (DCC) [5]. Upon esterification with FA, an
FA-assisted self-assembly and cross-linking of starch-folic acid ester (SF) derivatives was
postulated, which resulted in the development of discotic stacking of SF forming hexagonal
columnar phases (lattice parametecaf4.5 nm) [5]. However, how the structure of starch may
evolve over a range of degree of substitutions with FA remains poorly understood.

More importantly, starch-based delivery systems can be eroded by amylases in the oral
and intestinal phases after ingestion, restricting their abilities for the site-dependent release of the
drug/ nutraceutical when administered via the oral route. Recently, it has been shown that folic
acid can inhibit the catalytic efficiency efamylase [8]. Therefore, it can be hypothesized that
esterification of starch with folic acid could modulate the digestion of these SF delivery systems
within the gastrointestinal system. However, the role of structural modification of starch upon
creation of SF esters on starch digestion kinetics has not been reported to date. Understanding the
structural mechanism behind altered digestion of starch on esterificatiorRAvithkey to design
SF esters with dual benefits of, (a) resisting digestion to allow the site-dependent delivery of the
drug/nutraceutical and (b) capability BA for high-affinity targeting and molecular recognition
of folate receptors in cancer cells.

Therefore, the present study aims to understand the evolution of the hierarchical
mesoscopic structure within SF on a progressive increase in FA substitution and investigate how
this affects the digestion kinetics. To understand the structural mechanism behind the digestion
behavior, a combination of complementary techniques of scattering (small-angle X-ray

scattering), diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, microscopy
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(bright-field and polarized, scanning electron), and in vitro digestion (classical Englystatigesti
and kinetics) were employed. Amylopectin corn starch was used in this study as it is the major
constituent of widely utilized cereal starches, and consequently, it is the main substrate for
digestion by a-amylase [9]. However, studies on the impact of amylopectin internal molecular
structure on starch digestibility have been scarce to date [10]. Additionally, amylopectin corn
starch lacking amylose has recently been acknowledged as a good structural model within starch
[10]. The internal regions of amylopectin form amorphous lamellae whereas the external regions
form crystalline phases. Noteworthy, any change in these clearly defined structural aspects of
amylopectin on esterification bifA can be straightforwardly identified by applying X-ray
scattering techniques. To our knowledge, this is the first study that demonstrates the structural

mechanism behind the digestion behavior of SF esters.

2. Materialsand Methods

2.1. Materials
Pepsin from porcine gastric mucosa (3200-4500 U)mpancreatin from porcine pancreasx(4
USP), a-amylase type VI-B from porcine pancreas (> 10 Ujngamyloglucosidase from
Aspergillus niger> 70 U mg"), invertase from baker's yeast (Saccharomyces cerevisiae) (> 300
U mg*), amylopectin corn starch (ACS), folic acid (FA), n, n’-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), dimethyl sulphoxide (DMSO) were purchased from Sigma-
Aldrich, India. Milli-Q water (Milli-Q apparatus, Millipore Corp., USA) was used throughout the
experiments.

Starch folic-acid (SF) esters with different degrees of substitutiéi®ofiere synthesized

as described previously [5]. Briefly, FA was reacted with DCC and DMAP (FA: DCC: DMAP



molar ratio of 1:1:0.3) by stirring for 30 min in DMSO. ACS was added to the reaction mixture
(5-40 wt% of FA to starch dry weight) and was further reacted under dark conditions for 24 h.
The reactions were carried out at 30 °C. The reaction products were washed with 0.1 M HCI and
water, and then dialyzed (3.5 kDa MWCO) against 10 mM phosphate buffer at pH 7.4 containing
0.10 M NacCl for 24 h, and, then with water for another 24 h, to remove any unbound FA and
traces of DCC and DMAP. The product was lyophilized, ground to a fine powder, and the SF
ester derivatives (SF5, SF10, SF20, SF30, and SF40) were obtained. Evidence of the
esterification between ACS and FA is described previously using confocal laser scanning
microscopy [5]. The degree of substitution of FA via the esterification reaction is described
previously using spectroscopy as follows, SF5: 0.01, SF10: 0.02, SF20: 0.04, SF30: 0.05
(sample: degree of substitution (the number of FA per glucose residues of 2CS8$ing the
previously described methods [5], the degree of substitution of SF40 was estimated as 0.07 and
Fig. S1 shows the confocal micrograph.

The control groups were: ACS, ACS treated with DMSO (S/DMSO) and ACS treated
with DMSO and DCC/DMAP (S/DCC). Additional controls included, S/IDMSO mixed with 20
and 40 wt% of FA to starch dry weight, i.e., SERQeriieca@nd SF4hesteritied r€SpeCctively.
2.2. Small-angle X-ray scattering (SAXS)
The SAXS instrument setup (SAXSpace, Anton Paar, Austria) used in thisisaelycribed in
detail elsewhere [11, 12]. Sample preparation, experimental conditions and the data manipulation
have been described previously [5]. The structural parameters from the SAXS data (0.1 nm™ < ¢
< 2.5 nm™") were obtained by fitting to a Cauchy-Lorentz-Power Law equation [5, 13] as shown

in equation (1),

2(9—Qqmax 2 - -
1(@) = o |1+ (R522) ] 42078 (1)



where 4, 8, Lyaxy, qmax, and, Aqg (FWHM) are adjustable positive parameters.
A model for stacked discs was implemented for one of the samples. Briefly, the scattered

intensity 1(q) is calculated [14] as in equation (2),

I(q) =N J, 128p,(V,fi(4, @) = Vefo(q, @)} + BpclVfo(q, @)}12S(q, @) sina da + I, (2)
where the contrast\p; = p; — Psowent, b Was the background, and N was the number of discs
per unit volume (the total number of the disks stacked per unit was set to 1).

Silver behenate with a known lattice spacing of 5.84 nm was used to calibrate the

4m

scattering vector g ag,= -

sin@, where 4 = 0.154 nm and 26 is the scattering angle.

2.3. X-ray diffraction (XRD)
The XRD data (angular ranged = 10-30°) of the dry samples were recorded at room
temperature (25 °C) on a D8 Focusa¥-diffractometer (Bruker AXS, Germany) using Cu Ko (1
= 0.154 nm) radiation. A small quantity of the sample was mounted on an aluminum sample
holder and leveled with a glass slide. Note, the scattering vector g is defined equally as in section
2.2.

The spectra were baseline corrected using OriginPro 8.0 (OriginLab Corp, USA), and, the

relative crystallinity (X %) was calculated according to equation (3),

Xc — Zi=AltAci (3)

where A is the area under each crystalline peak with index i; and the total area of the
diffraction pattern.

2.4. Polarized light microscopy

A Motic BA310Pol polarization microscope (Motic, Hong Kong) was used at 400x magnification

for imaging of the sample. Bright-field micrographs were obtained in the same set-up, without



crosedpolarizers. Suspension of 0.5% (w/v) samples were prepared as a wet film on a glass
slide before imaging.
2.5. Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained on a JSM 6390 LV (JEOL, Singapore) microscope.
A suspension of 0.5% (w/v) sample was prepared as a wet film on a glass slide (thickness, 0.16
mm) and then dried under nitrogen. The sampées then sputter-coated with platinum and
imaged at an accelerating voltage of 20 kV.
2.6. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra (1200-800 cm™) of the samples were obtained on a Bruker ATR-FTIR
Spectrometer (Bruker Optics GmbH, Germany). Baseline correction was performed using anchor
points at 1200 and 800 cm™, followed by interpolation. The peaks at 1022 and 1000 cm ™' were
selected and Lorentz peak fitting was performed using OriginPro 8.0 (OriginLab Corp, USA).
2.7. Degree of starch hydrolysis
In vitro digestion was carried out as usikgmethod described earlidd5], with some
modifications. Briefly, 100 mg samples weuged for each experiment and mixed with o-
amylase (75 U mL}) and CaGl (0.75 mM) solution for 5 min at 37 °C to replicate oral phase
digestion. This was followed by the addition of the simulated gastric dlithining 0.26 g [*
KCI, 0.06 g L* KH,PO,, 1.05 g L* NaHCQ, 1.38 g L'NaCl, 0.12 g [* MgCly(H-O)s, 0.02 g
L™ (NH4)-CO; and 1.02x 10*-1.40x 10* U mL™ pepsin, pH of the solution was adjusted to
2.20 = 0.05. Although the study focused primarily on the digestion of SF, pepsin was used at this
stage, as starches contain small quantities of proteins, which may interfere with amylase
digestion. The simulated gastric digestion was carried out for 30 min.

Simulated intestinal digestion was initiated by adding simulated intestinal fluid containing

0.25 g L' KCI, 0.05 g L' KH,PO,, 3.57 g L' NaHCQ, 1.12 g L* NaCl, 0.33 g [*
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MgClx(H,0)s , 0.44 g L' CaCh.2H,0, 0.23 g L bile salts, 0.12 g mL pancreatin (lipase
activity: > 8 U m@', amylase activity: > 100 U rifg protease activity: > 100 U rityand 0.21 U

mL™? amyloglucosidase and 0.90 U niLinvertase (pH of the solution was adjusted to
6.80 + 0.05). The pH was maintained during the digestion process by the addition of HCI and
NaOH, as necessary.

The glucose content was analyzed in the supernatants (0.5 mL), collected during
simulated gastric and intestinal digestion. To stop the enzymatic reactions, neutralization of pH in
the gastric phase was performed by adding 0.5 M sodium bicarbonate, and the samples were then
snap-frozen at -20 °C following the intestinal phase. The release of glucose equivalent was
monitored using the dinitrosalicylic acid (DNSA) method at 575 [A8]. To estimate the
guantity of hydrolyzed starch, a factor of 0.9 was multiplied by the glucose c¢hi@niThe

percentage of hydrolyzed starch (glucose equivalent released) was calculated as in equation (4),

Starch hydrolysis % = i—’z =09 X C;_lj @

where § is the amount of hydrolyzed starch,i$ the initial amount of starch, and, @ the

amount of glucose produced. The fractions of starch (%), i.e., readily digestible starch (RDS),
slow digestible starch (SDS), and resistant starch (RS) were estimated as described previously
[18].

2.8. Kinetics

Starch hydrolysis rate constants were measured @singthod described previous[§9, 20]

which is an mprovisation of the Guggenheim approach to events in which the intervals (At)

amidst measurements are not constant. Under ideal conditions, a first-order e{fliétion

describes the digestibility of starch as shown in equation (5),



C, = Coo(1 —e7*t) (5)
where G is the product concentration, with a certain degree of hydrolysis at time is tGe
proportional end point concentration representing the total digested starchisahd frst-order
rate constant of digestion. Differentiating K time and then expressing equation (6) in the

logarithmic form gives,

ac

In (52) = In(Cook) — kt (6)

Therefore, from equation (6), the plot lﬂf(%) against t represents a linear relationship
with a slope of -k. Here, the y-intercept of the plot is equal(6. k), therefore, the value of k
can be estimated from the slope. This is described as the logarithm of the slope (LOS) plot. The
slope of a digestibility curve at different time points wasluated from the quantity AC as, Gof
two successive events over the difference of corresponding hydrolysis time (t) events. The natural
logarithms of this quantity were plotted against the mean of the corresponding time.

As in vitro digestion proceeds asymptotically, the value of AC approaches zero; therefore,
later estimates were excluded from LOS and interpreted as resistant starch (RS). During a
digestion reaction, the slope (of the linear fit) is highly sensitive to changes in the value of k. This
could show as disjointedness in the linear plot. The point of intersection of the disjointed linear
plots reveals us the distinction point between readily digestible starch (RDS) and slow digestible
starch (SDS). The fit with a steeper linearity was considered as RDS, and the latter fit was
considered as the SDS region.
2.9. Statistical analysis
The Cauchy-Lorentz-Power Law model for the samples SF5, SF10, SF20, and SF30 were

implemented in Matlab R20150fe MathWorks, Inc., USA). The stacked disc model for the

sample SF40 was implemented in SASView 4.1.2. An unsupervised k-means clustering method
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[21] using the city block distance metric was implemented in Matlab R2015b (The MathWorks,
Inc., USA). The data (FTIR peak ratio (1000/1022)'@nd C, (%) data from the samples) was
partitioned into k clusters (k = 2) which were mutually exclusive. Initially, each such cluster
comprised of a randomly placed centroid. The sum of distances from all member data points in
such clusters is minimized from the centroid and the latter updated until convergence. Analysis of
variance (ANOVA) and Tukey’s HSD Post Hoc analyses were conducted using SPSS 8.0 (SPSS,

Inc., USA). Treatment means were considered significantly different at p < 0.05.

3. Results and Discussion

Firstly, the characterization of folic acid (FA) esterified amylopectin corn starch (ACShewill
discussed. We especially focus on the evolution of the structure of starch-folic acid ester (SF)
derivatives, as it sets the scene for understanding the digestion behavior of these esterified
systems.

3.1. M esoscopic structure

The quasi-long-range mesoscopic order of the samples, namely SF5, SF10, SF20, SF30, and
SF40, profoundly alted due to esterification with FA of increased concentrations as
characterized by SAXSF{g. 1a). All data were fitted using the Cauchy-Lorentz-Power Law
model, described in equation (1). tdtal absence of any structure factor contribution was

observed for SF5 and SF10 (Fig. 1a: orange, ‘O’ and red, ‘2°), indicating the absence of any
super-structural order and comprised of disordered random SF polymer derivatives. For the

sample SF20 and SF30 (Fig. 1a: blue, ¢ V', and, magenta, ‘C1’), a characteristic peak at ca. 1.60
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nm™', corresponding to the repeat distance of ca. 3.92 nm (note; 2t/g) was observed. This
process of FA-assisted self-assembly in FA derivatives (including FA derivatives of starch) and
the subsequent formation of discotic liquid crystals forming hexagonal columnar phases with a

lattice parameter of ca. 4.7 nm, corroborates previous findings, 22, 23] In the present study,
self-organization in SF20 and SF30 was found to be concentration dependent, with the first order
dyo lattice spacing of 3.84 and 4.02 nm (corresponditigcell lattice parameters a = 2/N3 - d;p =

4.43, and 4.64 nm, respectively).

12



o)

I(q)(a.u.)

Amylopectin

channs \

1 %
/ o Hoogsteen-type
Folic acid hydrogen bonding

tetrameric core

Fig. 1. Background subtracted SAXS curves (0.1 < g < 2.5)nr@auchy-Lorentz-Power law
model function fits (solid line, equation (1)) of SF5-SF40, datee lheen shifted vertically for

clarity (a), SF40 fitted to the stacked disc model (solid line, equation (2)) (b), and scheme
depicting the supramolecular arrangement of the SF tetrameric assemblies for SF20-SF30 (left,

top) and SF40 (left, bottom) (c). Here, a = hexagonal lattice parameter, h = core th@kdeds
= layer thickness. Legends represent, SF5 (orange, ‘0’), SF10 (red, ‘A”), SF20 (blue, ‘v’), SF30

(magenta, ‘0’) and SF40 (green ‘¢’).
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Notably, for SF40 (Fig. 1a, cf. green ¢¢"), the peak around ca. 1.60 nm™ was no longer
observed, indicating a loss of hexagonal arrangement of columnar phases (unit cells). Rather, a
broad scattering contribution ranged ca. 0.15 < q < 0.85 innthe intermediate q regime was
apparent. Spacing corresponding to this broad scattering contribution ranged from about 8-41 nm.
This increase in scattering contribution in the intermediate g region of SAXS is in agreement with
previous reports on retrograded potato and corn starch, propionylated starches, starches
plasticized with triacetin, and starches treated with hydrothermal and hydrostatic pf24sure
28].

The fit from the Cauchy-Lorentz-Power Law model, estimated;thefor the scattering
contribution to be 0.23 nm™, which corresponds to a D-spacing of 27 nm. This is 6-7 times larger
in comparison to the former samples SF20 and SF30, and hence unlikely to be stemming from the
arrangement of unit cells (Fig. 1c, left-hand side). Still, SF40 was organised as liquid crystalline
mesophase, which builds on the self-assembly of columnar disc-like blocks that have flexible
amylopectin chains attached to a (fairly rigid) FA tetramer core (Fig. 1¢). Such, amylopectin
chains accommodated between the stacked discs can cross-link owing to hydrogen bonding
amidst chains, leading to the development of a layer of polymer chain packing (new lamellar
arrangement) resulting in an increased D-spacing. Presence of such large D-spacing has been
observed previously in retrograded corn and potato starf@¥s This broad Bragg peak
contribution (q = 0.2-0.4 nthcorresponding to D-spacing of ca. 31-15 nm) has been assigned to
a larger lamellar repeat in the semi-crystalline regions in starch (larger than the conventional ca.
9-10 nm lamellar repeat). Pu and coworKe®&] have pointed towards the formation of repeated
stacking lamella after the hydrothermal-pressure treatment of corn starch. They observed the
appearance of shoulder-like scattering contribution at q = 0.35-0.43aumresponding to a D-

spacing of ca. 18-15 nm. Therefore, it is plausible that the large D-spacing in SF40 in the present
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study is caused by amylopectin chains forming newer lamellar repeat layers amidst discs.
Considering this, a model for stacked discs with a core and layer structure was implemented.
Briefly, the model estimates the form factor P(q) for stacked discs that comprise a core and layer
structure, where P(q) is normalized using the volume of the cylinder. Assuming the D-spacing (D
= layer thickness, d, plus core thickness, h; see right-hand sklg.dfc) in a parallel stack of

discs to obey a Gaussian size-distribution, a structure factor S(q) proposed23irieiused in

this function (equation (2) Fig. 1b (solid line) shows the fitted stacked disc model. From
equation (2) (assuming the scattering arising from fully exfoliated monodisperse disks), the core
thickness (h) of the disc was estimated to be 1.2 nm thick followed by an adjacent layer thickness
(d) of 29.8 nm (note, the corresponding core plus layer thickness parameter agrees fairly well to
the D-spacing in SF40 retrieved from equation ($jjce, the symmetry of such SF discotic

phases are known to be chiral [22, 23], the organization in layers of such molecules could give

rise to specific shapes with directionality of alignment, causing a polar order in each of the layers

[30]. This polar order and the chirality is known to yield interesting phenomena, such as the

spontaneous formation of chiral and helical super-structures [30, 31].

The presence of elongated super-structures forming dense microfibrils with a pronounced
directionality was observedin optical micrographs of SF40 (Fig. 2a). Note, such fibrillous
structures were not observed for the other samples (Fig. S2). The elongated super-structures
(indicated by arrows) of the wet films in bright-field microscopy were additionally confirmed
using scanning electron microscopy on the dehydrated SF40 at a lower length scale (Fig. 2b, c).
Optical microscopy in combination with crossed-polarizers revealed high optical anisotropy in
SF40 (Fig. 2d-f), suggesting that the microfibrils were helical. The sample along the major axis

appeared to possess a principal linear optical axis. As the sample stage was rotated to 45°, the
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bright birefringent domains in the sample darkenedRud. 2d transition toFig. 2e, enclosed

within white circle3, and vice-versa (dark to bright domain transition enclosed within white
squarescf. Fig. 2d transition toFig. 2e). Therefore, corresponding to the plane of vibration of
the incident light, the optical axis should be aligned close to parallel. Furthermore, adethte ang

the crosed-polarizers was rotated a furthier90°, the darker domains became brighter Kad.

2e transition toFig. 2f, enclosed withinwhite circles), and vice versa (bright to dark domain
transition enclosed within white squares, Fig. 2e transition toFig. 2f). Thus, corresponding to

both the analyzer and the polarizer, the optical axis should be now tilted. This opticetoeu

has about 45° periodicity. The video recordiWgdeo S1) of SF40 shows real-time birefringence

in the microfibril domains transitioning as the sample stage is rotated 360°. All crossed-polarized
micrographs Kig. 2d-f) are analogous to the microfibrils observed under bright-fieid. a).

Bright and dark domains correspond to the polarized light being disintegrated into fast and slow
components that were not in phase with each other. This confirmed that the unit assemblies
present in SF40 have a dominant optical axis, which is linear to its long axis, decorated in an

anisotropic manner.
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d. Cross-polarizer, 0° e. Cross-polarizer, 45°  f. Cross-polarizer, 90°

Fig. 2. Optical micrograph of SF40 wet film showing microfibril (marked by arrows) like super-
structures under bright-field (a), and scanning electron micrographs of SF40 dry film showing
microfibril (marked by arrows) like super-structures (higher magnification, 6,600x (b); lower
magnification, 3,000x (c)), micrographs corresponding to the sample position in bright-field
microscopy together with crossed-polarizers at 0°, 45°, and 90° showing strong optical anisotropy
with bright and dark domains (marked by arrows, outlines indicated by white circle and squares
represent identical regions in the various micrographs) of independent alignment (d-f). Rotating
the sample stage with a 45° periodicity entirely inverts the domain transmission with respect to
the preceding crossed-polarizer micrograph. Image resolution was 40@eo Sl
(Supplementary file) shows real-time inversion of the domain transmission as the sample stage is
rotated 360°.

17



3.2. Molecular packing and relative crystallinity

X-ray diffraction (XRD) was employed to characterize the SF polymers at spacingnmm
evaluating the difference in the packing ordéig. 3 exhibits the XRD diffractograms of the
samples under stud$EF5SF40). For SF5, no particular crystalline packing order was visible in
the diffractogramsKig. 3). The sample SF10 exhibited a broad diffraction contribution centred
around 14 nm™ (Fig. 3). This is unlike A, B, C, or V-type diffraction commonly observed in

starch. Following the entirely disordered SF5 phase, we assume this to be an intermediate state of

loose packing preceding the ordered packing in SF20 to SF40. In the samples SF20, SF30, and
SF40 (with higher FA esterification), major peaks with q diffraction vector at 5.5 and 14.3, and,
12.3, 15, 15.5 nih corresponding ta@?@ angles of 7.7° and 20°, and, 17.4°, 21.2° and 22°,
respectively, were observed. This is indicative of a V and B-type packing order, respg8fively
34]. The V-type packing order typically associates with the single left-handed helical
conformation of starch polymer chains in the presence [7, 35] and also in the dB&¢rafe
low-molecular weight molecules. Additionally, the conformation of B-type packing order
comprises a hexagonal packing of right-handed double helices of starch polymef{Zhailrs

our case, we propose the packing order to be a polymorph of mixed V and B-typmniioé
sample, ACS displayed major peaks with scattering vector q at 10.6, 12.0, and 12.6 nm
(corresponding?d angles, 15°, 17°, 18°, and 23°), specific for the A-type monoclinic crystals
(Fig. S3). The sequence of events that led to the transformation of this A-type to the B-type
diffraction pattern upon esterification with higher quantities of FA (as in the case of SF20) is
explained more in detail elsewhere [5]. Among other experiments, \Qk&Beq and
SF4Qesterifies €videnced major peaks with scattering vector q at aam7 (corresponding?é

angle, 10°) Fig. S3). Vora and coworkers [38] reporteddiffraction peak of FA aPd of 10°.

Note, in SF4(hesweriics @ Secondary diffraction peak with scattering vector g at ca. 9 nm
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(correspondin@d angle, 13°) emergedrig. S3). This is indicative of a V-type packing order
(helical V-type inclusion complexes), known to form in the presence of low molecular weight
ligands such as FA [34]. However, no signs of B-type packing order was observed in either of the
unesterified samples. This indicates that an esterification reaction such as DCC/DMAP in the
case of the present study is essential for the FA-assisted development of the specific V and B-
type diffraction patterns as observed in SF20 and SF40.

The diffractograms were further used to calculate the relative crystallinity (%) of the
samples. For SF5 and SF10, we failed to calculate a relative crystallinity. In contrast, the samples
SF20, SF30, and SF40 exhibited a relative crystallinity of ca. 19%, 24%, and 25%, respectively
We note, as the samples arise from liquid crystalline mesophasesains being fluid should

provide the necessary mobility to inhibit the formation of samples with high crystallinity.

3

3 SF40

> SF30

2 SF20

5

£ SF10

SF5

5 10 15 20

g(hm™)

Fig. 3. XRD diffractogram of the samples SF5 to SF40.

In summary, the mesoscopic order of SF was seen to be altered at three stages of FA

esterification, i.e., (a) existence of a random chain arrangement at/84LBA esterification, (b)
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development of discotic stacking of SF forming columnar hexagonal phases atw2% 30A
esterification, and, (c) evolution of discotic stacking of SF forming columnar helical phases at 40
wt% FA esterification. Additionally, the packing order revealed that the evolution of a V and B-
type polymorphism, alongside a progressively increasing relative crystallinity in SF20, SF30, and
SF40. Since digestion of starch polymer is well-known to be closely related to its structure, we
hypothesized that our observations for SF5-SF40 were highly likely to influence their digestion
behavior.

3.3. Invitro digestion

The progressive development of discotic stacking, and V and B-type packing order in SF were
examined for effects on digestion in an in vitro model. As sedfign4a, an increase in FA
substitution resulted in a decrease in readily digestible starch (RDS) and consequent increase in
slowly digestible starch (SDS) and resistant starch (RS) content, respectively. In SF5 to SF40, the
SDS content significantly increased from 14 + 1 to 35 + 1 %, respectively4a). Although it

is reported that FA inhibits the catalytic efficiency of stadgkesting enzymes, such as a-
amylase [8], the increase in SDS content did not show a linear relationship to the degree of FA
esterification. This suggests that the hierarchical structural evolution of starch with alternations of
the stacking and packing order played an important role in digestion kinetics, which to our
knowledge has never been reported earlier in literature. The RDS, SDS, and RS content of the
controls, i.e., ACS, SIDMSO, S/DCC, SkQiwerified@nd SF4Qesteriieg@re presented iRig. Ha.

The SDS content in the samples roughly corresponds to the loss of 75% of the semi-crystalline
registries of amylopectin corn starch upon initial DMSO treatment, as discussed earlier [5].
However, a marked increase in RS content was observed for the samplggss@fadand
SFAQnesterifiel (FIg. S4a). This might be attributed to two synergistic factors, i.e., (a) formation of

V-type packing order as observed via XRBig, S3) and (b) the ability of FA to inhibit a-
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amylase activity §]. Further work is in progress where amylopectin corn starch and folic acid
mixtures are being evaluated in order to understand the detailed structural alterations and kinetics
of inhibition of the starch digesting enzymes:h as a-amylase and a-glucosidase

It has been stated previou$Bg] that the classification of starch into RDS, SDS, and RS
is to some extent erroneous because the digestion of processed starch polymer is described by a
pseudo first-order reaction process with a single rate constant. Instead, as proposed previously
[19, 40], the digestion process can be better understood by employing multiple distinct first-order
reactions, carrying independent rate constants. The polymer digestion data was therefore fitted to
the first-order kinetic model as described in equation (6) (derived from equation (5)), applying

the logarithm of the slope (LOS) plot method.
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Fig. 4. Estimations othe RDS, SDS, and, RS using the Englyst method"(aDifferent letters
indicate significant difference within the group (p < .0bkey’s HSD Post Hoc analysis). All

RDS samples are depicted without a prime, SDS samples are depicted with ¢, and RS samples are

depicted with “, for clarity (primes do not correspond to any statistical interpretation). The data

for different groups were reported as the mean + standard deviation (n = 3). Starch hydrolysis
curve (m), model fitting (—), and LOS plots (o) of SF5 (b), SF10 (¢), SF20 (d), SF30 (e), and

SF40 (f).
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Table 1. Digestion parameters.

SF5 SF10 SF20 SF30 SF40

Phase| k. (min') 0.052 0.055 0.059 0.060 0.059
Cu (%) 86 76 70 70 63

Phase Il ky (minY)  ND 0.018 0.016 0.014 0.010
Ciz (%) ND 39 31 29 25

k; and k are the rate constants for the first and second phases of dig€stiand G, are the digested proportions of starch at

the first and second phases of digestion. Values are meaxpedheental (n = 2) values. ND, not detected.

The SF5 Fig. 4b) displayed a single-phase digestion behavior. For SF5, since the discotic
stacking, and V and B-type packing order were not defined, the disordered-loosely packed and
more mobile polymers (or random chains) were likely to bind easily to amylases for hydrolysis.
Such a poorly defined molecular order in starch is known to be more susceptible to enzyme
digestion [41]. For SF10, a slower digestion regime appeared after 8CFigimi€). In other
words, SF10 showed an ability to resist digestion to some extent compared to SF5, although the
samples did not reveal any stacking or mature packing order as discussed previously. However,
we did observe the onset of chain ordering (cp. broad diffraction contribution for SFif) &)
leading to imperfect packing registries. Imperfect registries are known to increase SDS content in
starcheg436]. Here, the chains should not be capable of pulling out of the registries as easily as
SF5 for digestion by amylases. Interestingly, for SF20, SF30, and SF40, the polymers displayed a
clear two-phase digestion procebsy( 4d-f), pointing to the development of a secondary slower
digestible phase. This is in agreement with the development of discotic stacking order in samples

SF20, SF30, and SF40. Note that a development of V and B-type packing order was also
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evidenced in the samples, SF20, SF30 and SF4P ). The V and B-type packing order are
known to hinder starch digestion [42]. The samples were distinguished by independent rate
constants (namely, land k). The kinetic parameters and correspondingifare listed inTable

1. Here, the difference between &nd k (k; > kp, ko being ca.1/3 X kq for the average of the

samples, cpTable 1) follows the order of SF40 > SF30 > SF20. As the increasing FA content
leads to the development of discotic stacking and concomitant V and B-type packing order,
polymer chains need to be pulled out of the ordered registries in order to be digested by amylases.
Thus, increased order in the registries and increasing relative crystallinity reduce the fast
digestion kinetics with the rate.k Remarkably, nearly 62 % (¢ of the polymer could be
readily hydrolyzed at this fast rate i.g.(Kable 1) in sample SF40Hig. 4f). Note that SF40 had

the same packing order as SF20 and SF30, but, displayed higher crystallinity than the latter two.
Since the amorphous fraction of SF40 was ca. 75 % (cp. crystallinity 25%), the digestion at the
first phase is proposed to occur only in parts in the account of the amorphous matter. Although
increased crystallinity in the samples can be attributed to the inhibited digestion, crystallinity
cannot be therefore the sole measure of governing the resistance to starch digestion. Pu and
coworkes [28] have also proposed that crystallinity is not the sole measure that dictates the
resistance of starch to digestion. At the end of phase Il, nearly 24,)0{@e remaining SF40

was hydrolyzedTable 1). The D-spacing corresponding to ca. 27 nm amounts to the same size-
order as that of the diameter of the digestive amylase enzyme. Such a structural feature of this
magnitude has also been suggested ed2l@rto hinder starch digestibility. Similarly, D-spacing

ca. 15-18 nm thickness (broad peak at g = 0.35-0.43)ncorresponds to a reduction in
digestibility in hydrothermal-pressure treated corn std&3j. Additionally, in our case, the

development of the helical super-structures, forming microfibril-like anisotropic structures should
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tightly bind unit cells housing the polymer chains. Such tight packing further ensures that the
portions of polymer chains that are intimately associated in forming such registries are unlikely to

extract and bind to the active site of digestive amylases.

The controls ACS, S/IDMSO and S/DCHd. $4b-d) displayed a dual-phase, the onset of
dual-phase and a single phase digestion behavior, respectively. The kinetic parameters are

provided in theTable S1.

90t S/DMSO
o ®
S/DCC XS:5 SHJo
< % Ve
3 X
[ ]
SF40
60t
0.7 0.8 0.9 1

FTIR peak ratio (1000/1022) cm’”

Fig. 5. The relationship between the total digestible starch &8d FTIR peak ratio (1000/1022)
cm?, and, k-means cluster assignments and centraidsHere, black and grey markers indicate
separate cluster assignments. All experimental points are presented as mean values.

To further investigate the order-digestion relationship, FTIR spectral peaks (1000 and
1022 cm') were used to characterize the ordered and amorphous regions of the polymers,
respectively. The peak ratio of 1000/1022 twas used as an indicator of the proportion of
ordered to disordered chaij89]. As expected, the total amount of digestible starch) (C
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obtained from digestibility studies, decreased with the rise in FTIR 1000/10Z2%eak ratio

(Fig. 5). The SF5 with a relatively low peak ratio (0.83, i.e. lower ordered) hadalDes that

were ca. 84% (calculated using equation (5)) of the total starch present in digestibility mixtures.
On the contrary, for SF10 to SF3Big. 5), esterification resulted in a decrease i @hich
corroborates with an increase in FTIR peak ratios. It is noteworthy, that the above relationship
does not extend very far. The FTIR ratio decreased for SF40 as compared to Il Garfsl

SF30, although a reduced digestion behavior has been observed for the former. This suggests that
the decrease in the FTIR ratio does not correspond to a lower ordered polymer, but is attributed to
an increase in liquid crystallinity instead. From the unsupervised k-means cluster afadysis (

5), it is reasonable to state that structure dominated the digestion of the polymers, and a FA
esterification at a crucial level of substitution of 0.04 (corresponding to SF20) or above was

required to slow down the enzymatic hydrolysis of the polymer.

In summary, a molecular rearrangement of starch on esterification with FA results in the
emergence of differing digestion rates of starghad k (ks > ky). This implies that ordered
polymers resulting from the FA-assisted discotic stacking, and V and B-type packing resisted
hydrolysis of starch by a-amylase. The progressively diminishingrlte values in samples SF10
to SF40 indicated that these ordering reduced the accessibility of the polymer to amylases,
resulting in evidently reduced digestion extent (corresponding to decreg$ed the second
phase. The rate {kwas decreased ca. > 20%, and, > 15% Table 1) as the discotic stacking
order matured in SF20 from SF10, amdSH0 fromSF30, respectively. Note that the V and B-
type packing order was alike in the case of the latter. Therefore in relation to controlling

digestion, we propose that the stacking order was a dominant feature over the packing order.
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4. Conclusions

A combination of complementary techniques of scattering (samgle X-ray scattering),
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, microscopy (bright-field and
polarized) and in vitro digestion (classical Englyst digestion and kinetics) were assessed to probe
the link between the structural evolution of amylopectin corn starch (ACS) on esterification with
folic acid (FA) and its digestion rate. The mesoscopic order of the starch-folic acidS#ter (
derivatives were seen to be profoundly altered from random chains to the evolution of microfibril
helices with strong optical anisotropy. The packing order also revealed the evolution of a V and
B-type polymorphism. The SF exhibited the evolution of increased resistance to digestion,
alongside the development of two independent rates of digestion (wherek$. In the
hierarchically ordered SF polymer, stacking over packing order was seen to be more influential in
limiting the enzyme action, and, FA esterification at 0.04 level substitution (corresponding to
SF20) or above was critical to slow down enzymatic hydrolysis of SF. These findings explain the
structural mechanism behind how FA esterification can enable to control starch digestion
kinetics. Therefore, the current results provide a solid platform for developing starch-folic acid
esters as building-block copolymefis the design of smart, targeted starch-based oral delivery

systems with tunable digestion for carrying pharmaceuticals and nutraceuticals.
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Highlights
e Esterification with folic acid results in a hierarchicaistructuringof starch
¢ Relationship exists between structural evolution and rate of digestion
e Starch with higher folic acid esterification displays two digestion raies kK
e The stacking order impacts the starch digestion more than the packing order

e Esterification of starch with folic acid is a new tool to tailor starch digestion
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