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Abstract
Polymeric donors of gasotransmitters, gaseous signaling molecules such as
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hydrogen sulfide, nitric oxide, and carbon monoxide, hold potential for localized
, . and extended delivery of these reactive gases. Examples of gasotransmitter
[?n iszg?;nl\t/[zfrg;er;gzcg ?ggﬁ;gtate donors based on polysaccharides are limited despite the availability and gener-
ally low toxicity of this broad class of polymers. In this work, we sought to create
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a polysaccharide H,S donor by covalently attaching N-thiocarboxyanhydrides
(NTAs) to amylopectin, the major component of starch. To accomplish this, we
added an allyl group to an NTA, which can spontaneously hydrolyze to release
carbonyl sulfide and ultimately H,S via the ubiquitous enzyme carbonic anhy-

drase, and then coupled it to thiol-functionalized amylopectin of three different
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molecular weights (MWs) through thiol-ene “click” photochemistry. We also
varied the degree of substitution (DS) of the NTA along the amylopectin back-
bone. H,S release studies on the six samples, termed amyl-NTAs, with variable
MWs (three) and DS values (two), revealed that lower MW and higher DS led to
faster release. Finally, dynamic light scattering experiments suggested that
aggregation increased with MW, which may also have affected H,S release rates.
Collectively, these studies present a new synthetic method to produce polysac-

charide H,S donors for applications in the biomedical field.
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1 | INTRODUCTION many polymers currently used in drug delivery (e.g., poly

(ethylene glycol), PEG).” Polysaccharides are poised to

Polymer drug delivery vehicles are used clinically to
improve aqueous solubility,"”” target release to specific
organs and systems,* and tune delivery rates,”® among
other roles.”® However, bioaccumulation, immune system
responses, and lack of degradability are concerns with

help solve these problems due to features including aque-
ous solubility, biodegradability, minimal toxicity, drug sta-
bilization, and widespread availability typically at low
cost.'®™ In fact, several types of polysaccharide drug
delivery vehicles are under investigation, including
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nanoparticles,'®'” hydrogels,"'* and polysaccharide-drug

conjugates.’>*' Polysaccharide-based drug delivery vehi-
cles are poised to continue to improve drug delivery effi-
cacy and safety.

One potential drug in need of effective delivery
methods is H,S, an endogenous signaling gas with many
physiological roles.”>** H,S, which was the last of the
three widely accepted gasotransmitters to be discovered in
1996,>* affects nearly all organs and systems and is a global
regulator of gene expression.”” H,S deficiency can lead to
heart failure, hypertension, preeclampsia, liver disease,
and Alzheimer's disease, among many other complications
and disorders.”>*® Gut microbiome health and behavior
are also affected by H,S levels.””*® Therefore, small mole-
cules, polymers, and materials that release H,S, collec-
tively termed H,S donors, find use both as tools to study
the endogenous roles of H,S and also have potential thera-
peutic value as pharmaceuticals to help combat complica-
tions caused by H,S deficiencies.****

While the majority of H,S donors reported thus far
have been small molecules, polymeric donors have
gained interest due to their ability to influence drug
release kinetics, target delivery to specific organs and
subcellular organelles, localize release via hydrogels or
implantable materials, and co-deliver H,S with other
compounds (Figure 1A).*“***7 For example, Li and
coworkers synthesized a light-triggered, water-soluble
polymeric H,S donor.*® The polymer backbone was syn-
thesized via reversible addition—fragmentation chain
transfer (RAFT) polymerization and further modified to
attach nitrobenzenemethanethiol units, which degraded
under UV irradiation to afford H,S. Other work includes
attaching small molecule H,S donors, such as
trisulfides,*® dithiol thiones,** and S-aroylthiooximes,*'
to polymer backbones. H,S can also be generated from
carbonyl sulfide (COS),*® which the ubiquitous enzyme

carbonic anhydrase (CA) converts into H,S.** Our group
and others have developed several types of COS
donors,”*” and these have been translated to poly-
mers.*”*® For example, a water-soluble poly(acryloyl
morpholine) with an N-thiocarboxyanhydride (NTA) on
the chain end afforded a water-soluble polymeric H,S
donor.*’

While polymeric H,S donors have gained popularity,
the only polysaccharide H,S donor that we are aware of
is a hyaluronic acid derivative modified with ADT, a
dithiolethione H,S donor (Figure 1A).** This water-
soluble H,S donor suppressed the growth of human
breast cancer cells. The mechanism of H,S release from
diolthiol-thiones has been the subject of some debate, but
recent evidence suggests that it releases H,S in response
to oxidants such as hydrogen peroxide,*® which are often
overproduced in the tumor microenvironment. Inspired
by this work, we set out to conduct a systematic study on
a set of polysaccharide-based H,S donors with appended
NTAs, which avoid the need for H,0, because they are
spontaneous COS/H,S donors. We chose amylopectin as
a simple polysaccharide backbone (Figure 1B). Amylo-
pectin is the partially water-soluble, branched portion of
starch and is its main component; it is naturally found
with a molecular weight exceeding 1,000,000 g/mol and
repeating a-p-(1 — 4) glycosidic linkages with branching
on the C6 hydroxyl unit. It is used in the biomedical
industry, mostly for drug delivery applications,” > and
the hydroxyl units on amylopectin provide a functional
group handle for modification.

We envisioned that an amylopectin-based H,S donor
would provide a water-soluble polymeric donor that pos-
sesses low toxicity, biological degradability, and prolonged
release rates. Specifically, we aimed to functionalize amy-
lopectin with NTAs and study how the degree of substitu-
tion (DS) and molecular weight (MW) influence the
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FIGURE 1

(A) Previous polymeric H,S donors synthesized including one polysaccharide (hyaluronic acid) H,S donor.

38,47,49

(B) Polysaccharide (amylopectin) H,S donor demonstrated in this work. Substitution only at the 6 position is shown for sake of clarity but is

not meant to imply regioselectivity.
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release rates of H,S. Based on trends observed in other
polymeric drug-delivery vehicles in the literature, we
hypothesized that H,S release rates would increase with
decreasing amylopectin molecular weight and with
decreasing levels of NTA substitution.

2 | RESULTS AND DISCUSSION

Natural amylopectin has a very high MW
(>1,000,000 g/mol),>* so main-chain degradation would
be needed to achieve lower MWs. This was critical both
to improve solubility and to create a series of MWs to
evaluate how this parameter affected H,S release. O'Neill
and coworkers have shown that aqueous HCI degrades
amylopectin via random chain scission such that MW
decreases with time.”>”® We degraded amylopectin in
1M HCI at 50 °C, removing aliquots at various time
points, and the acid-degraded amylopectin was then pre-
cipitated into methanol and recovered by filtration.
Attempts to characterize these polymers using size-
exclusion chromatography with multi-angle light scatter-
ing (SEC-MALS) in H,0/NaNO; were unsuccessful due
to limited solubility.

In order to improve their solubility for SEC-MALS,
we functionalized each sample with succinic anhydride
to a target DS of 0.25 to afford amyl-COOH derivatives.
This procedure led to improved water solubility that was
sufficient for SEC-MALS analysis in H,0/NaNO;
(Figure S18; Tables 1 and S1). SEC traces were multi-
modal for samples removed at earlier time points with
high molar masses and molar mass dispersity (D) values
near 4.5. Traces became unimodal as the acid degrada-
tion procedure reduced the MW; for example, the sample
removed at 20 h reached 65,400 g/mol and D = 4.2, and
the sample removed after 7 days reached 12,200 g/mol
and P = 1.7. Plotting number-average molar mass (M,,)
determined by SEC-MALS versus acid degradation time
revealed an exponential decrease over time (Figures 2,
S18, and S19). The degradation behavior is seen more
easily using a linear fit to a log-log plot of M,, versus acid
degradation time (Figures 2 inset and S19).>* We chose to
move forward with samples degraded for 10 min
(M, = 154 kg/mol, high MW), 20 h (M,, = 65.4 kg/mol,
med MW), and 7 days (M, = 12.2 kg/mol, low MW),
which afforded a range of MWs.

‘We next set out to attach a small molecule H,S donor,
an NTA, to the acid-degraded amylopectin samples. We
previously developed a variety of methods to attach an
NTA to another compound or polymer, including copper-
catalyzed azide-alkyne cycloaddition reactions, olefin
metathesis, and the thiol-ene reaction.*” These reactions
all rely on modification of NTAs with a variety of

TABLE 1 Molecular weights (MW) data of amyl-COOH
derivatives.
Acid
degradation M,
Label time (kg/mol)sgc.mars” b*
High MW 10 min 154 44
Med MW 20 h 65.4 4.2
Low MW 7 days 12.2 1.7

M, and dispersity (P) determined by size-exclusion chromatography with
multi-angle light scattering (SEC-MALS) in H,0/NaNOs; at 40 °C, 1 mL/
min. All samples used dn/dc = 0.156 mL/g based on a literature value.>’
SEC traces are in Figure S18.
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FIGURE 2 Plot of measured M, values of amyl-COOH

derivatives versus acid degradation time. M,, values were measured
using SEC-MALS (eluent H,0/NaNO; and dn/dc = 0.156 mL/g
based on a reported value®”). The inset shows the log-log plot of
the same data. Log-log plots for both M,, and M,, as a function of
acid degradation time and corresponding fit-line equations are in
Figure S19. SEC-MALS numerical data is tabulated in Table S1.

functional groups—including allyl, alkynyl, azido, and
norbornenyl groups—which can then be used for further
derivatization. Here, we sought to attach an NTA to amy-
lopectin through thiol-ene “click” photochemistry due to
its lack of metal catalysts, application in the biomedical
field, and typically high conversion.® Therefore, we
aimed to use our previously reported allyl-NTA and add
it to thiol-functionalized amylopectin.

Previous efforts to functionalize amylopectin
(or unfractionated starch) with thiol groups include
reacting starch with cysteine under acidic conditions,”
forming starch-xanthate using carbon disulfide and then
pyrolyzing to afford starch-thiol,”® and attaching of
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cysteine to starch functionalized with a carboxylic acid,”
as well as other methods.®>* We originally evaluated
coupling the carboxylic acid functional group on N-acetyl
cysteine directly to the alcohols on amylopectin utilizing
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC).
'H NMR spectroscopy showed limited conversion
(Figure S23), and water solubility was low. Given the
increased water solubility of the amyl-COOH derivatives
utilized for SEC analysis, we reasoned that the water sol-
ubility of thiol-functionalized amylopectin derivatives
would improve if we started from these amyl-COOH
samples. In brief, we envisioned that EDC could promote
coupling of a cysteine methyl ester derivative, H-Cys-
OMe, with carboxylic acid functional groups on amyl-
COOH samples. In fact, Wang and coworkers applied a
similar two-step succinylation-coupling method to add
cysteine to starch.®’ The authors created hydrogels from
these materials by oxidizing the thiols to form disulfide
bonds, but we anticipated that this synthetic approach
could work well to functionalize amylopectin with
allyl-NTA.

First, we synthesized amyl-COOH derivatives of each
of the three amylopectin samples of different MWs using
succinic anhydride as discussed above (Scheme 1). The
DS could be easily adjusted in this succinylation step by
changing the equivalents of succinic anhydride with
respect to alcohols. Formation of amyl-COOH was con-
firmed by "H NMR spectroscopy in D,0, and DS was cal-
culated based on the integral ratios of relevant peaks,
specifically the anomeric proton and the methylene pro-
tons alpha to the amylopectin ester (Figures S3,
S12-S17). Two different DS values were used in this
study: DS ‘high’, which had a theoretical DS of 0.25, and
DS ‘low’, which had a theoretical DS of 0.125. Actual

OH O OH O
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Hg&“\ ° 1. HCI, 60 °C o ©
OH
OH 0&&
HO
OHo O
0 L. 60°C ot
amylopectin o amyl-COOH

(MW high, med, low)
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SCHEME 1

2. succ. anhydride OH o&g\ oH EDC, phos. HO oHO o OH
imidazole, DMSO HO buffer (pH = 6) HO o
o)
OH

values were close to these targets. As three different MWs
were used for each, a total of 6 amyl-COOH samples were
prepared  (DS(high)-MW(high), DS(high)-MW(med),
DS(high)-MW(low), DS(low)-MW(high), DS(low)-MW
(med), DS(low)-MW(low)). After succinylation, each of
these six amyl-COOH samples was purified via dialysis
against water (MWCO 6-8 kg/mol) and then recovered
by lyophilization.

Next, we coupled H-Cys-OMe to each of the six amyl-
COOH samples using EDC to afford six amylopectin-thiol
samples (amyl-SH). EDC couplings were performed in
phosphate buffer (0.01 M, pH = 6), and the six amyl-SH
products were similarly purified using dialysis against
water (MWCO 6-8 kg/mol) and isolated as white pow-
ders after lyophilization. Successful conversion to the
desired products was confirmed by "H NMR spectroscopy
in D,O (Figures S4, S12-S17). Reaction conversion was
estimated based on the integral ratios of the anomeric
proton and the methyl protons on the methyl ester of cys-
teine. Conversions ranged from 67% to 96% based on
these estimations, suggesting that DS values remained
fairly close to the original target values of 0.25 (high) and
0.125 (low).

With the six amyl-SH samples in hand, we next set
out to find ideal conditions for the thiol-ene reaction. To
test the conditions, we first evaluated conditions using
small molecule model compounds, specifically N-acetyl
cysteine (Ac-Cys-OH) and allyl-NTA, using diphenyl(2,-
4,6-trimethylbenzoyl)phosphine oxide (TPO) as a photoi-
nitiator under long-wave UV light (Scheme 2).

We began with a series of solvent screenings. Amyl-
SH is water soluble, whereas allyl-NTA and TPO are
organic soluble; therefore, we needed to find a solvent
system that solubilized both. The model reaction in water

(0] OHp

o}
OHI?O OHﬁ)
amyl-SH
(MW high, med, low)
(DS high, low)

OH
o~ O

Synthesis of six amyl-SH samples. First, amylopectin was subjected to acidolysis to make three samples of amyl-COOH

with three different molecular weights (MWs) (high, medium, and low). Next, each amylopectin sample was succinylated via ring-opening of

succinic anhydride at two different degree of substitution (DS) (high and low) values to afford six total amyl-COOH samples. Finally, H-Cys-
OMe was added in an N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) coupling reaction to each of the six amyl-COOH samples to
afford six amyl-SH samples with varying molecular weight (high, medium, low) and DS (high, low). Substitution only at the 6 position is

shown for sake of clarity but is not meant to imply regioselectivity.
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afforded no conversion (Table 2, Figure S9), presumably
due to low solubility of allyl-NTA and the TPO photoini-
tiator. Hexafluoroisopropanol (HFIP) and acetone both
afforded low conversions, 9% and 15%, respectively. Next,
we investigated systems involving both water and water-
miscible organic solvents. Acetone was chosen due to the
increased stability of allyl-NTA in acetone compared to
other water-miscible solvents, including alcohols and
dimethyl sulfoxide. A 75:25 acetone:H,O solvent system

[e) S
O_s \VL N=0
=0 N
N O
o Te Ac-Cys-OH HOJ<j o
. . R O
/\/ TPO, acetone:H,0 (1:1) N SJ—/

o ; HN
hv (385 nm), 30 min, rt Ac
Allyl-NTA Cys-NTA
SCHEME 2 Model compound studies in the synthesis of

Cys-NTA using Ac-Cys-OH and allyl-NTA via thiol-ene “click”
photochemistry.

TABLE 2 Conversion data for various thiol-ene conditions.
Solvent Molar Equiv TPO % Conversion®
Water 0.1 0
HFIP 0.1 9
Acetone 0.05 15
75:25 acetone:H,O 0.05 56
50:50 acetone:H,O 0.05 82
50:50 acteone:H,O 0.1 90
50:50 acteone:H,O 0.2 >99

“Conversion measured using 'H NMR spectroscopy (Figure S9).

afforded the target product in 56% conversion, while
shifting to a 50:50 ratio of these two solvents showed 82%
conversion. Mixtures of acetone and H,O with less than
50% acetone were not evaluated due to insolubility of
TPO and allyl-NTA. Water and HFIP solvent systems
were tested with 0.1 equiv of TPO while the other sol-
vents systems were tested with 0.05 equiv TPO. The final
product, Cys-NTA, was confirmed using 'H and '*C
NMR spectroscopy as well as mass spectrometry
(Figures S5-S8).

After arriving at a suitable solvent system, we system-
atically varied the amount of TPO in the small molecule
thiol-ene reaction. Usually thiol-ene reactions require
small amounts of photoinitiator, often in the range of
0.01-0.05 equiv with respect to thiol and alkene reac-
tants. However, we found that 0.2 equiv was required for
quantitative conversion (Table 2; Figure S9), with 0.05
and 0.1 equiv of TPO leading to lower conversions, 82%
and 90%, respectively. This high loading requirement
may be due to allyl-NTA retarding radical production,
although it was not clear based on "H NMR experiments
why so much TPO was needed to reach full conversion.

Using the synthetic method that we optimized in
the small molecule analogue reactions, we then set out
to convert all 6 amyl-SH samples into amyl-NTAs
(Scheme 3). Each of the amyl-SH samples [DS(high)-
MW(high), DS(high)-MW(med), DS(high)-MW(low),
DS(low)-MW(high), DS(low)-MW(med), DS(low)-MW
(low)] were functionalized with a COS/H,S donating
NTA. Amyl-SH and allyl-NTA were coupled using thiol-
ene “click” photochemistry with TPO photoinitiator (0.3
equiv with respect to alkene) in a water/acetone mixture
as optimized in the small molecule studies described
above. Products were purified using dialysis against
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SCHEME 3

o) OHy
TPO, acetone:H,0 (1:1) HO OH
hv (385 nm), 30 min, rt OHo O
HO o
OHQ
amyl-NTA O

(MW high, med, low) O
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Synthesis of six amyl-NTA samples (with three different MW values and two DS values). Each amyl-SH sample was

coupled with allyl-NTA via a thiol-ene “click” reaction with diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) photoinitiator.
Substitution only at the 6 position is shown for sake of clarity but is not meant to imply regioselectivity.
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acetone (MWCO 6-8 kg/mol), leading the products to
precipitate into the dialysis tubing. The recovered solids
were solubilized in water and then lyophilized to afford
white powders. Product identities were confirmed using
"H NMR spectroscopy in D,0 (Figures S10, S12-S17).

The derivatization of amylopectin to afford amyl-
COOH, amyl-SH, and finally amyl-NTA was followed
using Fourier transform infrared spectroscopy (Figure 3).
Amylopectin has a weak and broad signal in the 1650-
1700 cm™' range due to O-H bends (gray trace).**®
Addition of succinic anhydride revealed two overlapping
peaks near 1725 cm ' (blue trace) consistent with the
addition of an ester and a carboxylic acid. Following EDC
coupling with cysteine methyl ester, a stretch correspond-
ing to the newly added cysteine amide appeared at
1646 cm ™! (purple trace). A trace of small molecule allyl-
NTA (light red) had two carbonyl peaks, one near
1725cm ! and one at 1682 cm '. After the thiol-ene
reaction with allyl-NTA, the resulting amyl-NTA showed
peaks at 1646, 1682, and 1725 cm ™!, consistent with the
expected carbonyl stretches. Overall, the IR data corrobo-
rated our conclusions from the NMR experiments.

We estimated total NTA loading on each of the six
samples using elemental analysis, specifically following
sulfur content, due to the potential for error when inte-
grating small peaks in the NMR spectra (Tables 3, S2;
Figures S20, S21). Results indicated that the reactions
were successful, but that either the reactions did not
reach full conversion, or that the NTAs hydrolyzed dur-
ing the dialysis step. For example, for the three samples
with NTA DS ‘high’ (target DS = 0.25), the NTA DS
values estimated by elemental analysis were 0.075, 0.103,
and 0.050 for the high, med, and low MW samples,
respectively (Table 3). For the samples with NTA DS
‘low’ values (target DS = 0.125), the estimated DS values
were 0.037, 0.067, and 0.045 for the high, med, and low
MW samples, respectively. Even though DS values were
below target marks, each respective MW held both a DS
‘high’ and DS ‘low’ sample; the overall range of DS
values still allowed us to compare H,S release rates based
upon DS. DS values estimated by 'H NMR spectroscopy
were comparable to values determined using elemental
analysis (Figures S12-S17).

We next monitored H,S release from each of the six
amyl-NTA derivatives. To measure the H,S release rate,
we used the methylene blue assay, a common method for
following H,S release kinetics.®® In brief, the methy-
lene blue assay involves trapping H,S as insoluble ZnS,
followed by conversion of the trapped sulfide into methy-
lene blue by addition of acidic solutions of N,N-dimethyl-
p-phenylene diamine and FeCl;.”” In the case of COS
donors, CA must be included in the assay to convert COS
into H,S. Methylene blue concentration is easily

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cnr?)

= \V"‘\\/f

1725 1646

ol
amyl 1682
amyl-COOH
amyl-SH
allyl-NTA
amyl-NTA

(B)
2200 2000 1800 1600 1400 1200
Wavenumber (cnr?)

FIGURE 3
of amyl derivatives [amylopectin as received (gray) amyl-COOH

Representative Fourier transform infrared spectra

(light blue), amyl-SH (purple), and amyl-N-thiocarboxyanhydride
(NTA) (dark red)] as well as allyl-NTA (light red). (A) Full
spectrum, (B) zoomed-in area highlighting the carbonyl peaks. The
black line highlights the carbonyl stretches at 1725 cm ™, where
carboxylic acids, esters, and one of the NTA carbonyl groups
overlap. The region screened in gray indicates variable peaks
including the amide stretch at 1646 cm ™" and the other NTA

carbonyl stretch at 1682 cm ™.

quantified using a plate reader and following the absor-
bance peak at 750 nm.

We measured the release rate of all six amyl-NTA
polymers as well as a water-soluble small molecule ana-
logue (sarcosine-NTA, Sar-NTA, Figure S11) using the
methylene blue assay with added CA (Figures 4, S24,
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TABLE 3 Total N-thiocarboxyanhydrides (NTA) degree of
substitution (DS) on amyl-NTA derivatives.

Theo DS MW NTA DS
High High MW 0.075
High Med MW 0.103
High Low MW 0.050
Low hi|Gh MW 0.037
Low Med MW 0.067
Low Low MW 0.045

Note: NTA DS values on amyl-NTA derivatives were estimated by sulfur
atom elemental analysis. The elemental analyzer was calibrated against a
cysteine standard. Elemental analysis can be found in Figure S20.
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FIGURE 4 H,S release rate half-lives across different
amylopectin molecular weights (MWs) and N-
thiocarboxyanhydride (NTA) degree of substitution (DS) values.
MW values are 154, 65.4, and 12.2 kg/mol for high, med, and low,
respectively (Figures S24-S37). The error bars represent standard
deviation. ### indicates p < 0.0001 and ## indicates p < 0.01 for a
comparison versus all other groups, using Tukey-Kramer HSD.

* indicates p < 0.05 among indicated groups. Statistical data can be
found in Table S4.

S25). We chose Sar-NTA, which is derived from sarco-
sine, because previous work from our group demon-
strated that the H,S release rate of small molecule N-
substituted NTAs has little dependence on N-atom substi-
tution, but polymeric NTAs release H,S more slowly than
small molecules.*” We considered using allyl-NTA as the
small molecule H,S donor, but it is not readily soluble in

phosphate buffer. Sar-NTA, however, is soluble in phos-
phate buffer, which allowed for standardization of
methods. Results showed that Sar-NTA had a release half-
life of 2.5 + 0.3 h (Figure 4 and S24, S25).

The H,S release data using the methylene blue assay
for each of the six compounds revealed several interesting
trends and insights (Figure 4). First, all of the polymers
released H,S slower than the small molecule Sar-NTA,
with half-lives ranging from 4 to 10 h. These relatively
long release half-lives by the polymeric H,S donors may
be useful, for example, in gastrointestinal applications
where longer release times allow for longer therapeutic
time and fewer issues with patient compliance.”" It can
take upwards of 8 h for substances to move through the
stomach and small intestine.”* The polysaccharide H,S
donor increases the half-life from 3 h to around 6 h, dou-
bling the potential therapeutic time and increasing
chances of H,S reaching the small intestine instead of
only the stomach.

Second, we originally hypothesized that lower NTA
DS would lead to a decrease in release half-life (increase
in release rate). Upon comparing the release half-lives
for each of the MWs with the varying DS levels, release
half-life decreased as DS increased in two of the pairs.
For the two high MW samples, the half-life decreased
from 9.7 + 0.5 to 5.7 + 0.8 h with increasing DS, and for
the low MW samples, the half-life decreased from 5.0
+ 0.1 to 4.1 + 0.3 h with increasing DS. These differ-
ences refute our hypothesis with respect to DS. This
may be due to residual (unreacted) Cys-OMe thiols
increasing H,S solubility in the high DS samples,
increasing COS/H,S release rates. The similar release
rates among the two medium MW samples may be due
to their overall higher DS values than the other samples.
The third trend we noticed was that the release half-life
depended on amylopectin MW. Here we hypothesized
that release half-life would decrease (rate would
increase) with decreasing MW, and this was the case for
both the DS ‘high’ and the DS ‘low’ series across the
three different MWs. Statistical analyses are described
in the SI (Table S4).

Finally, we collected dynamic light scattering (DLS)
data on each of the six amyl-NTA samples (Figures 5 and
S22; Table S3). Particles on the order of 50-500 nm were
observed in all samples, indicating aggregation. In gen-
eral, particle size as measured by intensity average and z-
average tended to increase with increasing amylopectin
MW. In contrast, aggregate size measured by DLS did not
depend on DS. As DLS results can vary widely for poly-
disperse samples such as these, for example depending
on sample preparation methods and fitting routines, we
hesitate to draw strong conclusions. However, it is clear
that DLS results followed the general trend that as MW

2SUSOI'T SUOWWO)) dANEa1) d[qeardde ay) Aq PaUIA0S d1e SI[OIIE Y aSh JO SN 10} AIRIqIT SUI[UQ) AS[IAN UO (SUOIIPUOI-PUB-SULIA) W0 AS[ 1AM ATRIqUau[uoy/:Sdyy) SUOnIpuoy) pue swId ] oy 39S “[$707/01/€1] uo Areiqry aurjuQ L[IpM 2920+202°10d/2001°01/10p/wod Ad[im Arexqrjaur|uoy/:sdny woiy papeojumo( ‘81 40z ‘6914797



4162 (o] (0]
962 | MW LEY— pou QA%

CHINN ET AL.

(A)12 —— DS(high)-MW (high)
= DS(high)-MW (med)
DS(high)-MW (low)
~ 8 1
&\i
>
7]
8
[
=4
o L .

1 10 100 1000 10000

nm
(B),, ,
e DS(low)-MW (high)
= DS (low)-MW (med)
DS(low)-MW (low)
12 4

Intenstiy (%)
oo

N

J/AVIIN

1 10 100 1000 10000
nm

FIGURE 5 Dynamic light scattering (DLS) intensity average
traces for all 6 amyl-SH samples [(DS(high)-MW(high), DS(high)-
MW(med), DS(high)-MW(low), DS(low)-MW(high), DS(low)-MW
(med), DS(low)-MW(low)] at 1 mg/mL in H,0O. DLS data can be
found in Figure S22 and Table S3.

increases, aggregate size increases, and the release half-
life increases.

3 | CONCLUSIONS

In summary, we synthesized six different polysaccha-
ride H,S donors via acidolysis of amylopectin followed
by multiple side-chain modification steps. We hypothe-
sized that varying both the amylopectin MW and
the DS of the NTA COS/H,S donor along the amylo-
pectin backbone would affect the release rate of
COS/H,S. Ultimately, higher DS and lower MW accel-
erated H,S release (i.e., half-life decreased). These find-
ings represent the first systematic study of
polysaccharide-based H,S donors, and release trends
are generally in agreement with other polymeric drug

delivery vehicles. DLS data suggested that part of the
effect might be due to aggregation in aqueous solution.
Ultimately, the relatively long (hours) and moderately
tunable release rate afforded from this polysaccharide-
NTA system, which is water-soluble, may find use in
delivery of H,S to the gut. Furthermore, these results
pave the way for rational development of
polysaccharide-based H,S donors for use in many
potential biomedical applications.
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