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Synthesize of Polysaccharide Aldehydes Ketones and Fabrication of Derived Hydrogels

or Microgels
Zhenghao Zhai
Abstract

Two chemical methodsnulti-reducing end modification and bleach oxidatiorere used to
prepare polysaccharide aldehydes and ketdrfesir derived hydrogels and microgels were made
for potential drugdelivery applications.

Polysaccharide aldehydes and ketonesreaetive intermediatedor adding other functional
moieties througlthemo selectiveeactiors such as Schifbase formation or reductive amination.
The most widely used method to prepare polysaccharide aldehydes is periodate oxidation.
However, this methodmpacts higheorder polysaccharide structure, decreases degree of
polymerization (DP), and increases polysaccharide instability, leading to degraded mechanical
propertiesDeveloping a new method fireparepolysaccharide aldehydeshile preserving DP,
stability, and desirable physical propestie challenginglnspired by theeactivereducing end
of polysaccharides, whiclare the anomeric carbas (at the chain end) one per natural
polysaccharide moleculthat (for aldosébased polysaccharides) is in equilibrium between a ring
closed hemiacetal and an opamain aldehyde forpwe developed a novel method to prepare
polysaccharide aldehydes by attaching monosacclsaiedpolysaccharide chainglerein, we
describe the approach of attachnthnbughamination between amine groapthe C2 posibn of
the monosaccharidand carboxylicacid groups on polysaccharide In this way, more reducing
ends(C1 of the monosaccharidegnbeintroducedo thepolysaccharides. Weave chosen teall
this new family ofpolysaccharide@multi-reducing end polysaccharides (MRER®$Ye call this

methodfmulti-reducing end modificatian



Wethenfabricated injectable, selfealing fast geling Schiff base hydrogels based on MREPs.
Previous methods to fabricate Schiff base polysaccharide hydrogels usggiisedperiodate
oxidation which leads talegradedmechanical propertieswith gelation timetypically from
minutes to hours. Wemployed acetic acid to induce fast gelation of our MREPs hydrais
secondsThe Schiff base MREP hydrogels exhibited $edflingand injectable behavior with
limited cytotoxicity, which is promising for future biomedical applications such as targeted drug
ddivery or tissue engineering.

Microgels are dispersible but undissolvable colloids of taigeensional polymer networks
with numerous applicationdVe synthesized aflolysaccharide microgelherein, we use the
gener al t er niestrimd small gel maitticdes of hanometer to micron diamaisis)
oxidized hydroxypropy! cellulose (GHPC), carboxymethyl chitosan (CMCGSand calcium
chloride. By tuning thealciumconcentration, uniform microgels can be obtained gétsizein
the hundreds of nanometemglodel anine-containingdrugs such apicloram orp-aminobenzoic
acid pABA) can be chemically attached to ®¥°C through Schiff base chemistecyeating imine
bondstha arereversible in watethereby permitting sloweleaseThis class of alpolysaccharide
microgels showedpromising applications in agriculturesuch ascontrolled release of
agrochemicals.

We anticipatedhat these strategiesould benefit future polysaccharide chemistry research
and permit synthesis of novel hydrogel or microgel systems pattential druedelivery

applications
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General AudienceAbstract

Polysaccharides are long chains composed of sugar @sitga( polymer). Many natural
derived polysaccharides are sustainable, biodegradable and have low toxicity. Hydrogels are
composed of porous solids and watmilar tothe structure of human tissuédlicrogels are
used hereinto describe small gels of nanometer to microdiametes. Fabrication of
polysaccharides into hydrogels or microgels caad&antageoutr drug-delivery applications.

Chemical modificationof polysaccharidess usuallyrequiredbefore makingpolysaccharide
basedhydrogels or microgels. However, previbusescribedmethod usually destroy the
chemical structure of polysaccharideasd causedegradation To overcome this challenge, we
developed a noedestructive chemicahodification method toprepare hydrogelsithout these
disadvantagesrhis method also introduced a new concept in polysacchsoielece

Following our novel chemicahodifi cationmethod polysaccharidéasechydrogels were made.
Compared to the previous polysaccharide hydrogels which usually ebépnige gelation tims,
our polysaccharide hydrogels gel within seconds adititionof tiny amounts ofiinegar. Besides,
our polysaccharideased hydrogels are injectable ambntaneously repair themselweish low
toxicity to cells. These properties make our hydrogels promising for ctargeted drug delivery.

Food is the first necessity btimanbeings.Pesticides areftenused in excesge amounts and
in broad distributionto guaranteehigh crop productivity. Excess useand/or distributionof

pesticidesan polluteo theenvironmentaind pose threats to human health. To solve this problem,



we made alpolysaccharidenicrogels dispersed in benign watéhatcan permitslow releas®f

pesticidesapplied in a form that can promote great precision

Overall, we developed new ways to modifplysaccharideso createeffective and harmless

hydrogels or microgels. We aim to puste boundaries of science ammnefithumansociety

throughour research.
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Chapter 1: Dissertation Overview

Polysaccharideean be chemicallynodified to introduce aldehyde or ketone groups. Séne
ketonesor aldehydesare important intermediates fadding other functional moieties through
chemo selectiveeactionssuch as Schifbase formation or reductive amination. Developiogel
polysaccharide aldehydes or ketorveish desired properties and fabrication of their derived
hydrogels or microgels requires innovative synthetic strategies.

Chapter 2reviewed advances in the chemical synthesislylgaccharide aldehydes or ketones
illustrating their reactivity andcorrespondingapplications. InChapter 3, we developed a new
method to synthesize polysaccharide aldehyddsch we have termedmultireducing end
modificatiord. We have also termed thisew type of polysaccharide@multi-reducingend
polysaccharideMREPsY. In contrast tothe widely used periodate oxidation method, the
multireducing end modification method avoids breaking up the cyclic structure of
monosaccharides from whicpolysaccharide chainare comprised anddoes not introduce
undesiredlexibility or chemicalinstability. This new type of polysaccharides patlee way for
numerous applications such as polysacchagsid¢ein conjugates dnjectable and selfiealing
polysaccharide hydrogels.

In Chapter 4, one possible application of the MREPs vaesnonstratedby fabricating fast
geling, injectable selfhealing Schiffbasepolysaccharidehydrogels. We used acetic acid to
accelerategelation time from hours to seconds, much faster than the previous -Saseff
polysaccharide hydrogels, whiafpelled typically within minutes to hours. Comprehensive
rheology tests confirmed fagelation, injectable and sétiealing behavior of our polysaccharide

hydrogels. Cell culturexperimentshowedthat these hydrogelslisplayediimited cytotoxicity:.



Therefore, polysaccharide hydrogels based on MREPs exhibited promising properties for future
biomedical applications such as drug delivery.

Microgels are dispersible but undissolvabtdlioids of threedimensional polymer networks
internally with numerous applicatioria Chapter 5, we used bleach oxidation method to generate
oxidized hydroxypropyl cellulose (34PC) ketones anslynthesized all polysaccharide microgels
using oxidized hydroxypropyl cellulose (#PC), carboxymethyl chitosan (CMCS) azalcium
chloride. Uniform microgels can be obtained with the size of hundreds of nanonatténe
calciumconcentration of 1 mg/mDx-HPC-amine drug conjugatgeepared bythe Schiff base
chemistry producing imine linkages that ameversible in water, tprovide slow releasé his class
of all-polysaccharidemicrogels showedoromise for applications in agriculturesuch as in

controlled release of agrochemicals.



Chapter 2: Literature Review Polysaccharide Aldehydesand Ketones: Synthesis and
Reactivity
(Published irBiomacromolecule2024, 25, 4, 2262276

Zhenghao Zha&iand Kevin J. Edgaf*

aMacromolecules Innovation Institute, Virginia Tech, Blacksburg, VA 24061, United States
bDepartment of Sustainable Biomaterjalérginia Tech, Blacksburg, VA 24061, United States
Abstract

Polysaccharides are biodegradable, abundant, sustainable, and often benign natural polymers.
Achieving selective modification of polysaccharides is important for targeting specific properties
and structures, and will benefit future development of highhctional, sustainable materials.
Synthesis of polysaccharides containing aldehyde or ketone moieties is a promising tool for
achieving this goal because of the rich chemistry of aldehyde or ketone groups, including Schiff
base formation, nucleophilic adidib, and reductive amination. The obtained polysaccharide
aldehydes or ketones themselves have rich potential for making useful materials such as self
healing hydrogels, polysaccharigeotein therapeutic conjugates, or didgjivery vehicles.
Herein we regiew recent advances in synthesizing polysaccharides containing aldehyde or ketone
moieties, and briefly introduce their reactivity and corresponding applications.

Keywords: Polysaccharidesldehydesketonesmulti-reducing end polysaccharides (MREPS)

2.1 Introduction
Polysaccharides are important members of the family of natural polymers, more chemically
complex than other important families such as proteins @old (nucleic acids). They are

abundant, diverse, typically benign, and always biodegradable. Despite their numerous



advantages, natural polysaccharides have properties that may in some cases limit their ability to
meet material demands of human society. For example, cellulose has a very strong tendency to
selfassociate (and crystallize) due in part to the formatidrydfogen bonding networks, making

it completely insoluble in water or in any single organic solyEtdle et al., 2023; Strachan, 1938)

The poor solubility of cellulose coupled with its lack of observable glass transition or melting
temperatures makes it difficult to process, thus impeding applications such as pa@kaging.
Huang & Wang, 2022)This has inspired chemists to develop ways to chemically modify
polysaccharides to enhance processability and adapt their structures to achieve desired
performancgCumpstey, 2013a; Edgar et al., 2001; Gomri et al., 2B@2®&ever, many of these
methods lack regioselectivity. Regioselective modification of polysaccharides is challenging
because they all contain multiple chemically nonequivalent alcohols which nonetheless have
similar reactivity; in some cases, polysacchesidlso contain other reactive groups (e.g., carboxyl,
amine, amide groups). These characteristics complicatspgtafic chemical modification of
polysaccharides. Thus, most published polysaccharide modification reactions lead to relatively
random sub#ution, which impedes deeper understanding of strugitmperty relationships,
targeting of desired properties, and optimal design of sustainable materials.

Aldehydes or ketones are valuable substituents because they can undergo reactions distinct from
those of the numerous polysaccharide hydroxy groups. Important examples include the ability of
aldehydes (or ketones) to react with amines to form imines, k@ teductively aminated to form
aminegSanterre et al., 1958a; M. A. Sprung, 1940; S. Wang et al., 20iE83useful reactions
available to aldehydes (or ketones) can enable-spieific chemical modification of
polysaccharides. Unfortunately, all natural polysaccharides have only one aldehyde group per

chain (at the reducing end); therefore, only one swiesti can be attached per molecule in this



way.(Hashimoto et al., 1991a; Heise et al., 2021a; Moussa et al., 2019a; H. Tao et al.;T8020a)
obtain polysaccharide derivatives by regioselective introduction of aldehydes or ketones, reliable
chemical methods are needed to introduce adequate degree of substitution (DS) of these functional
groups.

This review summarizes previous synthetic methods for making polysaccharides with aldehyde
or ketone substituents, and briefly introduces their applications. We wish to help the reader choose,
optimize, and probe different synthetic strategies for prepgpmlysaccharide aldehydes or

ketones.

2.2 Synthetic methods

In this section, welivide the synthetic strategies into three categories: oxidationprioiative
derivatization, and muhkieducing end modifications. Definitionmethods functional groups
introduced, and key features are summarizetable 1. The detailed experimental parameters,

green aspects, yields, and maximum DS values or conversions are summareee

2.2.1 Oxidation

Oxidation strategies employ oxidizing agents (e.g., periodate ions or bleach) to convert
polysaccharide hydroxy groups to aldehyde or ketone moieties. Two important but distinct
methods have been developed that fall into this category, periodate oxatatibleach oxidation.

We will discuss these two methods separately.

Table 1.Strategies and methods for synthesis of polysaccharide aldehydes and ketones.



Strategy

Definitions

Methods

Functional
groups
introduced

Key features

Periodate
oxidation

Aldehydes

* Well-established

* Vicinal diols are
cleaved to afford
aldehydes

* PolysaccharidéPS)
chains degraded

Oxidize PS
hydroxygroups * Secondaryhydroxy
Oxidation to afford groupson
aldehydes or oligo(hydroxypropy)
ketones chaintermini oxidized to
_— afford ketones
Bleach oxidation| Ketones |, Controllable
degradation oPSchains
* Needfor
hydroxypropyl
substituents
* Esterification ofPS
Esterification with 4-formylbenzoic
with 4- Aldehydes | acid
formylbenzoates * 4-Formylbenzoic acid
React with may have safety issues.
Non- small molecule T .
. . Highly reactive
oxidative to introduce : i
e Acetoacetylation Ketones Limited thermal
modification | aldehydes or -
K stability
etones
*
Esterification Imp_roved thermal
: i stability
with levulinate Ketones |, <. .
Side reactions may
groups
occur
* Monosaccharide is
attached td®Sthrough
C2 amidation
Multi - Attach Glucosamine * More reducing ends
reducing end| monosaccharide o Aldehydes | (C1 of the
o O amidation :
modification | stoPS monosaccharide)

introduced tdPS
* PSmust have carboxyl
groups




Table 2. Experimental parameters, green aspects, yields and maximum oxidation values of

various approaches

Maximum
Reaction Experimental Green DS value or
Yields (%)
methods parameters aspects degree of
oxidation
Aqueous, but 91.5%
Periodate ions (19),
Periodate high cost, low oxidation
water, RT, dark, min to h > 80 %
oxidation atom (Amer et al.,
reaction times
economy 2016)
Aqueous,
91.3%
Bleach (NaOCI), water, | relatively
oxidation
Bleach oxidation acetic acid, RT, min to h| benign >80 %
degredZhou
reaction times reagent, low
et al., 2023a)
cost
4-formylbenzoic acid,
dimethylformamide
Esterification Expensive
(DMF),
with 4- reagents, non| Not specified| Not specified
dicyclohexylcarbodiimide
formylbenzoates agueous
(DCC),

dimethylaminopyridine




(DMAP), RT, N, 24 h

Non-aqueous,
Diketene, TBAA or
but no ce
(THD), organic solvents
products with
Acetoacetylation (e.g. DMAC/LICI) or >80 % DS 2.91%¢
diketene.
ionic liquids. Hours
Diketene
reaction
reactive, toxic

Levulinic acid, activation

Esterification agent (DCC, TosCICDI | Not aqueous,

with levulinate | or TFAA), organic reactive/ toxic| >80 % DS 2.42Y7
groups solvents like DMAc, 80 | reagents
°C, 24 h

Glucosamine (GIcN),

4-(4,6-dimethoxy1,3,5 DS 0.17*
Aqueous, but
Glucosamine triazin-2-yl)-4- (alginate
DMTMM 60 %
amidation methylmorpholinium GIcN) (Zhai
expensive
chloride (DMTMM), et al., 2023)

water, RT, 24 h

2.2.1.1 Periodate oxidation
Periodate oxidation is a classical, versatile approach for rapid and efficient synthesis of

polysaccharide aldehydes. For the chemistry to work, the polysaccharide must possess a vicinal



diol entity, which is oxidatively cleaved lperiodate to form an aldehyde moiety at each of the
former vicinal hydroxy groups, in the process breaking the ring of that monosaccharide. This
reaction was first discovered by Malaprade in 1928 and has been widely used in carbohydrate
chemistry since the because ahany favorable factord@obbitt, 1956; Perlin, 2006§rominent

among which is the high degree of regand chemeselectivity. Periodate oxidation can be
restricted to vicinal 2;8liols of polysaccharides under certain conditiiisstiansen et al., 2010a)
Periodate oxidation is widely used in polysaccharide chemistry because many important
polysaccharides (e.g., amylose, cellulose, dextran) do contain vicinal diols, and because the
modification is onestep and simple to carry out. Agqueous conditions ast fog periodate
oxidation, which suits polysaccharides well, with their higdter affinity (and in some cases,
solubility). An accepted mechanism for periodate oxidation is sho®eheme 1in which diols

form a cyclic intermediate with periodate ionsyhich decomposes to H¥O and

dialdehydegCriegee et al., 1933)

(I)H
HO OH  HIO, O0==0 H
W ——> oo —= =0 + 0o={ + HO
H‘.‘C C,"H water O‘ 9 R © R ’
R; R, H-C-C-H 1 2
Ri Ry

Scheme 1Mechanism of periodate oxidation of diols.

For periodate oxidation to occur, it is required that the vicinal hydroxyls are oriented in such a
way as to enable formation of the cyclic intermediate; eidwgratorial equatorial or axiél
equatorial orientation. Thus, periodate oxidation cannot take place if the vidiagroups are in
opposing, diaxial orientation to one another, because they then cannot geometrically accommodate
formation of the requiredyclic intermediateln addition, some important polysaccharides do not
contain vicinal diols;dr example, curdlan cannot be oxidized by periottatedialdehydéecause

its b-1,3 linkages mean that it contains no vicinal alcohols. General principles of periodate



oxidation of polysaccharides using -a 4)-b-D-Glcp-(1-

illustrating the curdlan issue) are showrSicheme 2

(a) OH
\‘Oﬁ
O-_
HO A OH
10,
(b) OH 10,
HO © '
O-_
A OH

monosaccharide example (and

OH
. o)
° \_O-_
o/ o)

Scheme 2.General principles of periodate oxidation of polysacchar{@gs(lf 4)-linked

residues where cleavage occurs between C2 and C3f (B){linked residues which are resistant

to periodate oxidation. Adapted from Rristiansen et al., 2010afopyright 2010, with

permission from Elsevier.

Various polysaccharides have been modified by the periodate oxidation method, including

cellulose(George, Maheswari, Begum, et al., 2019; Y. Shen et al., 2021a; Sirvio et al., 2011; Strdz

et al., 2019aglginate(Balakrishnan et al., 2005a; Jeon et al., 20H2ajran(Jeanes & Wilham,

1950a; Maia et al., 201%jarch(Lyu et al.,2020a; Xie et al., 2020apnthan(P. K. Sharma et al.,

2018a)glycosaminoglycar(8edini et al., 2016; Hintze et al., 202#)d lyaluronic acic(Jia et al.,

2004; Montgomery & Nag, 1963; Pandit et al., 20&@mplesare shown irSchemes.
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OH OH o OH
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OH OH OH

o
OH
Cellulose Dialdehyde cellulose
ONa ONa
ONa ONa H{ % OH o o
o 0={ OH o o HO OH
OH . <
Ho o%&/ HO “OH 104 FOH \ \C\)A/O ~0
Lo HO o ~d O oH O OO
S ~OH o L OH - o a
0] Na
07 “ONa
OH
O~ "ONa
Alginate Dialdehyde alginate

OH
OH OH 104 OH SN o Qo
OH 0 oH HO 0 WH\O %OH
0 o HO ~OH o o
HO o d
) o Hl\o 0

HO
°© o NHAc HOOC NHAc HOOC
Hko NHAc HOOC O NHAc HOOC
Hyaluronic acid Dialdehyde hyaluronic acid
OH OH 104 ? o OH
OH OH OH J o
Xylan Dialdehyde Xylan
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Amylopectin Dialdehyde amylopectin
H
3 g

(o] © °
?4/
HOHo = 007 Q
OHo
(0]
NoA, A
OH OH n

Dialdehyde dextran

Scheme 3lllustration of periodate oxidation of different types of polysaccharides

Although periodate oxidation is chemand regioselective, the resulting vicinal dialdehydes
have some complicating reactivities. It has been reported that these dialdehyde moieties are highly
susceptible to alkalink-elimination(Veelaert et al., 1997)he aldehydes are reactive with water
and/or alcohols, so may be converted to hydrates, hemigcetaésetals. These can all be
converted back to aldehydes relatively easily, but they greatly complicate product analysis, since
it is far easier to quantify intact aldehydes (aldehyde carbonyCiror FTIR spectra, aldehyde
proton in*H NMR spectra being highly distinct) than, for example, hydrated aldehydes whose

chemical shifts are very similar to those of other polysaccharide hydroxyl groupsséioesly,
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hemiacetal formation of the generated aldehydes with remaining polysaccharide hydroxyls can
lead to undesirable properties. For example, dialdehyde cellulose is only soluble in hot water (>
80°C).(U.-J. Kim et al., 2004)ndeed, itmust be recognized thaiterchain and intrachain cress

linking may occurtAmer et al., 2016 hat is to say, the alcohol involved in conversion of the
periodategenerated aldehydes to hemiacetals or acetals may arise from a separate polysaccharide
chain, or from another area of the same chain, leading to crosslinked or cyclic structures.

Very importantly, since the monosaccharide rings of polysaccharides are inevitably opened by
periodate oxidation, this will dramatically incregselysaccharide chain flexibility. Under the
conditions of the oxidation, some degradation will also occur, and the enhanced susceptibility of
the oxidized product to further degradation reactions will also contribute to loss of mechanical
properties, whiclwill be undesirable for mangpplicationgKristiansen et al., 2010a; Strong et
al.,, 2019) One degradation mechanism involves -G%&1 oxidative cleavage, while
polysaccharide reducing ends of polysaccharides can also be oxidized (Scliparedé)rada et

al., 2022)

R

- R - R1~ OH
Ry 10,4 Ri~0 2 0 |O4 1 O/Yx/ + ONOH
o OH S o]

o
H C5-0-C1 cleavage
OH ¢

)y

} - R2 RZ
~\_o- _ .
HO O-gr, y) S R P 07 Y Ry
o 0 OH

OH C5-0-C1 cleavage

R4: Saccharide chain R,: H (pentose) or CH,OH (hexose) or COOH (hexuronic acid)

Scheme 4Degradation of polysaccharide chains caused by periodate oxidagpnnted or
adapted with permission under a Creative Comn@@8Y from Ref,(Pandeirada et al., 2022)

Copyright2022, with permission fror&lsevier.
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2.2.1.2Bleach oxidation

Oxidation of secondary alcohols to ketones was introduced for small molecule chemistry by
StevengStevens et al., 198Gpr small molecules it is rapid, selective, and has the obvious
attraction of employing an inexpensive reagent that is a common household cleaning agent.
Application of small molecule chemistry to polysaccharides is often difficult, meeting issues of
readivity and selectivity. Thus, there was no report of application of bleach oxidation to ketones
in polysaccharide chemistry for 40 years, until Nichols et al. reported application of the chemistry
to introduce ketone substituents to polysacchaiideols et al., 2020Nichols took advantage
of the secondary alcohols at the termini of oligh{2iroxypropyl) substituents of hydroxypropyl
(HP) ethers of polysaccharides; in particular, the commercial hydroxypropyl cellulose (HPC) as
well as hydroxypropyl dextran (HPD), wdfi was synthesized by the authors. Hydroxypropyl
polysaccharides are readily prepared from the parent natural polysaccharide by aqueous, alkaline
reaction with propylene oxide. Reaction of the hydroxypropyl polysaccharide with aqueous bleach
(sodium hypoclorite), ideally with pH adjustment using a small amount of acetic acid, oxidizes
the terminal secondary alcohols of the olighg2lroxypropyl) substituents to ketone groups.
Mischnick in the Nichols publication showed by hydrolysis of the product to raoobarides and
GC/MS analysis that the oxidation was ca9396 selective for the oligo(hydroxypropyl) terminal
secondary hydroxyls, nearly completely sparing anhydroglucose ring hydroxyls. Bleach is
alkaline, even after pH adjustment with acetic acids@me loss of degree of polymerization
occurs due to alkaline peeling. This can be moderated, and the DS (ketone) controlled, by control
of bleach stoichiometry (adding more bleach accelerates oxidation while not substantially
accelerating DP loss). Bleadxidations of hydroxypropyl polysaccharides are illustrated in

Schemeb.
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hydroxypropyl cellulose (HPC) Oxidized hydroxypropyl cellulose (Ox-
HPC)

m oo @Roﬁg
NaOCI HOAc

H2O RO%

RO OR*—'n

OH

Oxidized hydroxypropyl dextran (Ox-
HPD)

R:Hor ”(XOJ;OH R":H or "(\(O\%Jm\OH or "(/W/O\%/mgo

Schemeb. Bleachoxidationof hydroxypropyl cellulose and hydroxypropyl dextran. Adapted

hydroxypropyl dextran (HPD)

from Ref. (Nichols et al., 202Q)Copyright 2020, with permission from American Chemical

Society.

Compared to periodate oxidation, bleach oxidation preserves the cyclic structure of
monosaccharides, can be controlled to moderate DP loss, and does not introduce instability to the
polysaccharide chain. It does require, unlike periodate oxidation, éhpblysaccharide has been
substituted with oligo(hydroxypropyl) moieties. Both oxidations can be readily controlled
stoichiometrically. The ketones that result from bleach oxidation are less prone to undesired further
reactions (e.g., crosslinking via aaletormation), but also are less reactive towards nucleophiles
like amines than are the highly reactive aldehydes. Even so, the ketone substituents introduced by
bleach oxidation have already been employed for further conversions like reductive amaation t

append bioactive small molecules and crosslinking with awoméaining polymers to readily
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prepare injectable hydrogels, includingdilysaccharide hydroge{8. Chen et al., 2020a, 20223;
Zhou et al., 2023a, 202Qverall, bleach oxidation of hydroxypropyl polysaccharides is simple,

selective, and introduces highly useful reactivity.

2.2.2Non-oxidative modification

Non-oxidative modificationrefers to the reaction of small molecules with polysaccharides to
introduce aldehyde or ketomm®ntaining substituents directly to the polysaccharide, typically by
reactions in which the polysaccharide is the nucleophile. Three types have been reported and
illustrative examples will be described here: esterification witkfordhylbenzoates,

acetoacetylationand esterification witkevulinategroups.

2.2.2.14-Formylbenzoic acid esterification

4-Formylbenzoic acid is a bgroduct of terephthalic acid synthesis by oxidatiomp-afylene
and is thus readily available and relatively inexpensiResearchers have approached
esterificationof polysaccharides with-tormylbenzoate by using the carboxylic acid itself (rather
than activated derivatives such as the acid chloride or anhydride), in conjunction with a
condensation reagent such as dicyclohexyl carbodiimide (DCC) in the presence of
dimethylaminopyridine (DMAP)S%cheme6). Wang et a({C. Wang et al., 2020hodified methyl
cellulose by acylation with-fiormylbenzoic acid and further fabricated dedfaling Schiff base
hydrogels by reaction with PE@rafted chitosan. This approach is not necessarily regioselective

and does require DCC or similar condensingrago work.
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DCC/DMAP

OR OR'
OR OHC COOH H( o OR'
RO (0] o) R'O OR' O
OR ORI
OR

o)

I
R:Hor CHs, R": H or CH5or --COCHO

Schemeb. Esterificationof methyl cellulose with 4ormylbenzoic acid. Adapted from R€C.

Wang et al., 2020)Copyright 2020, with permission from Royal Society of Chemistry.

So far only one example using@mylbenzoicacidesterification to synthesize polysaccharide
aldehydes has been published, but the method should be equally useful for other types of
polysaccharides. In addition, the general approach is attractive; that of using a difunctional small
molecule reagent, imhich one end can be appended to the polysaccharide by simple, well
understood reactions (e.g., formation of ether, ester, or carbamate bonds), and the other end has a
ketone or aldehyde group. Indeed,auld be even more useful if the aldehyde were protected in
such a way as to be readily deprotected when needed, thus potentially minimizing interference by

undesired crosslinking. It is likely that this strategy will be more widely explored in the future.

2.2.2.2 Acetoacetylation

Acetoacetylatiorhas been welstudied for small moleculesypically employingreaction of
diketene (CH=C=0) with nucleophiles like alcohols or amines to form acetoacetate (AcAc) esters
or amideqClemens, 1986Diketene is produced by thermal dehydration of acetic acid. Its
reactions with polysaccharides have been studied to a limited extent previously. Staudinger and
co-workergStaudinger & Eicher, 1953Yyeported heterogeneous reaction of amorphous,

regenerated cellulose with diketene in acetic acid, using sodium acetate as catalyst. Elemental
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analysis results confirmed that they achieved DS(AcAc) of 3. Edgar(Etgér et al., 1995)
reported homogeneous reaction aficrocrystalline cellulosewith diketene in N, N
dimethylacetamide (DMAC)/LICIl or-inethyt2-pyrrolidinone (NMP)/LICl solution Reaction

with alkanoyl chlorides or alkanoic anhydrides could also be accomplished in the same solution,
affording neafguantitative conversion of both diketene and the other acylation re&p@Enie

7). Thus, cellulose acetoacetates and cellulose acetoacetate alkanoates with a wide variety of DS
values were obtained in this way; the methodology affords access to the complete range of DS
values and to a very broad range of mixed cellulose acetoackdateate esters. It would be

expected that this chestry would apply also to a broad range of other polysaccharides.

OR
O n
HO LiCl, 25 - 110°C RO OR 0
OR
o o

R:Hor /M

OH o)
OH _ bwac
H(O 0 Ho OH  + + (Rlco),0
o o LiCl, 110 °C RO
HO o
OH
OH

o o o)
R4= CHs, CH3CH, or CH3CH,CH, R:Hor _ or
A o X

Scheme7. Synthesis of cellulose acetoacetates and cellulose acetoacetate alkanoates. Adapted

from Ref;(Edgar et al., 1995yopyright 1995, with permission from American Chemical Society.

Diketene is an excellent reagent for acetoacetylation because it is inexpensivesapiitve
towards nucleophiles, and is a liquid that can be readily handled by using appropriate care.
However, diketene is also a lachrymator, is relatively volatile, and is highly reactive including with

water. As a result, shipment of diketene is priatbin some countries, including in the United
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States. Because of the challenging features of diketene, derivatives have been developed that are
not lachrymators and not overly reactive at room temperature; they are designed to decompose to
generate diketene upon heating. Useful derivatives for aetydatton include tert-butyl
acetoacetate (TBAAYitzeman& Nottingham, 1991)and 2,2,6trimethyl4H-1,3-dioxin-4-one
(THD).(Clemens & Hyatt, 1985Wurfel reportel homogeneous, catalydiee synthesis of
cellulose acetoacetates using THD, affording cellulose acetoacetates with various DS(AcCAC)
values when the molar ratio of THD was less than 2 equiv per anhydroglucose unit({A®Gd).

et al., 2018)When that molar ratio was > 2, the reaction ledrtol ester formation and hence to a
degree of molar substitution (MS) that could excee8@éme8). Reaction with TBAA, on the

other hand, is initiated thermally above about T)@vhere TBAA decomposés t-butyl alcohol

and diketenewhich can react with polysaccharide alcoh@s.Wang et al., 2021)

OR
<2.0 eq/AGU H{ o OR o o
o ORO nOH R:Hor ,M
RO o} .
OR
OR
0]

(0]

< OR e 9 m
HYo O RO boH - Ry M
o
R10 OR; 0 m21
OR;

Scheme8. Acetoacetylationof cellulose with2,2,6trimethyl4H-1,3-dioxin-4-one (THD)

DMAC or NMP

LiCl, 25 - 110 °C

OH °
OH
Hto O Ho oH + |
o n (o]
HO o)
OH S
OH

>2.0 eq/AGU

Adapted from(Wiifel et al., 2018)Copyright 2018, with permission from Springer.

Acetoacetylationis an efficient, versatile approach for appending ketone functionality to
polysaccharides. The approach is given special characteristics, some useful, some not, by the
particular reactivity of the acetoacetate ketone group, whiztoian ester group. The acetoacetate
group can react with amines to form enamines; enamine formation is dynamic and reversible in
the presence of wat er -withdfavang greupsrtketone and eéstergemakewo e |

thea carbon protonsa(to both ketone and ester groups) more acidic, such that they can be easily
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deprotonated by a base. The resulting anion is a nucleophile that can react with g&ytes
Mather et al., 2006; R. Wang et al., 20&bcyanate&hu et al., 2020anddiazonium saltSalah

etal., 2019)to afford different functionalities that may be useful in various applications. Other
interesting reactions involving the acetoacetate group have been demonstrated, including the
Biginelli(Rong, Zeng, et al., 2018ndHantzscliQiu et al., 2022jeactiors.

It is important to note that the resulting polysaccharide acetoacetate esters have limited thermal
stability due to the potential for thermal reversion to acetyl kgdfitizeman & Nottingham,
1991)This thermal reversion may be undesirable in some uses (e.g., thermoplastics) but desirable
in others (perhaps for biodegradable materials, for example). While publications to date have been
focused on cellulose acetoacetylation, clearly any polysacehiwad has hydroxy groups (that is
to say, any natural polysaccharide) or amino groups could be acetoacetylated using one or more of

these methods.

2.2.2.3Levulinate esterification

Levulinic acid is itself a sustainable material, available by -aei@dlyzed hydrolysis of
cellulose. Levulinates are difunctioné@cheme9), containing both a ketone and a carboxylic
acid(Hayes & Becer, 2020; Hegner et al., 20€yulinate esters are commonly used as protecting
groups in carbohydrate chemistry because they are acid stable and can be easily removed by
reaction with hydrazine. This selectivity arises because difunctional hydrazine can react
simultaneously and favdoyy (five-membered ring intermediate) with both the levulinate ketone
and ester carbony(#lassner et al.,, 1975)s noted earlier, transposition of small molecule
reactions to polysaccharides can be challenging, levulinates being a good example; there are few

examples of synthesizing polysaccharide ketones by levulinate esterification. In fact, the only
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example was reported by Zhdd@beng et al.,, 2015who explored synthesis of cellulose
levulinates in detail. Having identified a number of approaches that work for small molecule
carbohydrates but not for polysaccharides, they identified methods to synthesize cellulose

levulinates by mild activation oélulinic acid(Scheme9).

OH o OR
H< 0 oH OR Q
o HO OH )K/WOH _— H(o O Ro OH R Hor ~-
HO o 0 o n ’
oH o DCC, TosCl, CDlor TFAA RO on 0 S
OH
OR

Scheme9. Levulinate esterificatioof cellulose using milcctivation methods. Adapted from
Ref,(Zheng et al., 2015Fopyright 2015, with permission from Springer.

Polysaccharide levulinates usually are more thermally stable than polysaceitatio@cetate
estersThe reactivity of the ketone group is more similar to that of a typical ketone than to that of
the acetoacetate ketone, since the ketone and ester arerarie another in levulinate moieties.

The levulinate ester carbonyl carbon is three atoms distant from the ketone and is therefore less
influential upon it. The main issue impeding broader use of this approach is that levulinate
esterification is synthitally somewhat challenging and can be plagued with side reactions due to

the relatively poor reactivity of polysaccharide alcohols.

2.2.3Multi -reducing end modification

Since every natural aldosmsed polysaccharide has only one reducing end, and thus only one
carbon that is in equilibrium between aldehyde and hemiacetal, the ability to use that aldehyde for
appendingsubstituents is very limited, and it does not provide the rfwiittionality necessary
for preparation of useful entities like aldehyldegked networks (hydrogels) or triblock copolymers.
For this reason, investigators have recently introduced the cowfepiulti-reducing end

polysaccharides (MREP). MREPs have been prepared by attachment of a monosaccharide to the
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polysaccharide through linkages from positions on the added monosaccharide other than C1. In
this way, each C1 aldehyde (reducing end) that is appended remains free for reactions like imine
formation or reductive amination, affording a mudtdehyde funédnal polysaccharide derivative.
MREPs were first reported by Zl{@hai et al., 2023yvho utilized amide formation between the
carboxylic acids of poly(uronic acids) (e.g., alginate) or carboxymsihystituted
polysaccharides (e.g., carboxymethyl cellulose) with the amine moieties of glucosamine or
galactosamine to synthesize MREBsl{emel0). NMR spectroscopy, fluorimetry, and the silver
mirror reaction all confirmed that a significant DS of monosaccharides, each with an added
reducing end, could be appended to the polysaccharides. The desired added aldehyde reactivity
needed to be coinmed, since each added aldehyde is in equilibrium with its cyclic, hemiacetal
form; would it react like a simple aldehyde (e.g., like acetaldehyde)? Zhai andrkers
demonstrated that their MREPs could indeed form hydrogels at room temperature wigh ami

containing polymers like polyethyleneimine (PEI), in part due to formation of imine crosslinks.
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Schemel0. Reducing end modification of carboxymethyl dextran, carboxymethyl cellulose,
and alginate to MREPs. Adapted frigghai et al., 2023 opyright 2023, with permission from

American Chemical Society.

Compared to periodate oxidation, mukiducing end modification can also introduce many
aldehyde groups to polysaccharides, controlling stoichiometry by controlling the amino
monosaccharide/polysaccharide ratio, while keeping the monosaccharides diyfaeqg@ride
intact, largely preserving DP, and avoiding the introduction of instability. However, the DS of
multi-reducing end modification obtained to date has been relatively low. New chemistry is needed
to improve the DS (aldehyde), and thus the reagtand utility potential, of the mukieducing

end modification approach.

2.3 Reactivity

In this section, we will briefly discuss the reactivity of polysaccharide aldehydes and ketones
and introduce applications of these materials. Since there have been a number of reviews regarding
polysaccharide applicatiofid. Chen et al., 2022a; Edgar et al., 2001; Farasati Far et al., 2022; K.
Huang & Wang, 2022; Mo et al., 2021; Rajabi et al., 2021a; Tian et al., 2020a; Y. Yang et al.,
2022; Zhao et al., 2023; Zhou et al., 202%8) will focus on their reactivity. Reactiors
aldehyde and ketonesubstituted polysaccharides reported in the literatineesummarized in

Table 3.

Table 3. Reactions and application$ polysaccharide aldehydes and ketones.
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Schiff base formation

Aldehyde or ketoneAmine

1. Injectable and selfiealing
PShydrogels;

2. Drug delivery vehicles;
3.Sensori Adsorb

mercury ions

Reductive amination

Aldehyde or ketone; Amine

1. PSproteinconjugate;

2. Renewable thermoplastics

Enamine formation

Acetoacetate; Amine

1. Injectable, responsive and
selfhealing PS hydrogels;

2. Surface modification of
sponges or fabrics fail/water
separatioror anti-bacterial

wound dressing

Horseradish peroxidagelRP)

mediated polymerization

Acetoacetate; Vinyl monomers

Graft polymerization on

cellulose

Biginelli reaction

AcetoacetateAldehyde Urea

Cellulose PEGylation

Hantzsch reaction

Aldehyde; Acetoacetate;

Ammonium acetate or ammon

Cellulose film for U\blocking

2.3.1 Schiftbase formation

Schiff base formation is perhaps the most widely used and studied reaction for polysaccharide
aldehydes and ketones. It refers to the reversible condensation of an aldehyde or ketone with a

primary amine to form an imine bond, generating a molecule of watgr@®8uct Gcheme 1).
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o)
T v vn —— oS+ no
PS TH
Scheme 1. General synthetic scheme for Schiff base formation: aldehyde group from

polysaccharides (PS) reacts with small molecule or polymer bearing amine group to afford an

imine bond.

One useful, widely studied application of Schiff base formation is fabrication of injectable, self
healing polysaccharide hydrogels. Reversible imine bonds (especially in therialateydrogel
environment) provide the ability to setpair, which in ten provides injectability. This can not
only facilitate hydrogelextrusionfrom a syringeand solidification at the targeted position but can
also provide for timely selfepair of structural defec{Qu et al., 2018; M. Wu et al., 2028¢veral
recent reviews cover the details of synthesis and application of injectableheakiiy
polysaccharide hydroge(o et al., 2021; Y. Yang et al., 2022)

Schiff bases formed from aldehyd® ketonesubstituted polysaccharides have also been used
to fabricate druglelivery vehiclesWe will provide only a couple dfiustrative example, since
there are several comprehensive reviews of this.fddclay et al., 2019; J. Li et al., 2022; Miao
et al., 2018; Sood et al., 202Rgng et al. reported a ptdsponsive nanoparticle from cellulose
aldehydes via Schiff base formation for controlled reléBsag et al., 2019)he process began
with periodate oxidation of cellulose to generate 1opgned dialdehydes, which were then
conjugated with oleylamine and aminoethyl Rhodamine via imine bonds. Nanoparticles were
formed by precipitation into wate¢heme 2). Because of the piesponsive imine bonds, which
are more labile under acidic conditions (pH < 5), the nanoparticles evinced faster release at pH 4

compared to pH 5 or pH 7.4.
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Scheme 2. Schematic representation for formation of-p#$ponsive nanoparticle8dapted

from (Peng et al., 2019 opyright 2019, with permission from Elsevier.

Researchers have exploited Schiff base chemistry to append substituents that enable design of
polymers with dual sensor aatisorbent capability for mercury ions, demonstrating the power of
functionalization with pendant aldehyde moieties. Kumatri et al. reported a novel celisiose
Schiff base for mercury ion sensing and remd@kalmari & Chauhan, 2014Fellulose was first
extracted from powdered pine needles, reacted with aliphatic bromides to form cellulose ethers,
then those cellulose ethers were oxidized by periodate ions to generabpemey dialdehyde
moieties on the monosaccharides that séitl insubstituted vicinal 2dols. Finally, lysine was
conjugated with those aldehyde moieties to form lysulestituted cellulose derivatives via Schiff
base linkagedviercury ions formed colored complexes with pairs of proximate, Schiftlbass
lysines, proximate due to the reaction mechanism in which two nearby aldehydes are generated
synchronously. The mercury ions could be removed from the resulting complex by treatment with

dilute HCI (Scheme 3B).
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Scheme B. Schematic representation of sensing and removal of mercury ions using cellulose
lysine Schiff base. Copied froiikumari & Chauhan, 2014)Copyright 2014, with permission
from American Chemical Society.
2.3.2 Reductive amination

Reductive amination involves initial Schiff base formation; subsequently, the imine bond
formed by primary amine reaction with aldehyde or ketone is reduced to a secondary amine. The
product secondary amines are more stable than the imine intermediagefabenore resistant to
hydrolysis. Reduction can be of the isolated imine, or the imine formation and reduction can be
conducted in a onpot operation (more common since it avoids isolation of the hydrolytically
labile imine). Onepot reductive aminatiodemands a selective reducing agent that can effectively
discriminate between reduction of the starting aldehyde and the intermediate imine. Reducing

agents commonly employed for this purpose include borohydrides like sodium borohydride
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(NaBHs), sodium cyanoborohydride (NaBEN) and sodium triacetoxyborohydride
(NaBH(OACc)),(Gusak et al., 2015)here the latter two are typically more chemoselective. The

general reductive amination reaction scheme is sho\Balieme 4.

O] H,N-R Reducin t
2 g agen
. NN - N
L T o
PS H

Scheme 2. General synthetic scheme for reductive amination: aldehyde group from
polysaccharides (PS) reacts with small molecule or polymeric primary amines to afford imine

bonds, which are then reduced to secondary amine.

Reductive amination hadeen used widely for synthesis of giugs or for making
polysaccharidgrotein conjugates. Detailed descriptions can be found in these riReughley
& Jordan, 2011; Zhou et al., 202I2¢signing renewable thermoplastics is another application of
reductive amination of polysaccharide aldehydes or ketones. Simon et al. reported using periodate
oxidized cellulose dialdehyde to react with amine small molecules to make cellulosic diamines
through reductive aminatiofBimon et al., 2023Five primary amines, including both aliphatic
and aromatic, were introduced to the cellulose backbone to tune glass transition temggjature (
Although these transformations were accompanied by degradative side reactions like beta
elimination and incomplete conversion during reductive aminatianilishe cellulose showed the
highest conversion, the best thermal properties, and a peculiar, symahmawlecular weight

distribution(Scheme b).
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Scheme b. Synthesis procedure for cellulose diamine. Celluloseiws®xidized by periodate
to generate cellulose dialdehyde, then reductively aminated with five different primary amines.

Copied from(Simon et al., 2023 opyright 2023, with permission from the American Chemical

Society.

2.3.3 Enamineformation
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Broadly, enamine formation most often is the result of reaction between an aldehyde or ketone
and a secondary amine. However, in the context of this review we restrict our discussion of
enamine formation to reaction between polysaccharide acetoacetapesrarg amines$cheme
16).

R
O O H,N—R O HN

H AAL + ho

Scheme 6. Generalscheme for enamine formation: acetoacetate group from polysaccharide

ps—O ps—O

(PS) reacts with small molecule or polymeric secondary amines to afford enamine bonds.

Liu et. al. reported fabrication of al&healing polysaccharidenydrogel based ondynamic
covalentenaminebonds(H. Liu et al., 2016 he polysaccharide hydrogebsobtained by mixing
agueous solutions etllulose acetoacetate (CAApdchitosamatroom temperaturéScheme ¥).

The resulting hydrogel exhibited séléaling and pH responsive properties due to the dynamic and

reversible enamine bonds, which decompose more rapidly in acidic environments.
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Scheme Z. Syntheticscheme for enaminlgasedpolysaccharide hydrogel (above) and self
healing and pHesponsive properties of the hydrogel (below). Adapted;fieniiu et al., 2016)

Copyright 2016, with permission from Wiley.

Formation of enamines based on cellulose acetoacetate can also be sisgddemodification
of sponges or fabrics for oil/water separation or-batiterial wound dressingi et. al. reported
fabrication of a functional porous cellulose acetoacetate (CAA) sponge by crosslinking cellulose
acetoacetate with {8minopropyl) triethoxysilanGAPTES)in the presence akllulose nanofibers
(CNF)(L. Li et al., 2020)The CAA sponge auld be easily modified byalkylamines(e.g.
hexylamine (HA)) of varying carbon chain length via dynamic covalent enamine bonds
Hydrophilicity of CAA sponges could be tuned readily from very hydrophilic to highly
hydrophobic under suitable pH conditions because of the dynamic and reversible enamine bonds.
High and selective oil absorption capacityi@0 g/ g) and satisfying des
could be achieved by alkjlinctioned CAAsponges. The investigators reported that the CAA
sponges could also efficiently separatevaditer mixtures and emulsions (>%%f water or oil

could be separated from each other) in a controllable maBokeine 18
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Scheme 8. Generakcheme for controllable water/oil separation of functionalized CAA sponge
via enamine formation. Copied froth. Li et al., 2020)Copyright 2020, with permission from
Elsevier.

A similar strategy was employed by Rong et. al. who modified cotton fabricasétoacetyl
groups and anchored antibacterg@ntamicin(Gen) and hydrophobiactadecyl amin€ODA) by

enamine bonds in order to impart dual functidBsheme 9).(Rong, Liu, et al., 2019)
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Scheme 9. Generalscheme illustrating preparation of antibacterial and hydrophobic cotton

fabric. Adapted fron{fRong, Liu, et al., 2019 opyright 2019, with permission from Elsevier.

2.3.4 Horseradish peroxidase (HRPR)nediated polymerization

Horseradish peroxidase (HRP) can catalyze the reaction bebalesto carbonyl compounds
and hydrogen peroxide £B») to abstract a labile hydrogen atom from between the carbonyls to
form a carborcentered radical, enabling initiation of radical polymerization of vinyl

monomergDerango et al., 1992; Lalot et al., 1999; Teixeira et al., 19983 method was
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successfully applied to cellulose acetoacetate for efficient graft polymerization by War(@et. al.
Wang et al., 2021Monomers of various reactivities, polarities, and functionality were used for
graft polymerization onCAA including acrylamide, -hydroxyethyl methacrylate (HEMA),

methyl methacrylate (MMA)and sulfobetaine methacrylate (SBMAcheme20).
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Scheme20. Synthetic illustration for graft polymerization from cellulose acetoacetate. Adapted

from;(R. Wang et al., 20210 opyright 2021, with permission from Springer.

2.3.5 Biginelli reaction

The Biginelli reaction is a muktomponent, on@ot condensation of acetoacetate, aldehyde,
and urea or thiourea to form a cyclic structure. It is a versatile, efficient reaction for generating
complex structures quickly, able to employ a wide scope of subsfkatppe, 2000RRong et al.
reported using the Biginelli reaction for generating cellulose derivaiR@sg, Zeng, et al., 2019)
A library of cellulosebased materials with different functional groups was successfully
synthesized by applying the Biginelli reaction to cellulose acetoac&aleifie21). A good
example of the properties that can be imparted to a polysaccharide in this way is shown in Scheme
15B, where the Biginelli reaction provides a convenient way to appelydethylene glycol)

monomethyl ether (MPEQubstituentdo the cellulose chain milg and efficienly, thereby
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providing a simple way to enhance water solubility of the products (while imparting other

structural features and properties simultaneously).
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Scheme 2. Synthesis procedure for cellulebased derivatives using Biginelli reaction.

Adapted from(Rong, Zeng, et al., 201Qopyright 2019, with permission from Elsevier.

2.3.6 Hantzsch reaction

Like theBiginelli reaction the Hantzsch reaction is a epet, multtcomponent condensation
reaction, in this case involving acetoacetate, aldehyde and ammonia. Qiu et al. applied the
Hantzsch reaction to cellulose acetoacetate to fabritaisescent and hydrophobic cellulese
based filns for full-band U\tblocking(Qiu et al., 2022)The natural hydrophobic and UV
absorbing moleculeimnamyl aldehyde (CAwas used tdouild 1,4dihydropyridine (DHP)

fluorescent ring by the Hantzsch reactioto improve the UVblocking performance of the
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cellulose film. In addition, hydrophobic long chain octadecylamine (ODA)iaties were

incorporated through enamine formation to enhance film hydrophob&utyefne 2).
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Scheme 2. (a) Process for the fabrication of hydrophobic,-bidcking cellulose film. (b)

Synthetic procedure for cellulo$msed derivatives using Hantzsch reaction. Adapted;f€im

et al., 2022 Copyright 2022, with permission from Springer.

2.4 Conclusiors and Outlook

Synthesizing polysaccharides possessing aldehyde or ketone groups is enabling for many

applications because of the rich and specific reactivity of aldehyde or ketone groups. Although a

number of strategies have been described by previous researcherseparapon of

polysaccharide aldehydes or ketones, elucidated in this review, synthetic challenges remain as

detailed below.

35



Periodateoxidation as the most widely used method to prepare polysaccharides bearing
aldehyde groups does have important advantages including efficiency, simplicity (one step, no
protecting groups needed) and regaod, to some degree, chemoselectiitpwever, as noted
above, periodate oxidation of a polysaccharide breaks down the cyclic structure of those
monosaccharides that are oxidized (degrading desirable physical properties for most applications),
reduces DP, and creates instability that can teddrther DP loss or other side reactions as the
material is stored or uséHristiansen et al., 2010&)ndesiredside reactions of the formed free
aldehyde groups can include alkalibeclimination as well as inevitable chemistry of the
dialdehyde functionality such dydrationor hemiacetal formatiowith hydroxy groups on the
same chain or on other molecules (leadingrtwsslinking).(Amer et al., 2016; Veelaert et al.,
1997)In addition, certain important polysaccharides (e.g-gly8ans) do not possess vicinal diols
and so are not substrates for periodate oxidation.

Bleach oxidation of terminal secondary alcohols of oligo(hydroxypropyl) substituents of
polysaccharides is attractive since no rings are broken, the method is highly- ciredno
regioselective, aqueous NaOCI is cheap and readily availablbods exist to control DP loss,
and such HP derivatives (including commercial cellulose HP ethers such as HPC, hydroxypropyl
methyl cellulose, and hydroxypropyl methyl cellulose acetate succinate) are nexdiéy by
reaction of polysaccharides with inexpensive propylexide in agueous medalichols et al.,
2020)The only significant drawback to the method, for cases where such substituents would not
enhance desired performance, is the requirement for attachment of oligo(hydroxypropyl)
substituents prior to bleach oxidation.

Reacting polysaccharides with reagents that contain aldehydes, ketones, or their protected

analogs can be an attractive approach that is worthy of further exploration. We illustrate the
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approach here with esterification withfégrmylbenzoic acidC. Wang et al., 2020Methods
described to date have been plagued with low conversion, and there is of course the issue of
potential toxicity of the reagent us@olf et al., 1982)Acetoacetylation of polysaccharides with
diketene has attractive features including high conversion, efficiency, and relatively mild
conditions, and the acetoacetate group withbHsetoester moiety has rich chemistry that
researchers have just begun to exglédgar et al., 1995; L. Li et al., 2020; H. Liu et al., 2016;

Qiu et al., 2022; Rong et al., 2018; Rong, Liu, et al., 2019; R. Wang et al.,&02Xgsult, it has

been the topic of considerable recent research. Drawbacks of acetoacetylation for appending
ketones to polysaccharides are the handling difficulties (leading to current inability to acquire it)
of diketene, the most convenient acetd@edion reagent (though alternatives likBAA exist,
requiring higher reaction temperatures), and the fact that polysaccharide acetoacetates become
thermally unstable at ca. 10D. Levulinate esterification can provide ketones with improved
thermal stallity, but is often plagued by side reactions and inefficiency in polysaccharide
esterification(Zheng et al., 2015)

MREP is a highly promising new approach for adding multiple aldehyde groups to
polysaccharides. Limitations to date include the relatively low DS(CHO) obtéfied et al.,
2023)and the fact that regioselective reactions (e.g., of appending glucosamine to polysaccharides)
are so far limited to poly (uronic acids) like alginate. The concept is however sound; even the low
DS(CHO) achieved so far does permit crosslinking and hytfogeation(Zhai et al., 2023and
it can be anticipated that newer methods to make MREPs will solve the issues of increasing
possible DS(CHO) and enhance the breadth of regioselectivity that is achievable.

In summary, several methods have been developed to synthesize polysaccharides containing

aldehyde or ketone moieties. Each method has advantages and drawbacks, but together they have
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created considerable application potential. There is still abundant room for creation of new, robust,
selective, efficient synthesis methods based on the principles elucidated here, to provide access to
a broader range of stable, high DP, targeted DS wdfdehnd ketonesubstituted polysaccharides

of controlled structure to enable highly challenging sustainable biomaterial applications.
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Abstract

Site-specific modification is a great challenge fpolysaccharide scientists. Chemand
regioselective modification of polysaccharide chains can provide many useful -tatsed
materialsand help us illuminate fundamental structpreperty relationships of polysaccharide
derivatives. The hemiacetal reducing end pbdlysaccharide is in equilibrium with its rirgpened
aldehyde form, making it the most uniquely reactive sitthepolysaccharidenolecule ideal for
regioselective decoration such as imine formation. However, all natural polysacchahietder
they are branched or not, have only one reducing end per chain, which means that only one
aldehydereactive substituent can be addadle introduce a newapproachto selective
functionalization of polysaccharides as an entr& to useful matesjgtenchg multiple reducing
ends to each polysaccharide moleciderein we reduce the approach to practice uamgle

formation. Amine groups on monosaccharides such as glucosamine or galactosamine can react
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with carboxyl groups of polysaccharides, whether natural uronic acids like alginates, or derivatives
with carboxytcontaining substituents such as carboxymethyl cellulose (CMC) or carboxymethyl
dextran (CMD). Amide formation is assisted usthg coupling agem-(4,6-dimethoxy1,3,5
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM). By linking the C2 amines of
monosaccharides to polysaccharides in this way, a new class of polysaccharide derivatives
possessing many reducing ends can be obtained. Wetadtds class of derivatives as mullti
reducingend polysaccharidgdREPs). This new family of derivatives creates the potential for
designing polysaccharideased materials with many potential applications, including in
hydrogels, block copolymers, pdrugs, and as reactive intermediates for other derivatives.

Keywords: Polysaccharidesnulti-reducing end polysaccharides (MRERdyinate

3.1Introduction

Nature freely provides us withofysaccharides in great abundance and variety from natural
building blocks like CQand water, in the presence of sunlight and oxygen. Polysaccharides are
also attractive since they tend to be benign and are always biodegradable materials.
Polysaccharides and their derivatives support an enormous variety of applications, including in
biomedicine as components of vaccifigng et al., 2022; Shapiro et al., 198%)functional drug
delivery excipientgPong et al., 2016; Winslow et al., 2018; Zhou et al., 2028a) as issue
engineering scaffolddKhan & Ahmad, 2013; Tchobanian et al., 20)lysaccharidegan
contributeuseful properties by reacting with other biomacromolecitesexample, solubility,
stability, and elimination halife of protein drugs can be improved by conjugation with
polysaccharide&Zhou et al., 2021jlowever the lack of regioselectivity of current methods can

lead to noruniform structures and poor reproducibility, which impede strugiooperty
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understanding, and are adverse for future commercializ&gtosu & Edgar, 2022 herefore,
regio and chemoselective chemical modification of polysaccharides is an important but
challenging task.

All polysaccharides possess multiple chemically nonequivalent but similar alcohols, and
sometimes other reactive groups (e.g., carboxyls, amines, amides). These characteristics
complicate the task of targeting specific hydroxyls or types of hydroxytschemical
modification(Cumpstey, 2013b; Fox et al., 20JAlehydes, like that of the anomeric carbon at
the reducing end of polysaccharides, are particularly useful since their reactivity differs from that
of all other polysaccharide carbons. For example, aldehydes can condense with amines to form
imines, or ca be reductively aminated to form amir{&&. M. Sprung, n.d.Periodate oxidation
is commonly used to create additional reactive sites on the polysaccharide for reaction, e.g., with
amines, by which polysaccharide vicinal diols are cleaved to dialdehydes, thereby opening
monosaccharide rings. This method is efficient and has been applied to many polysaccharides
including cellulos€George, Maheswari, Sheriffa Begum, et al., 2019; Y. Shen et al., 2021b; Strdz
et al., 2019byextran(Jeanes & Wilham, 1950@mylose(Lyu et al., 2020b; Xie et al., 2020b)
xanthan(P. K. Sharma et al., 2018g)ycosaminoglycanf).-A. Wang et al., 2007; S. Wang et
al.,, 2013) and alginatéBalakrishnan et al., 2005b; Jeon et al.,, 201Zhese oxidized
polysaccharides can be further reacted with amines to form imines. This is a convenient method
for conjugating some small functional molecules, such as amino acids or p(Bteish, 2009)
or forming hydrogels with amineontaining polymerg§]. Chen et al., 2022bjJowever, periodate
oxidationimpacts higher order polysaccharide structure, decreases degree of polymerization (DP),
and increases polysaccharide instability, leading to degraded mechanical prékadiesisen

et al., 2010b)
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Each natural polysaccharide, whether linear or branched, has one and only one reducing end,
with its anomeric carbon that (for aldelsased polysaccharides) is in equilibrium between a ring
closed hemiacetal and an oparain aldehyde form. Reducingcemodification has been used to
modify many polysaccharides selectively, such as cellulose nanociy#t#e et al., 2021b; H.

Tao et al, 2020b)glycosaminoglycanedini et al., 2016; Hintze et al., 2022)
dextran(Hashimoto et al., 1991b; D. H. Kim et al., 20Eyinate(Solberg et al., 2022and
chitosan(Guerry et al., 2014; Moussa et al., 201Bbyvever, since there is only one reducing end

per polysaccharide chain, only one substituent per molecule can be attached in this way. Therefore,
to obtain higher degree of substitution (DS) derivatives by regioselective aldehyde reactions, we
consideredwhether it was possible and practical to introduce additional reducing ends to the
polysaccharide chain, ideally while preserving DP, stability, and desirable physical properties.

Herein we propose a new method to introduce multiple reducing ends to each polysaccharide
molecule through coupling between carboxylic acids and amines. Carboxylic acid groups are
common features of many natural polysaccharides, particularly those cogtaiminic acid
monosaccharides, such as alginhyaluronic acidand pectin. Polysaccharide derivatives bearing
carboxylic acid substituents are also common, includaroxymethylated polysaccharides such
as carboxymethyl cellulose (CMC) and carboxymetextran (CMD).D-(+)-Glucosamineand
D-(+)-galacbsaminewere chosen as modelsdemonstrate the introduction of reducing ends to
polysaccharides. We hypothesized that the carboxyl groups of polysaccharides (e.g., alginate,
CMC, or CMD) could react with the-@eoxy2-amino groups oflucosamineor galacbsamine
assisted by a coupling agent suchtd44,6-dimethoxy1,3,5triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM), thereby attaching the monosaccharide bearing its added reducing end

through an amide linkage. Becauke hewly formed amide linkage would be through C2 of the
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added monosaccharide, its reducing end (C1) would be introduced intact to the polysaccharide
derivative. This approach would produce a new family of polysaccharide derivatives, which we
propose to describe as mediducing end polysaccharides (abbreviasdREPs). We describe

herein our efforts to provhis hypothesis.

3.2Experimental Section

3.2.1 Materials and Chemicals. Carboxymethyl cellulose sodium salt (CMCNa, degree of
substitution of carboxymethyl group DS(CM)8@, calculatedby 'H NMR (Fig. S1); Mn =
1.14x1CP g/mol, determined by aqueous SE®as from TClCarboxymethyl dextran sodium salt
(CMDNa, DS(CM) 0.22determined byH NMR spectroscopykig. S2 Mn= 1.27%10* g/mol,
determined by aqueous SECA4-(4,6-dimethoxyl,3,5triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM), and D-(+)-glucosamine hydrochloride (GIcN:HCI) were from Sigma
Aldrich. D-(+)-Galactosamine hydrochloride (GalN:HCI) was from Chbenpex International.
Alginic acid sodium salt (M/G ratio 1.9, determined ¥y NMR spectroscopykig. S3 Mn=
1.09x10° g/mol, determined by aqueous SE@nd 1, 3, 4, getraO-acetytD-glucosamine
hydrochloride (acetyGIcN:HCI) were from Alfa Aesar. A fluorometric dg¢hyde assay kit

(MAK141) was obtained from Sigmaldrich. DI water ¢ 18.2 Mg ocm) was produced by a

Synergysystemfrom Millipore. All reagents were received and used without further purification.
Regenerated cellulose dialysis tubing (molecular weight cutoff (MWCO) 3.5 kDa) was from
Fischer Scientific.

3.2.2Generalprocedure for amide formation betweenl, 3, 4, 6tetra-O-acetytD-glucosamine
(acetylGIcN) and polysaccharides CMD,alginate, or CMC. The starting polysaccharide was

first dissolved in DI wateatroom temperature (RT) with magnetic stirring. SpecificalliylDNa
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(2.0g, 1.2 mmolCOONa)was dissolved in 10 mL DI watealginic acid sodium salt (0.5 8,5
mmol -COONa)was dissolved in 5énL DI water, and CMCNa (0.5 g, 1.8 mm&OONa) was
dissolved in 50 mL DI water. Then DMTMM (0.5 g, 1.8 mmol, 1.5 equiv @PONa for
CMDNa; 0.875 g, 3.2 mmol, 1.3 equiv p&OONa for alginic acid sodium salt; or 0.974 g, 3.5
mmol, 19 equiv per-COONa for CMCNa) was added to each solution. After 3 h stirring, 1, 3, 4,
6-tetraO-acetytD-glucosamine (1.38 g, 3.6 mmol, 2.9 equer g=LOONa for CMDNa 2.42 g,

6.3 mmol, 2.5 equiv peCOONa for alginic acid sodium salt; or 2.7 g, 7.0 mmol, 3.8 equiv per
COONa for CMCNa) was added and pH was adjusted to 7.5 using saturated aq.3N&REO
solution was stirred at RT for another 24 h. Then the reaction mixture was transferred to a dialysis
tube (cutoff 3.5 kDa) and dialyzed against 0.1 M NaClZXat, then against DI water for 3 d.
Solutionswereconcentratd by freeze drying to afford the prodsias white fibrous materiad.
3.2.3General procedure for amide formation betweenbD-(+)-glucosamine (GIcN)or D-(+)-
galactosamine (GalN)and CMD, alginate, or CMC. The starting polysaccharide was first
dissolved in DI water a& certain temperature (RT, 3, or 50 °C) under magnetic stirring.
Specifically CMDNa (10 g, 1.2 mmolCOONa)was dissolved in 10 mL DI water, alginic acid
sodium salt (0.5 g, 2.5 mmaCOONa) was dissolved in 50 mL DI water, and CMCNa (0.5 g, 1.8
mmol-COONg was dissolved in 50 mL DI water. Then DMTMM (0.5 g, 1.8 mmol, 1.5 equiv per
-COONa for CMDNa; 1.17 g, 4.2 mmol, 1.7 equiv peOONa for alginic acid sodium salt; or
0.974 g, 3.5 mmol, 1.9 equiv p&OONa for CMCNa) was added to the solution. After 8riisg

at the desired temperature (RT, ¥7, or 50°C), D-(+)-glucosamine oiD-(+)-galactosamine
hydrochloride (0.8 g, 3.7 mmol, 3.0 equiv pEOONa for CMDNa; 3.23 g, 15.0 mmol, 6.0 equiv
per-COONa for alginic acid sodium salt; or 1.52 g, 7.0 mmol, 3.8 equingi2ONa for CMCNa)

was added and the pH was then adjusted to 7.9 ssiturated ag. NaHGOr dilute ag. NaOH.
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The solution was stirred for (24 h or 48 h) at the desired temperature (RT, 8750°C), then
the reaction mixture was transferred to a dialysis tube (cutoff 3.5 kDa) and dialyzed against 0.1 M
NacCl for 2 d, then against DI water for 3 d. The products were obtained by freeze drying to afford
white, fibrous materials. Reaction duration wastrolled at 24 or 48 h, and reaction temperature
was controlled at RT, 37C, or 47°C to determine the impact upon conversion. Yields: alginate
GIcN, 0.32 g, 60 %.
3.2.4General procedure for slver mirror reaction and hydrogel formation. Silver oxide (0.2
g, AgO) was dissolved in 2 mL dilute aq MBH (10% w/v) in a test tube. Polysaccharide (30
mg) was dissolved in 2 mL DI water in a vial, and the polysaccharide solution was added to the
test tube which was then shaken by hand. Finally, the test tube was placed ifvaai€r bath
for 30 min.

For hydrogel formation, 1.0 g poly(ethyleneimine) and 0.05 gimediucingend alginate were
each dissolved in 1 mL DI water in separate 20 mL vials, and the two solutions were combined
and left at room temperatufer 24 h.
3.2.5 Quantitative analysis of aldehyde concentration in starting polysaccharides and
product multi -reducing-end polysaccharides using a fluorometric methodA fluorometric
aldehyde assay kit was used. The standard curve of emission fluorometric intensity vs.
concentration of aldehydes was obtained by following the procedure from the kit instructions. Each
polysaccharide sample was dissolved in DI water atd/@nn. Aliquots (5Ce L of these solutions
were added to wells of a 96ell plate. All samples werested in duplicate; standard deviations
of the results were below 5%. The fluorescence excitation wavelength was 365 nm while the

emission wavelength was 435 nm.
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3.2.6Characterization. *H and*3C NMR spectra were obtained on a Bruker Avance |l 500 MHz
spectrometer in deuterated watee@) at room temperature, using 128 scans'foNMR and

10,000 scans fdfC NMR spectratH NMR spectra were referenced ted(4.79 ppn 13C NMR

spectra were referenced te(tBmethylsilyl) propionie2,2,3,3ds acid, sodium salt (0 ppm)
Diffusion ordered spectroscopy (DOSWas performed on a Bruker Avance Il 400 MHz
spectrometer equipped with a Diff50 diffusion probe. DOSY experiments were run with a 1 ms
gradient pulse duration, 20 ms diffusion encoding time, and 16 steps of the gradient strength, with
64 scans per step. Auorometric method was used to quantify aldehyde concentration of
polysaccharide samples, employing a fluorometric aldehyde assay kit from Sigma and-a micro
plate reader (TECAN infinite M2 PRO) to read fluorescence. The open chain aldehyde form of
each polysaccharide reducing end will react with a fluorescent dye from the assay kit and emit
strong fluorescence at 435 nm wavelength with excitation wavelength of 38Sizerexclusion
chromatography (SEC) was performed using instrumentation consisting of Wyatt Technologies
DAWN 8 light scattering and Optilab refractive index detectors. One Shodex Ohp8kaNa
column heated to 40 € was used with a mobile phase consistibdg water/100 mMNaNQCs as

the eluent and a Shimadzu 140D with pump operating at 1.0 mL/miBS(CM) of CMD and

CMC, G/M ratio of alginate, yields, and aldehyde concentrations were calculated according to the
following equations:

DS(CM) of CMC, based otheH NMR spectrum of the hydrolysis product

YOl OIA-OEABAXET (1)

$3 - ST (oEOTRAT T BREDATT A
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The hydrolysis procedure and NMR assignments were based on the previous l{fetatdoe&
Klosiewicz, 1980) Protons of CM side chain QCH.COO) are from 4.15 4.55ppm Protons
H2 - H6 from cellulose backborere from3.157 4.10 ppm.
DS(CM) of CMD, based on théH NMR spectrum of CMD:
¢ $3AAO0AT gug AICED) A 2)
P )(p

I(a) referdo the integral of the CM methylene resonance intth&IMR spectrum of CMD Fig
S2.1(H1) is the integral of the CMD H1 resonanégy( S2.

G/M ratio of alginic acid sodium salt, based on theNMR spectrum of partial hydrolyzed
alginate:

- )" ;i# ) ! 08 3)

The partial hydrolysis and NMR analysis methods were based on the previous litS8tangel,

n.d.) I1(A), I(B) andI(C) refer to the integralof peals A, B and C in thé¢H NMR spectrum of
partially hydrolyzed alginate={g. S3.
Yields of products:

A0 TIAmOT AOAO 4)

- A
POEAATREAAAOAT O

Product aldehyde concentration (the equation is from calibration curve of aldehyde concentration

vs. fluorescence intensifyig. S12:

S e e m - &1 O] Ol bPAARAAAR DU
LT AARAUAARAT OoAOEH @edvo ®)
P P¥
Determination of the DS(GIcN) @fginateGIcN (based offrig. 4):
¢ $3 1A A HYA A A (6)
p )'p p -T OAOEI
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Calculation of the aldehyde concentration alfyjinate-GIcN based on its

DS(GIcNY

) - (7)
I $3 1A,

AMIUA T cETIAA

—is 10 mg/mL. c(GIcN) is theoncentration of the appended glucosamine (also the aldehyde

concentration)$ 3' 1 Ais the DS of GIcN of alginat&lcN. M(AlginateGIcN) is thenolecular
weight per AGU of thelginate GIcN sample analyzed by NMR spectroscopy.

Determinatiorof alginate GIcN estimated real DS(GIcNisingmeasured aldehyde concentrations
and NMR value 0.17equivalent equation used faginate GalN DS(GalN))

111 CETIAKQA (8)
T®(d-

$3 1 A. ™

A is aldehyde concentration frable 1. The numbers 0.17 and 49.861Mare DS(GIcN) and A of
the aginateGIcN sample analyzed by NMR. The difference of molecular weight per AGU
between differengélginate GIcN samples was neglected.

Determinatiorof CMD-GIcN estimated real DS(GIcNisingaldehyde concentratiormsd NMR
value 0.17 (same equation foMD-GIcN DS(GalN))

L #-$' 1T A, - #- % (9)
T d- - 1 1 CETIAKOA

$3 1 A. ™ X

A is aldehyde concentrationirable 1. The 0.17, 49.5¢ Mand M(AlginateGIcN) are DS(GIcN),

A and molecular weight per AGU of tlaginate GIcN sample analyzed by NMR. The difference
of molecular weight pe€MD-GIcN AGU compared to CMD AGU was neglected. The difference
of molecular weight peelginate GIcN AGU caused by different D&|cN) was neglected.
Determinationof CMC-GIcN estimated real DS(GlcNjsingaldehyde concentrations and NMR

value 0.171same equation faCMC-GIcN DS(GalN))
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L #-#"1A. - #-# (10)
T (d- - 'l CETIAKQA

$3 1 A.m ¥

A is aldehyde concentration frable 1L The 0.17, 49.5¢ Mand M(AlginateGIcN) are DS(GIcN),
A and molecular weight per AGU of tlalginate GIcN sample analyzed by NMR. The difference
of molecular weight pe€MC-GIcN AGU compared to CMC AGU was neglected. The difference

of molecular weight pegiginate GIcN AGU caused by different D&|cN) was neglected.

3.3Results and Discussion

3.3.1Reactions ofl, 3, 4 6-tetra-O-acetylD-glucosamineg(acetylGIcN) with polysaccharides.

We selected acetfIcN as our initial substrate for amide formation, and selected three
commercial carboxytontaining polysaccharides, CMD, CMC, and algin&ehéme ). Acetyl

GIcN was useful for initial experiments because its acetyl groupstHaBIR resonancespfield

of the typical polysaccharide backbone region (around 2 ppm), and liKé@is®VIR resonances

upfield (around 20 ppm) of those typical for polysaccharides. These resonances are sharp, readily
distinguished, and (for protons) readily integrated in comparisith twe more downfield
backbone resonances of the starting polysaccharides.

We chose to initiate reaction of acelcN with CMD using4-(4,6-dimethoxy-1,3,5triazin
2-yl)-4-methylmorpholinium chlorid€DMTMM) because it is an efficient, widely used coupling
agent for amide formatioh.Far kag & Bystrickl, 2007:; Thenes el
reaction (RT, 24 h) afforded a watsluble product that could be purified by dialysis and isolated
by freezedrying. In its'H NMR spectrumFig. 1), the sharp resonance at 2.16 ppm and the small
one at 2.11 ppm were assigned to acetyl groups from the appended monosacchari@dcatetyl

It is noted that some of the acetyl resonances of these derivatives appeared to be weaker than those
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of the startingnonosaccharideF{g. S4. There are two possible reasons for the weaker acetyl
signal; one is that the DS of aceIcN on the CMD is low, the other is there may be partial
acetyl hydrolysis during the alkaline amide formation reaction conditionsacilation of
polysaccharidand carbohydratesters under alkaline conditions is rapid as has been previously
observed, including in work by our grag@ao et al., 2018; Zheng et al., 20T4ese results were
supported by3C NMR spectroscopyHig. 2), wheretheresonance at 23 ppwas assigned to the
acetyl methyls from the@ppended monosaccharide ac&¥ytN. Successful amide formation
between the acetybIcN amine andCMD carboxyls was further confirmed lojffusion-ordered
NMR spectroscopy (DOSY) experimeriisg. S19,(Morris & Johnson, 1992; Zhong et al., 2021)
whichrevealed thatlaresonanceassociated with the polymer chaincluding those arising from
both acetyiGIcN and CMD moietiesxhibitedidentical seldiffusion coefficiens (6.1 10!+

1 10'? m? st). This strongly supported the conclusion that ae€igN and CMD were

covalently attached to one another.
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Schemel. Amide-forming reactionsof acetytGIcN with polysaccharidesA. CMD and acetyl

GIcN. B. CMC and acetylGIcN. C. Alginate and acetylGICN. Note that positions of

carboxymethyl substitution in this and other schemes and figures are not meant to denote

regioselective substitution but are displayed in this way only for simplicity and clarity.

We were also able to demonstrate successful amide formation betweerGichtgind CMC,

as well as with alginate, a natural polysaccharide produced by kelp and bacteria. Each alginate

monosaccharide is a uronic acitly(4-linked b-D-mannuronicacid (M) or 1Y 4-linked a-L-

guluronic acid (G) In thelH NMR spectrum of the purified amide resulting from coupling CMC

and acetyl GIcN Kig. S, the resonance at 2.1 ppm is assigned to the acetyl groups of the

appended monosaccharide. BéithNMR and'3C NMR spectra of the purified alginageetyl
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GIcN product also fully supported successful amide formation, and typical resonances related to

M and G could be i did NMR specteitt; theynwere assigngu hasetwre t 6 s
literature value¢Brus et al., 2017The'H NMR spectrum of alginatacetyl GIcN also displayed

a prominent, broad peak at ca. 2.1 ppm which we assigned to the acetyl methyls of the attached
monosaccharidd=(g. 3). Methyl carbons of the acetyl groug3(ppn) were also observed the

13C NMR spectra of alginatacetyl GIcN Fig. S7). Covalent attachment of acetylated GIcN to

CMC and alginate, rather than simple mixing, was strongly supported by the similar diffusion
coefficients (DOSY) of resonances arising from acetyl GIcN and the backégioas of CMC

and alginate, respectivelfFif. S15and S16.

o]
=

\ backPone . 8: o) >§
[ \ : (0]

>

Chemical Shift / ppm

Figure 1.'H NMR spectraA. CMD-acetyl GIcN,B. CMD.
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C2 to C6, CH, from carboxymethyl side chain
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Figure 2. 13C NMR spectrum of CMEacetyl GIcN.
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Figure 3.H NMR spectraA. Alginate,B. Alginate-acetyl GIcN.
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3.3.2Reactions of Dglucosamine (GIcN) and Dgalactosamine (GalN) with polysaccharides.
Having shown successful amide formation betweamiho2-deoxymonosaccharidestes and
polysaccharide carboxyl groups by usixetytGIcN with its 'H NMR-prominentestergroups,
we examined amide formatidsetweenunsubstituted GIcN and Galldihd carboxylcontaining
polysaccharides (CMD, CMC, and alginat8sheme 2. In the process, we explored the impact
of key reaction parameters upon conversion. Lacking the ob¥idUNMR handles of acetyl
methyls, we quantified the reducing ends added upon reaction with augacs to form MREPs
by a fluorometric method which is commonly used to quantify aldehifgge<Chen et al., 1992;

Manna et al., 2021)

- OR
HO™ S o8,
CMD cmC CMC-GIcN

OH
ONa DMTMM

a
(@) HO 10 OH
~OH OH ?ﬂ\
O
0 |
HO&WOH 0 OH

NH,
Alginate

Alginate-GIcN

OH
o o

. B HO 0
R: Hor \\AONa R': Hor \\AONa or HO w OH

Fo

Scheme 2. Reactions of 2-amino2-deoxymonosaccharides with carboxgntaining

polysaccharides (illustrated using GIcN). Reactions of GIlcN aitGMD, B. CMC, C. Alginate.
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Despite the similar structural features of the aminomonosaccharides and polysacchadides,
the absence of obvious reporter groups in GlcN or GalN (i.e., acetyl greaps,evidence for
successful amide formation could be found in the NMR spectra of algiiahe In the'H NMR
spectrum [Eig. 4), a new resonanc@as observed at 3.5 pprand ve speculated that this new
resonance was from specific protons of the newly appended monosaccharide. Heteronuclear
SingleQuantum Correlation Spectroscopy (HSQBQ(S10 of alginateGIcN was employed to
confirm this hypothesis. We observed correlations of thelkevesonance at 3.5 ppm with two
13C resonances at 73 and 79 ppm. We examinegithgle but structurally similarcompound,
GIcNAc, to help support the NMR assignments of product resonakgesSg). In the HSQC
spectrum of GlcMc (Fig. S1J), its'H resonance at ~3.5 ppm was correlate#@oresonances at
73 and 79 ppm, whichotild be assigned to C4 and C5 of tiranomer ofGIcN.(You et al., 2020)

By analogy, we assigul the new!H resonance at 3.5 ppm to the C4 and C5 protons di-the
anomer ofthe newly attached glucosamine, shownHig. 4. Since the anomeric position of the
attached aminomonosaccharide is unsubstituted, both anomers are observed, with the equatorial
anomer predominant. The DS(GIcN) was calculated based on the integral ratio of the new
resonances at 3.5 and 5.2 ppm to #smnances of G1 at 5.0 ppBased on integration of tHe

NMR spectrum Fig. 4) and equationd), DS(GIcN)is calculated to be 0.1We observedhat

H2-C2 correlation of the appended GIcN from the algh@iiEN product Fig. S10 matched those

of the GIcNAc modelKig. S11) well, supporing thehypothesis thaGIcN was linked to alginate

via an amide bond. Additional evidence of successful linkeggalso found in thé*C NMR
spectra, shown ikig. 5. The C1, C2 and C6 resonances of the appended monosacehenede
clearly observed in th&C NMR spectrum of the final product algina®cN. In addition, we

compare the productH NMR spectrum wh that of GIcN itselfFig. S9). Resonances at 2.5 ppm
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(from H2 of GlcN)were absent in théH NMR spectrum of thamide alginatéGIcN, indicating

that it contained no free monosaccharide withihNMR detection limit§Beecher & Larive,

2015) It was also of interest to examine the loss of DP that occurred during the conjugation
reaction, in the presence of a base. Size exclusion chromatography of the GIcN adducts of alginate,
carboxymethyl dextran, and carboxymethyl cellulose showed modesdeof DP, ranging
between 25%0%. No attempt was made within the bounds of the current study to maximize

conditions for preservation of DP.
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Figure 4. 'H NMR spectraA. Alginate,B. Alginate-GIcN.
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Figure 5. 13C NMR spectraA. Alginate,B. GIcNAc, C. Alginate-GIcN.

3.3.3 Study of the relationship between reaction parameters and conversion using a
fluorometric method. To study the relationship between conversion and parameters such as
reaction temperature and time, a fluorometric method was used employing a microplate reader.
Amide conversiorwas directly proportional to the aldehyde concentration of the MREP amide
products. Aldehyde concentratiomutd be measured by conversion of the aldehydes to fluorescent
adducts,which fluoresce at 435 nm upon 365 nm excitati®@y. measuring the emission
fluorescence intensity of these adducts at 435 nm and comparing with a standard curve of aldehyde
concentration vs. fluorescence intengiiyg. S12), the aldehyde concentration of the samples
could be quantified. Reaction parameters and the resulting aldehyde concentrations are shown in
Table 1, each MREP ha fluorescence intensity higher than that of the relevant starting

polysaccharide, as expected and further supporting successful introduction of reducing ends by
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amide formation with the -a@mino2-deoxymonosaccharides. Product aldehyde concentration
seemed to be insensitive to changes in aminomonosaccharide type, reaction time, or reaction

temperature. However, by switching the added base (used to neutralizeoaci@l€N or GalN,

supplied as HCI salts) from sodium bicarbonate to sodium hydroxide, conversion was improved.

We hypothesizéhat thiswas due to reaction of the NaHG®eutralization byproduct CQ with
the monosaccharide amine groups, forming carbamidsand thus interfering with amide
formation(K.-H. Huang et al., 2021)his side reaction wacircumventedtby using NaOH as base.

As stated before, the DS(GIcN) of AGIcN was calculated to be 0.17 based on integration of
the'H NMR spectrum Fig. 4). Alg-GIcN with DS(GIcN) 0.17 corresponds to entry 24 in Table
1, whereNaOH was used to neutralize the HCI from GIcN. Converting the DS to aldehyde
concentration based on equation (7), the aldehyde concentration should b#7iB8%ad of the
measured 49.54M (Table 1). The reason for this large difference is that not all the reducing ends
of the appended monosaccharide are convertdwtihuorescent adducts, due to the nature of the

reducing end, which is in equilibrium between a rohgsed hemiacetal and an opamin

al dehyde

f or m.

The

e s t iredieihgeedd pdlySacdhdrideSia Table ¥

was calculated based oguations (8), (9) and (10).

Table 1.Reaction parameters, aldehyde concentration, and DS (GIcN/GalN) of MREPs.

PS | Amine | Equiv | DMTMM | Temp. | Time Base A DS
(eq/CQ) (O (h)
1 | CMD / / / / / / /
2 | CMD | GalN 0.75 0.375 25 24 NaHCG | 7.77 | 0.02
3 | CMD | GalN 3.0 15 25 24 NaHCQ | 11.72 | 0.03
4 | CMD | GalN 3.0 15 25 48 NaHCG | 12.79| 0.04
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5 | CMD | GalN 3.0 15 37 48 NaHCQ | 11.73| 0.03
6 | CMD | GalN 3.0 15 50 48 NaHCG | 11.53| 0.03
7 | CMD | GIcN 3.0 15 25 24 NaHCG | 11.86| 0.03
8 | CMD | GIcN 3.0 15 25 48 NaHCQ | 12.38 | 0.03
9 | CMD | GIcN 3.0 15 37 48 NaHCG | 11.01| 0.03
10 | CMD | GIcN 3.0 15 50 48 NaHCG | 11.75| 0.03
11 | CMD | GIcN 3.0 15 25 48 NaOH 16 0.04
12 | CMC / / / / / / /

13 | CMC | GIcN 3.8 1.9 25 48 NaHCQ | 22.36 | 0.08
14 | CMC | GIcN 3.8 1.9 37 48 NaHCQ | 22.61| 0.08
15 | CMC | GalN 3.8 19 25 24 NaHCGQ | 22.1 | 0.08
16 | CMC | GalN 3.8 1.9 25 48 NaHCQ | 22.58 | 0.08
17 | Alg / / / / / / /

18 | Alg GlcN 6.0 1.7 25 24 NaHCQ | 39.31| 0.13
19 | Alg GlcN 6.0 1.7 25 48 NaHCG | 39.82 | 0.14
20 | Alg GlcN 6.0 1.7 37 48 NaHCQ | 39.04 | 0.13
21 | Alg GlcN 6.0 1.7 50 48 NaHCG | 39.61| 0.14
22 | Alg GlcN 6.0 1.7 25 48 NaOH | 48.25| 0.17
23 | Alg GalN 6.0 1.7 25 48 NaHCG | 39.63 | 0.14
24 | Alg GIcN 6.0 1.7 37 48 NaOH 4951 | 0.17*

PS: starting polysaccharides; Amine: reacting aminosaccharide; Equiv: equivalents

aminosaccharideZOONa; DMTMM: coupling agent used (equi@OONa); A: aldehyde

concentration § M)

measur ed

.bDB: eétimated rdegsee ef rsubstitution of the
appended monosaccharide calculated based on equation (8), (9) and (10)

* This value was calculated Bid NMR spectrum (Fig. 4).
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3.3.4Silver mirror reaction and hydrogel formation of multi -reducing-end polysaccharides.

To provide additional evidence for the successful introduction of reducing ends to polysaccharides,
silver mirror reactions were conducted. The silver mirror reaction is a powerful tool to identify
aldehyde groups in polysaccharides and other materials, hhgher aldehyde concentration
affording faster silver mirror reaction. Indeed, after 15 minutes at 7Bi§. ©), a beautiful silver

mirror was formed on the dace of the tube for the multeducingend alginate, alginat&IcN.

In comparison, no silver was observed on the surface using unmodsradgsalginate, with its

far lower reducing end content. Similar results were observed for CMD vs-GRID (Fig. S13.

In order to demonstrate the potential application of MREPs for making hydrogels; multi
reducingend alginate solution was mixed with branched poly(ethylene imine) (PEI) solution.
Equal volumes of 5 wt% multieducingend alginate solution and 50 wt% braadh
polyethyleneiminesolution in water were mixed, and after 24 h, a hydrogel was forfigd7)).

The appended monosaccharide is in equilibrium between &lisgd hemiacetal and an open

chain aldehyde form. The excess amine groups of the brapchgdthyleneiming react with
aldehydes of the appended monosaccharides to form Schiff base bonds, and this reaction pushes
the equilibrium to the opechain aldehyde form. In a control experiment, equal volumes of 5 wt%
alginate solution and 50 wt% branchemly(ethyleneiming solution in water were mixed at room
temperature. No hydrogel was observed after 24 h. In fact, these mixed control solutions could still
flow after one weekTo exclude the possibilitthat Alg-GIcN/PEI gelation was caused by the
slight pH differencebetweeralginateand alginatesIcN solution,anothercontrolexperiment was
conducted. Thalginatesolutionwasadjustedusing acetic acid to the same pH as the alginate

GIcN solution. Even after the pH adjustmem, gelation of the alginate/branched PEI mixture
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was observed after 24We are actively exploring methods to facilitate and accelerate this gelation

process.

Figure 6. Silver mirror reaction of alginate (left in each photo) and algiodN (right in each

photo).

Figure 7. Hydrogel formatiorby mixingalginateGIcN solution(left) and branched poly(ethylene

imine) solution (middle) to form thieydrogeldepicted on théright).

3.4Conclusions
In this work, a new family of polysaccharides termed meltiucingend polysaccharides
(MREP)has beeprepaed using the synthetic strategy of reacting polysaccharide carboxylic acid

groups withthe amines of 2-aminc2-deoxymonosaccharides to form amide linkagesploying
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DMTMM as coupling agent. Reactions of carboxymethyl dextran (CMD), carboxymethyl
cellulose (CMC) or alginate with glucosamine (GIcN) or galactosamine (GalN) afforded well
characterized products in which tteamino2-deoxymonosaccharidevas attached to the
polysaccharide through an amide linkage. As a result, each -amdmded monosaccharidad

an intact anomeric position, that is to say its reducing end. Multiple reactive aldehydevgemips
thus appended to each polysaccharide molecule, with noflegslic monosaccharide structure

in the polysaccharidegnd thus no introduction afndesiredflexibility or chemical instability.

NMR techniques were useditaicatesuccessful linkage to polysaccharides through thmihie
groups of the monosaccharides. A fluorometric method was used to confirm aldehyde
concentrations in cases where interpretation of‘th&MR spectrum and its integration were
difficult, due to resonance overlaps. These aldehyde concentration results enabled us to identify
the insengivity of reaction conversion to time and temperature within the ranges studied, the
similar reactivities of GIcN and GalN, and the superior performance of NaOH vs. Nah#S&

The silver mirror reaction provided important qualitative, visual evidence for successful MREP
synthesis.The formation of a hydrogel upon reaction of MREP with branched poly(ethylene
imine) illustrated one example of the widespread application potential of MiRE®s. Overall,

this work is promising for decorating many types diypaccharidesncludingthose with natural
carboxylic acid content (those containing uronic acid monosacchaaidég)ose with carboxyl
containing substituents (such as carboxymethy-ocarboxyalkanoykubstituted polysaccharide
derivatives) with amineontaining monosaccharides to afford muttiucingend
polysaccharides. MREPs have promise for mathgrpotential applications, such as conjugating

with proteins or drug#o create prodruglor targeted or sloweleaseheragutics ormakingall-
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(1)

(2)

3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
(11)

(12)

polysaccharidehydrogels with chitosan through dynamic Schiff base bonds. Reducing such

concepts to practice is currently underway in our laboratory.
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Supporting Information

CM side chain (-OCH,COO") H2 — H6 from cellulose backbone

A |

I I
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Chemical Shift / ppm

Figure S1. *H NMR spectrum ohydrolyzed carboxymethyl cellulo¢€MC) (region2.8i 5 ppm).

DS(CM) was calculatedby integrating the'H NMR spectrumof hydrolyzed carboxymethyl
cellulose The hydrolysis and analysis methods wapglified fromtheprevious literatur@=-L Ho

& Klosiewicz, 1980) Briefly, 80 mg carboxymethyl cellulospowder was dissolved in 1 niboO

in a20 mL vial with a magne#fter stirring for 30 minutes, 506L DO and 50&L D>SQ; were

slowly added into the vial and the temperature was adjusted’®. 9he mixture was allowed to
continue stirring for another 30 minutes before cooling down to room temperature. Acetic acid (5

nL ) was added as a reference (2.08 ppm).

Protons of CM side chairi QCH.COQ) are from 4.15 4.55 ppm ProtonsH2 i H6 from

cellulose backbonare from3.157 4.10 ppm.
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Figure S2. 'H NMR spectrum otarboxymethyl dextra(CMD).
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Figure S3. 'H NMR spectrunof partially hydrolyzed alginate (regi@h4Q 5.15 ppm).

M/G ratio was determined kiptegrating theéH NMR spectrunof partially hydrolyzed alginate.
The partial hydrolysis and analysis methods were modified tha@mprevious literaturéStengel,
n.d.) Briefly, 100 mg alginate powder was dissolved in 100 miwiater in a round flask. The
solvent was adjusted to pH 5.% using HCI solution, and then was refluxed at 100 € for 1 h
with stirring. The solvent was cooled to Rddjusted to pH 34 using HCI solution, then refluxed
at 100 € for 30 min with stirring. The hydrolysis was stopped by cooling onaindthe pH was
adjusted to 7 8 usingaq. NaOH. Products were collectely freezedrying. The freezalried
products were redissolved in 5 mL@ thenfreezedriedagain to @irther remove ED which may
overlapthe target peak irthe 'H NMR spectrum. The NMR sample was made usin® Bs

solvent. Several drops of 1.0 mg/mL TTHA (triethylenetetrarhnél, Nt , NN, Nt N, Nt

N -hexaacetic acidyereadded tahe NMR tube. ThéH NMR spectrum was collected 353 K.
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Figure S4. 'H NMR spectrum ofl, 3, 4, 6tetraO-acetytd-glucosamine (acetyGIcN).
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Figure S5. 13C NMR spectrum ofl, 3, 4, 6tetraO-acetytD-glucosamine (acetyGIcN).
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Figure S6.H NMR spectrum of£MC-acetyl GIcN.
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Figure S8. 'H NMR spectrum oN-acetylglucosamine
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Figure $9. 'H NMR spectrum ofieutralize-2-amino-2-deoxyglucose.
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Figure S13. Silver mirror reactios of CMD (top) andCMD-GIcN (bottom).
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CMD-acetyl GIcN _—

D=6.1x10" m2s

Solvent

Figure S14.'H DOSY spectrum of CMEacetyl GIcN in RBO. Measured diffusion coefficient of
CMD-acetyl GIcN in this sample is 6.1 x10+1 x10 1?2 m? s'. The absence of any spectral peaks

from the polymer with faster diffusion coefficients indicates no unreacted starting materials are

present.
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Figure S15.1H DOSY spectrum of CM@cetyl GlcN in RO. Unreacted CMC (orange, D = 2.8
x101 +2 x 1012 m? s') and acetylGIcN (purple, D = 1.5 x16° +2 x 10! m? s') arealso
present in the sample, evidenced by the two diffusion coefficients measured in the regions
corresponding to the CMC backbone and acetyl group. @byl GIcN is measured to have a

diffusion coefficient of D = 1.9 x181+3 x10 12 m? s,
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Figure S16.1H DOSY spectrum of Algacetyl GIcN in RO. Unreacted Alg (orange, D = 4.3 x

1011 +2 x10 2 m? s?) and acetyGIcN (purple, D = 1.6 x108°+2 x10 ' m?s?) arealsopresent

in the sample, evidenced by the two diffusion coefficients measured in the regions corresponding
to the Alg backbone and acetyl group. Algetyl GIcN is measured to have a diffusion coefficient

of D=1.2 x10"1+3 x10 2 m?s?,
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Mn determined by aqueous SEC

Carboxymethyl dextran (CMD) 12700 g/mol

Multi-reducing end carboxymethyl dextri 7600 g/mol

(CMD-GIcN)

Carboxymethyl cellulose (CMC) 114000 g/mol

Multi-reducing end carboxymethyl cellulo] 85000 g/mol

(CMC-GIcN)

Alginic acid sodium salt 10900 g/mol

Multi-reducing end alginate (algina®@cN) | 44700 g/mol

Table S1 Molecular weight determination agueousSEC of polysaccharides and muriiducing

end polysaccharides
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Abstract

Polysaccharidéased hydrogels are promising for many biomedical applications including drug
delivery, wound healing, and tissue engineering.iWstrate herein selhealing, injectable, fast
gelling hydrogels prepared from mutgducing end polysaccharides, recently introduced by the
Edgar group. Simple condensation of reducing ends from -nedlticing end alginate (Mlg)
with amines from polgthylene imine (PEI) in water affords a dynamic, hydrophilic polysaccharide
network. Trace amounts of acetic acid can accelerate the gelation time from hours to seconds. The
fastgelation behavior is driven by rapid Schiff base formation and strong inteécactions
induced by acetic acid. A cantileveheometer enables retine monitoring of changes in
viscoelastic properties duriritydrogel formation. The reversible nature of these crosslinks (imine
bonds, ionic interactions) provides a hydrogel with low toxicity in cell studies as well as self

healing and injectable propertieSherefore, the seliealing, injectable, and fagelling M-
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Alg/PEI hydrogel holds substantial promise Bdomedical, agricultural, controlled release, and
other applications.
Keywords: Polysaccharidesmulti-reducing end polysaccharides (MREPS), hydrogsédt

healing, cantilever sensor, algingtelyethyleneimine

4.1 Introduction

Hydrogels are thredimensional networks crosslinked by hydrophilic polymers, which can hold
large amounts of wateBecause of structural similaritiesydrogels have propertiekin to those
of many soft tissue@Patenaude et al., 201dhd are widely used in biomedical applications such
asin drug delivery system@loare & Kohane2008; J. Li & Mooney, 2016; Zhou et al., 2023b)
wound dressing¢Pan et al., 2021; Tavakoli & Klar, 2020y scaffolds for tissue engineering
(Drury & Mooney, 2003; K. Y. Lee & Mooney, 200 ydrogelshistoricallywere preformedin
vitro and therdeliveredto target sites using invasive surgical proced(iDasatteo et al., 2018)
In recent decades, injectable hydrogedse been prepared, fuelisggnificant recent research
efforts (Sun et al., 2020)Injectability makes it possible fomedical personneio introduce
hydrogels to target sites the body by minimally invasive procedures. Besides teguirements
that they do not cause harm to surrounding tissues, do not elicit immune responisieslegrde
in an appropriate time frammjectable medical hydrogels should undergo rapidgsbltransition
after injectionto achieveandmaintain sufficient strengthnd integrity for a duration suitable for
the particular applicatioatthetarget sitan vivo (Guvendiren et al., 2012)

Physically crosslinked injectable hydrogélave beerdeveloped for controlled release and
tissue engineering, but their undesirably rapid erosion in agueous environments limited their

application(W. Shen et al., 2006 hemically crosslinked hydrogels relying on covaleonhds
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are more stabl€ovalenly crosslinkechydroges have beeflormedby methods includin@ielsi
Alder reactions, Schiff base formation, thiol/disulfréelox reactionsand click chemistryAlonso
et al., 2021; J. Chen et al., 20228¢hiffbase hydrogelbaveshown great promiséecause they
are typically selfhealing due to their dynamic imine bonds Chen et al., 2020b; Zhou et al.,
2023b)formed by condensation of aldehydes or ketones with amines, forming water as-sole by
product (hence reversible in the presence of the vast excess of water present in a hydrogel). Due
to their ability to selfrepair dynamic properies of Schiffbase linked hydrogels capartly
compensat for hydrogel mechanical propas that may bensufficient for somebiomedical
applicatiors (Gyarmati et al., 2017aPolysaccharides are abundant, sustainable, diverse, and
typically benign. In general, they do not elicit strong immune responses. For these reasons among
others, they are highly attractive substrates for hydrogel synthdésigever, preparationof
polysacchariddasedinjectable Schiffbasehydrogels typically begins with periodate oxidation
of the polysaccharide chain, wherebiginal diols are cleaved to dialdehydes, thus opening
monosaccharide ringdHozumi et al., 2018; Malik et al., 2022; C. Yang et al., 20Y8hile
providing ample aldehyde functionality for crosslinking, this method reduces polysaccharide
rigidity, leading also to lower degree of polymerization (DP), greater chemical instability, and
degraded mechanical propertiggistiansen et al., 2010b)Wh at 6 s mor e, t he gel
Schiff-base hydrogels is usually from minutes to hours due to the nature of the reversible dynamic
bonds(J. Chen et al., 2022b; Mo et al., 2021; Y. Yang et al., 202@y can these issues be
addressed?

Development of multreducing end polysaccharides (MRERasmadeit possible to address
the drawbacks of the periodate oxidation approReltently, ve reported a strategy to syntlzesi

MREPs bylinking the 2aminc2-deoxy moieties oflucosamindo polysaccharide chains. The
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amidelinkedglucosamines arie equilibrium between a ringlosedhemiacetal and an op&ain
aldehyde form. This method introduces more reducing ends (aldehyde groups) to the
polysaccharide chains without damaging the cyclic structures of the monosaccharidesmrBased
our previous research, Schithse hydrogels can be obtained by mixing a mmettucing end
alginate (MAIg) solution with branched polyethyleneimine (PEI) solution at room temperature.
In a control experiment, no hydrogel was formed upaing a solution of unmodified alginate

with a PEI solution(Zhai et al., 2023) However, gelation of the same concentrations and
proportions of alginate MREP with PEI was consistently rather slow, requiring ca. 24 h; this rate
is not practical for many medical (or other) uses. To speed up the gelation process, we proposed
to make ue of the fact that the reducing end of the appended glucosammaindy in its
glucopyranoseing, hemiacetaform, andthat itsconvesion to the acyclic (aldehydeform is
accelerated irthe presence diree hydrogen iongQian, 2013) In addition, Schiff-base bond
formation is known to be accelerated by weak acids, including aceti(Canides & Jencks, 1962;
Santerre et al., 1958bJherefore, & hypothesized that gelation of muiiducing end alginate
(M-Alg) with polyethyleneimine (PEI) could be accelerated to biomedically useful rates by adding
trace amounts of acetic acid. We further hypothesized that thgeidisgy M-Alg/PEI hydrogel

shoud also have selfiealing and injectable propertiddpon adding the acetic acid, we expect
that aldehyde groupwill be rapidly generatd by ring-opening ofthe appendedlucosamins,
priming the MREPs for crosslinking with amuoentainingpolymess like PEI through accelerated
Schiff base chemistryWh at 6 s mor e, the acetic acid wildl
can associate with Mg carboxylates through ionic interactiofi®ajabi et al., 2021b; Tian et al.,

2020b) Acetic acid would thereby act as a multifunctional catalyst to achieve combined physically
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and chemically crosslinked, polysacchasimesed hydrogels with sdiiealing, injectable, and fast
gelation propertiedderein we report the results of testing these hypotheses.

4.2 Experimental Section

4.2.1Materials:

Alginic acid sodium saltM/G ratio 1.9 Mn = 1.09<1( g/mol(Zhai et al., 2023)was from Alfa
Aesar Polyethyleneimine (PEI, branched,nM10,000 reported by the manufactured,(4,6-
dimethoxy-1,3,5triazin-2-yl)-4-methylmorpholinium chloridDMTMM) (O 96%) and D-(+)-
glucosamine hydrochloridgIlcN:HCI) were from Sigmaldrich. DI water ¢ 18.2Mq ocm) was

produced by a Synergy instrument from Millipore company. All reagents were used without
further purification. Regenerated cellulose dialysis tubing (molecular weight cutoff (MWCO) 3.5
kDa) was from Fischer Scientific.

4.2.2 NMR Measurements:

'H and*3C NMR spectra were obtained on eitBeuker Avance 500r 600MHz spectrometers,
using 128 scans féH NMR and 10,000 scans f6iC NMR. Samples were analyziedD20 using
standard 5 mm o.d. tubeé'$i NMR spectra of alginatbased polymers were referenced D
(4.79 ppm.

4.2.3 Determination of the degree of substitution of glucosamine (DS(GIcNpf M-Alg:
DS (GIcN) was determinedbased on our previously published meti@tiai et al., 2023)
calculatedoy peakintegrationratios(*H NMR spectroscopyFigureS1).

¢ $3 TAHA HA A A
p )'p p -T OAOEI

(2)

Letters correspond to those in Fig@ke

4.2 4 Synthesis of multireducing end alginate (MAIQg):
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The synthesis procedure was modified from our previously published n{@&thaicet al., 2023)
Alginic acid sodium salt (1.5 g, 6.3 mm@&OONa)was first dissolved DI water(250 mL)in a
500 mL round bottom flasktroomtemperatureinder magnetic stirringvernight After complete
dissolution, the temperature was raised t6@Gand DMTMM (1.72 g, 6.2 mmol, 1 equiv. per
COONa)was added to the solution. After 3 h stirring at@7D-(+)-glucosamine hydrochloride
(4 g,18.6mmol, 3 equiv. per-COONa) was added and the pHsmeajusted tdB using dilute aq.
NaOH. The solution was stirred 37°C for 24 h The reaction mixturéhenwas transferred to a
dialysis tube (cutoff 3.5 kDa) and dialyzed against 0.1 M NacCl for 2 d, then agaiwstt&€lfor
3 d. Products were obtained by freeze drying to afford a white fibrous md4egélg, yield:
60%),

4.2 5 General procedure for fabrication of M-Alg/PEI hydrogel:

M-Alg (0.05 g) and PEI (1.00 g) were dissolved in separate 1 mL portionsvedter overnight
to afford 5% w/v Malg and 50% w/w PEI solutions. Then the two solutions were combined and
5nl acetic acid was added. The solutions wengexed for 10 sec, with gelation occurring within
seconds. Gelation was defined as lack of flow. Hydrogels were light orange in color.

4.2.6 Reakttime rheological analysis of MAIg/PEI hydrogel using a cantilever rheometer

The rheological properties of synthesized hydrogels were characterized using dyraataic
piezoelectric millicantilever (PEMC) sensor, given the ability of such sensors to characterize
hydrogel rheological properties in levolume, continuous monitoringpplications. PEMC
sensors were fabricated as previously repd@=sewski et al., 2020; Haring et al., 2020; Y. Liu
et al.,, 2022; H. Sharma et al., 2011; M. Singh et al., 2021; J. Zhang et al.,. 2D@B&@uous
monitoring of the cantileveresonant frequency and phase angies performedusing an

impedance analyzer (e5061b; Keysight) and custom Matlab program for data acqugsition.
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sample was tested at least three tint@ge cantileverswith similar spectral features (e.g., resonant
frequency)were usedn the study
Precursor solutions for sensor tests were prepared by combiniigiivate (5% wi/v) and PEI
stock solutions 0% whv) to get a specific ratio between polymers. The precursor solutions
(including AcOH if itwas contained in the formulation) were thoroughly mixed by vortex followed
by centrifuging at 3000 rpm for 3 min to eliminate bubbles before tests. Fdimneaionitoring
experiments, the mass ratio ofMginate: PEI = 1: 1. A sensor tip was first immetse the sol
solution (0.8 mL) to obtain a steady baseline, and thigndd AcOH was added near the sen
tip to trigger the gelation procedd.onitoring wascontinueduntil a steady plateau was reached
with regard to phase angl€he effect of mass ratio on viscoelastic properties of hydrogels was
studied by preparing precursor solutions having different mass ratiosaffiviite and PEI (1:1,
1:3, 1.5, 1.7, 1:9). The amount of added acetic acid was also varied (0, 5,{LDtd Studyits
effect onhydrogelpropertesata mass ratio of MAlginate to PEI (1: 10). In these two cases, the
precursor solutions were sealed and stored at room tetmmefar 18 h to form hydrogels. The
obtained hydrogels wemmalyzd by immersing a sensor into the hydrogelgedormspectrum
sweeps at least five timedensor test results were further analyzed by converting the PEMC sensor
data to mechanical p r o psag d fluidsiructire intencecttom madel (i . e .
(Cesewski et al., 2020; Y. Liu et al., 2022; M. L. Mather et al., 2012)
4.2.7 Analysis of M-Alg/PEI hydrogel selt-healing properties using parallel plate rheometer
Rheological experiments were performed on a TA Instrument&SA2Rheometer with 25 mm
parallel plate geometry and temperataoatrolled Peltier plate (25 €)In frequencysweep
experimentsstrainwas set afl%. In strainsweep experiment$iequencywas set ab.1 Hz In

alternating steystrain sweep experiments, frequency was set at 0.1SHain was set as 1% and
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100%.Hydrogels were subjected 186 strainfor 5 min, thenstrainwas increased th00%and
kept at that level for 5 min, then aitn was restored t@%. These cycles of two alternating steps
were repeatedive times. Hydrogels for rheological experiments wprepared from aqueous
solutions of 5 % w/v MAlg and 50 % w/w PEI with &L acetic acid.

4.2.8 Cytotoxicity

Cell studies were conducted using L929 cells (adherent mouse fibroblast cells; ATCC catalog
number CCLE1) at passages 14 8 . Cultures were grown in Dul be
(DMEM) supplemented with 10% fetal bovine serum (FBS), 50 IU/mL penicdhia, 50 g/mL
streptomycin (MP Biomedicals). Cells were cultured at 37 € in 5% @@ Media was changed
every other day. After 890% confluence was achieved, the cells were passaged. Cells were
washed with 1X PBS three times, and then released with 0.05% tEP3JiA solution (VWR,

Radnor, PA). The suspension of released cells wasiftgged at 200 x g (1000 rpm) for 5 min
before counting and plating for experiments.

For thecytotoxicity of M-Alg and PEIL929 cells were seeded in a-@@ll plate at a density of
5000 cells per well in 206L serumcontaining DMEM (with phenol red) per well. The cells were
cultured for 24 h after which the media was discarded, and the cells were washed three times with
1X PBS. Stock solutions of PEI (iig/mL) and MAIlg (20 mg/mL) were prepared by dissolving
the desired amounts of PEI andAly in DMEM. Next, varying concentrations of PEI¢5/mL
to 80eg/mL) and MAIg (0.1 mg/mL to 10 rg/mL) were prepared from each stock solution. 200
eL of each solution was added to the seeded cells, and the cells were incubated for 24 h. After
incubation, the cells were washed with PBS three times and then treated witHrseridvVEM
(100¢L). Next, 10eL of cell counting kit 8 solution (CCK8, Dojindo, Rockville, MD) was added
to each well. The CCK8 dye was allowed to develop by incubating for 3 h after which the

absorbance was recorded at 450 and 750 nm using a BioTek Synergy Mx plate reader (Biotek,
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Winooski, VT). Workedup data (absorbance at 750 nm subtracted from absorbance at 450 nm)
were graphed using Microsoft Excel. Mean values are reported together with the standard
deviation (SD) representing the combination of 3 independent experimentalwithnshree
replicates per experiment.

For the hydrogel preparationials containing 50 mg of lyophilized MIg and 200 mg of PEI
were sprayed with 70% ethanol in water and sterilized under UV light inside a biosafety hood for
at least 2 h. The Mg was dissolved in 1 mL PBS, and the PEI was dissolved in 2 mL PBS inside
the biosafety hood. The solutions were left in the biosafety hood overnight to allowAthg tigl
dissolve. Next, 5@ L of the 100 mg/mL PEI solution was added to the entire 50 mg/mAlgV
solution and mixed well using a vortedext, 55¢L of 1M HCI was added to adjust the pH to
~7.5, and the mixture was vortexed to form the hydrogel. The hydrogel was carefully removed
from the vial using a plastic pipette and smeared at the bottom surface of several wells in a 48
well plate such that itaated the entire bottom of the wells. The well plate was sterilized under UV
light in the biosafety hood for ca. 45 min.

L929 cells were seeded on top of the hydrogels in theelBplate at a density of 10,000 cells
per gel with 20GL of DMEM supplemented with 2% FBS. Cells were cultured inreubator
for1 h, 2 h, 5 hand 24 h. The live/dead combined solution (Molecular Probes L3224) was prepared
by adding ZL of EthD-1 stock solution (component B) to 1 mL PBS. The solution was vortexed,
and leL of 4 mM calcein AM stock solution (component A) was added to the solution and
vortexed well to prepare a final live/deadisitag solution (4¢M calcein AM and £M EthD-1).
After the desired incubation times, 40 of the live/dead solution was added to each well, and

cells were incubated for another 45 min. The gels were then visualized using a bright field and
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fluorescent microscope (Nikon Eclipse) with FITC (for viewing live cells as green spots) and

TRITC (for viewing dead cells as red spots) filter set. The magnification was 10x.

4.3 Results and discussion
4.3.1 Synthesis and characterization of MAlg, and hydrogel formation

Synthesis of MAlg followed our previous papéZhai et al., 2023)and the alginate decorated
by amidelinked 2amina2-deoxyglucose moieties (Mlg) was characterized byH NMR (Fig.

S1). Water suppression NMR was conductedyt@mntify the anomerica- H resonance of the
appended glucosamine (GIcN). This enabled accurate peak integration and further calculation of
DS(GIcN) of M-Alg. Based ofiH NMR spectrum integration and equation 2, BB{N) of M-Alg

was calculated to be 0.4, which is to say that 40% of the uronic acid monosaccharides of alginate
had glucosamine substituents appended via amide linkages to the uronic acid carbonyls, which we
predicted would be sufficient for crosslinkingtivPEI through Schiff base chemistry.

Our previous research confirmed that 5% w/vAW could form hydrogels with 50% w/w
branchedEl at room temperature after 24 h. To prove that gelation was mainly due to Schiff base
crosslinks, we carefully made Alg and Mg solutionsat the same concentratids®§ w/v). Acetic
acid was used to adjust the pH of Alg solution to be the same as thaflgf 8élution (around
6.5). Then 5% w/v Alg and Mg solutions were mixed separately with 50% w/w branched PEI
solution at room temperatur@fter 24 h, a hytbgel was formed from the MIg/PEI mixture
while no gelation was observed in the Alg/PEI mixt(Fgy. S2). Final pH values of both the M
Alg/PEI and Alg/PEI mixtures were around 8.5. lonic interactions at this slightly basic pH should
be weak since less than 50% of the amine groups should be prot@tatgd Mooney, 2003)

The appended glucosamine ofMy is in equilibrium between a ringosed hemiacetal and an

openchain aldehyde form. The abundant amine groups of branched PEI can react with these open
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chain aldehydes, thus pushing the hemiaedti#hyde equilibrium towards the aldehyde, finally
forming a hydrogel. The Schiff base reaction between medhicing end alginate and molecules

with amine groups was further confirmed by reacting\lg with small molecules, by conjugating

with the amino acid valine using NaBEN as the reducing agent. Cyanoborohydride reduced the
dynamic imines to saturated, stable amines. After 48 h of reaction and dialysis against water for
more than 7 days, thiéd NMR of thefinal product revealed a distinguishable peak at around 2
ppm, which was assigned to the methyl peaks from vakingg §3. This evidence strongly
supports the contention that-Mg can react with molecules with amine groups through Schiff
base chemistry.

To accelerate the gelation process, a trace amount of acetic acid was used both to catalyze ring
opening of the appended glucosamine and Schiff base formation, and to protonate thetamines,
inducing ionic interactions with alginate carbaat@s(Cordes & Jencks, 1962; Kong & Mooney,
2003; Rajabi et al., 2021b; Santerre et al., 1958b; Tian et al., 20Pb)proposed gelation
mechanism is displayed Fig. 1. We observedKig. 2) that the MAIg/PEI solutions could still
flow after mixing. But after adding &L acetic acid and vortexing, a hydrogel was formed within
< 10 seconds. The weak a@dtalyzed method not only promises to provide fast gelation for
polysacchariddased hydrogels, but also enables thorough mixing of the two polymer
components, avoiding amyhomogeneity andr insufficient crosslinking density of the hydrogel.

The FTIR spectrunof the gel exhibited¢haracteristipeaks from both MAlg (C-O-C stretching

peak at 1030 cf) and PEI (GH stretching peak at 2806 ¢in(Fig. S7)
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Figure 1. (A) Mechanism of hydrogeion catalyzed ringoppening of monosaccharide; (B)
Mechanism of acetic acid catalyzed Schiff bfmsenation(H-A refers to acetic acid GGOOH),

(C) Mechanism of ionic interaction between protonated arhNikiz* and-COO; (D), (E) Overall

gelation mechanism.

Adding 5 pL
acetic acid

5% w/v M-Alg (1 mL H,0) 100% w/v PEI (1 mL H,0) M-Alg/PEI mixture M-Alg/PET hydrogel

Figure 2. Hydrogel formation between Mlg and PEI solutions.
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4.3.2 Reakttime sensorbased monitoring of MAIg/PEI gelation.

The dynamic gelation process provides a dingeid, visualperspectivdor studying hydrogels
(e.g., kineticsof formatior). However, conventional characterization methods often face
challenges regarding process integration @rdinuous monitoring ajelation process in low
volume and higtthroughput experimental formafg. Liu et al., 2022; Yue et al., 2023; J. Zhang
et al., 2023KE.qg., via rheological property monitoring), which drives the creation of séased
methods for material property characterization. Here,useda senscebasedmilli-cantilever
rheometeto continuouslymonitor thegelationprocessandsimultaneously characterize the effect
of hydrogel composition on the storage modufshematics of the cantilever sensor design and
measurement format are showrkig. 3. We first monitored the viscoelastic property response of
the MAIg/PEI hydrogel to acetic acitrig. 4ashowsthe frequency response of the PEMC sensor
before and after gelatiofihe significant decrease pihase angleaused by acetic acid addition is
consistenwith a gelation procesaduced damping effect based on previous studiesalgihate
hydrogels(Haring et al., 2020; Y. Liu et al., 2022)1-Alg/PEI gelation was next monitored in
reakttime via continuous tracking of the cantilewer As shown irfig. 4b, thel changed rapidly
upon addition of acetic acid and stabilizedaatew baselinen less than 20 minutgsvhich is
consistent with the visually observable acatalyzed gelation procefsig. 2).

Having established the sendmsed lowvolume characterizationformat for continuous
monitoring of MAIg/PEI rapid hydrogel gelation dynamics, we next examined the effect of mass
ratio (M-Alg:PEI) and amount of added acetic acid on the hydrogel mechanical properties via the
cantilever sensor respondédie sensor resonance amplity@¢ decreasedver mass ratiosf M-

Alg to PEI from 1:1 to 1:9Kig. S4), indicating that gelation occurred across a wide range of mass

ratios. The shear storage modulas$ the M-Alg/PEI hydrogelsvas also tunablby changing the
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amount of acetic acidddedto catalyze the gelation proced3dg. S5. For example, resonance
amplitude decreased as the volume of catalytic acetic acid was increased (5, 10 orTiis

result is consistent with the fact that more amine groups will be protonated as more acetic acid is
added, inducing stronger ionic interactions, and with the fact that the amount of catalyst for imine
formation is increasing (but it is also a catalfa imine hydrolysis). Using fluid-structure
interactionmodel(M. L. Mather et al., 2012Yhe relationship between tsbhear storage modulus

( G anyg hydrogel compositionas obtainedFig. 5showsthe effectof mass ratio and acetic acid
amountonthe hydrogemechanicaproperties, specificalls 6 G Gvas sensitive tthe mass ratio

of M-Alg to PEI, reaching a maximum at maximum proportion of PEtréasing the amount of

aceticacidused for gelation al so r es uwWwhckidconsistenthy dr o g

with theresults discussed in Section 3.1

CH,COOH

(A)

@ ®| I\;illi-CantiIever |
f

Impedance PZT
Analyzer Parylene

/’Wﬁm

W&
Figure 3. (A) Schematic of a piezoelectric mittantilever rheometer; (B) Lowolume
measurement format for rene monitoring of MAIg/PEI gelation via viscoelastic property

response.
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4.3.3 Selfhealing and injectability

Due to their inferior mechanical properties compared to metals or ceramics, it is crucial that
hydrogels possess s¢léaling properties so that they may repair any damage, thereby permitting
longer lifetime and better performanf@yarmati et al., 2017b)A rheometer in parallel plate
geometry was used to examine the-beléling properties of Mlg/PEI hydrogels under thersll
amplitude oscillatory shear (SAO8)ode. A frequency sweep experiment confirmed hydrogel
f or mat i o nFig(6&.0rke@ydimgel litear viscoelastic region was determined by a strain
sweep experiment(g. 6b). Selthealing performance was probed by an alternating step strain
experimentfig. 6¢). Alternating strains of 1% and 100% were applied to the hydrogehat&e
intervals. The hydrogel transitioned from viscoelastic solid to viscoelastic liquid as strain increased
from 1% to 100%, then recovered to its initial modulus. This behavior repeated, even after 5 cycles.
At the same time, gradually increasing stiffness wasrebdef-ig. 6¢), most likely attributed to
water loss over the timescale of the experiment since a solvent trap was not available to control
moisture loss. Selfiealing behavior of MAIg/PEI hydrogel was also demonstrated by cutting the
hydrogel in the midi@ and placing the two pieces together without any presBige®). Due to
the reversible and dynamic nature of Scbéle bonds, the two pieces ofAl/PEI hydrogel
selthealed into one piece within 12 Anotherdemorstration of sehhealing wascarried outoy
preparingtwo gels andhen placinghemside by sideThetwo gelshad mergedsuch that they
could be lifted as a single piece by spatuithin 12 h Fig S6).

Injectability is of vital importance for hydrogel biomedical applications like drug delivery or
tissue engineering, allowing for minimally invasive implantafi@ertici et al., 2019)njectability

was illustrated in simple, visual fashion by injectingAW/PEI solutions to draw different
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pictures, shown ifrig. 8. The pictures were quickly resistant to flow after spraying a tiny amount

of acetic acid on the surface of the applied hydrogel.
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Figure 6. (A) frequency sweep (1% strain); (B) strain sweep (0.1 Hz); (C)sttam sweep

(0.1 Hz; alternating between 1% strain and 100% strain at 5 min intervals).

M-Alg/PEI hydrogel

Broken M-Alg/PEI hydrogel

Figure 7. Self-healing behavior of MAlg/PEI hydrogel.
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Figure 8 (A) Schematic illustration of injectability of hydrogels. (B) Virginia Tech logo (left)
and the name of the first authoros favorite s

polymer mixture and cured by spraying a small amount of acetic acid solutio

4.3.4 Cytotoxicity

Low cytotoxicity is crucial forpotentialbiomedical application dfiydrogels Cell viability was
tested using L929 cells, which were incubated with different concentrations/Aifj dnd PEI
DMEM solutions Fig. S§. M-Alg exhibited almost no harm to the celip to 10 mg/mLThis
was consistent with our hypothedmat attachingglucosamineso the alginate chainsould not
alterits benignnature PEI exhibited severe cytotoxicity to cells even at concentraishaw as

20 ng/mL, which is consistent wht previous studie@Brunot et al., 2007; Khansarizadeh et al.,
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2015; Moghimi et al., 2005By combing MAIg with PEI to form hydrogels, cytotoxicitwas
suppressedHig. 9). After seeding the L929 cells on the top ofAf/PEI hydrogels fom variety

of time periodg1 h, 5 h and 24 h), only few dead cells (feibrescencgstained byethidium
homodime) were observed,supporting the possibility that the toxicity of thestAlg/PEI
hydrogels may be sufficiently low fdriomedical applicationsand indicating that PEI toxicity

was moderated by inclusion in these hydrogels (even though the connecting bonds are dynamic)
For future studies, more benign amine polymers such aslysmihe or amineterminated
polyethyleneoxide @minePEQO) can be considered farther improve the compatibility of
hydrogels based on muleducing end polysaccharides (MRERab living cells in medically

pertinent situations
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Merged Live/dead
images

Figure 9. Representativenergedbright field andlive/deadimages 01.929 cellsseeding on

top of the MAIg/PEI hydrogelqlive = green; red = dead)

4 .4 Conclusions

In this work, a sethealing, injectable, fagjelling hydrogel based on muleducing end

alginate (MAIg) has been developed using acetic acid to accelerate the gelation process. Multi
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reducing end alginate (MIg) can form hydrogels with polyethyleneimine (PEI) at room
temperature, while alginate cannot. Trace amounts of acetic acid can be used to accelerate gelation
time from hours to seconds. The fast gelation behavior-8ddVPEI hydrogel was confirmed by
reattime monitoring of viscoelastic properties employing a raidlntilever rheometer. Self
healing and injectable properties were authenticated using pguialielrheology, as well as by
visual observation of hydrogels applieg $yringe. Overall, this work provides powerful insights

that support the application potential of muéducing end polysaccharides (MREPS). Hydrogels
based on MREPs are promising for many biomedical applications. For example, many cancer
tissues have aacidic environment. Hydrogels based on MREPs can load one or more anticancer
drugs and be injected to the site of the cancer cells. The acidic environment will induce fast gelation
of MREPSs hydrogels for controlled drug release, creating the poteritablze treatmergxactly

where it is needed, and minimize-tdirget side effectdVe continue to explore such applications

for these hydrogels
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Chapter 5: Uniform Oxidized Hydroxypropyl CelluloseCCarboxymethyl Chitosan Microgels
for Controlled Release of CropProtection Chemicals
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bDepartment of Sustainable Biomaterjalérginia Tech, Blacksburg, VA 24061, United State

¢Department ofChemistry Virginia Tech, Blacksburg, VA 24061, United States

Abstract

Crop-protection chemical§CPCs)can improve crogroductivity, but excess use @PCs or
off-target distribution capose threatto the environmenandto humarhealth. Controlled release
of CPCsusingpolysacchariddased delivery systems is promising not only to improve efficiency,
but alsato mitigateenvironmental problemsaused by excess use and/ortaffyet distribution of
CPCssupported byhe fact that polysaccharides are sustain&inbelegradablenatural polymers.
In this work, wesynthesized alpolysaccharide microgelsy combinng selectively oxidized
hydroxypropyl cellulose (O¥PC), carboxymethyl chitosan (CMCSnd calcium chloride.
Microgels aredefined by IUPAC asaunticles of gel of any shape with an equivalent diameter of
approxi mat el yniform inicrogelsvéréobtainedn the sizerangeof hundreds of
nanometers a calciumconcentration of 1 mg/m In addition aminecontaining modeCPCs
like p-aminobenzoic acidp@BA) wereattached t@x-HPC through Schiff base chestry, and
furtherfabricated intcnarogels for controlled releas&his class of alpolysaccharidenicrogels
shows promise forapplications in controlled CPCs release.
Keywords: Pesticidescrop-protection chemicalgxidized hydroxypropy! cellulose (G{PC),

carboxymethyl chitosan (CMCSyjicrogels
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5.1 Introduction

Food is a primary necessity of human beings,
(Maslow, 1943) According to the World Food Program (WFP), as many as 828 million people
went to bed hungry each night in 2023. Enhancing crop productivity by usingp@tgetion
chemicals (CPCs) or advanced atgohnologies is one solution to address the seriousdosis
(Bonner & Alavanja, 2017; Popp et al., 2018PCs are chemicals which caradicate, repel, or
mitigate threats to crops. Based on the targeted organisms, CPCs can be broadly classified as
insecticides, herbicides, fungicides, nematicides, rodenticides, and mi{Baeser & Alavanja,
2017; Lamberth et al., 20133JPCs play an important role at different stages of the crop life cycle
and therefore in 2023, global usage of CPCs reached 4.3 million metric tons, with predicted growth
to 4.41 million metric tons in 2027. However, excess use of CPCs not only indieagest to
farmers but can also seriously harm to the environment such as by contaminating surface or ground
water, causing mortality and/or morbidity of wildlife, and creating potential safety hazards (e.qg.,
diseases such as cancer) to human bdilfgiar et al., 2009; Rekha et al., 2006pr example,
picloram, a watesoluble systemic herbicide used for general woody plant control, is not expected
to adsorb to soils and thus may leach into groundw@ant et al., 2007)Application of
conventional CPC formulations, often in bulk or pure form without any targeting oirelease
system, can lead to substantial CPC amounts not reaching the target organism-taigetoff
and/or unabsorbed pesticides can seriously pdt&environment.

Development of controlled release systems (CRS) is a promising method for resolving these
environmental problem@{uang et al., 2018; Singh et al., 2020; Wilkins, 2003; Xiao et al., 2022)
Ongoing research in this field has created many types of advanced materials designed and used for

effective and efficient pest management, such as mddlso et al., 2021) metatorganic
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frameworks (MOFsYMahmoud et al., 2022; Rojas et al., 2022; Wan et al., 2022; K. Wu et al.,
2022) synthetic polymer§P. Lee et al., 2022; Liu et al., 2023; Sikder et al., 2021; Zanino et al.,
2024) biopolymers(Roy et al., 2014; Zhang et al., 2028nd other materials. These materials
have been fabricated into different morphologies to control CPC release, including hydrogels
(Azeem et al., 2023; He et al., 2019; Hou et al., 2018; Tay et al., 2020; T. Wu et al, n2i6A2)
or nanoparticleéChaud et al., 2021; Li et al., 2023; Tao et al., 2023; Yin et al., 20233 (Nen
et al., 1996; Sharma et al., 20,183psulegCui et al., 2020; Meredith et al., 2016; Slattery et al.,
2019; Tao et al., 2023¢mulsiongLucia & Guzmadn, 2021; Mustafa & Hussein, 2020; Xu et al.,
2018; Yu et al., 2023)ayered systemSingha Roy et al., 2022y porous beadfCallaghan et
al., 2023; Ndénberg et al., 2019; Olejnik et al., 2019; Wang et al., 20280y requirements should
be considered and satisfied to facilitate translation of a CRS from the research labworlctal
farmlands. The CRS should be sustainable, benign tdéargat organisms, and biodegradable to
avoid introducing pollutants to thenvironment. The CRS system and polymeric component
should be easy and ceaffective to fabricate, including in larggeale production. Finally, the CRS
should be compatible with benign solvents, ideally water, and existing spraying methods. For
exampleCPCs are conventionally applied using hydraulic atomizers, either ornlehdprayers
or tractor booms, which means that optimal CRS formulations are-baged, and the viscosity
should not be too high to interfere with spraying. Despite the numpullisations and research
progress in the CRS field, not many materials can meet all the demands noted above.
Polysaccharides are promising candidates to meet all the above requirements because they are
abundant, sustainable, generally benign, and biodegradable in nature. Many commercialized
polysaccharides products are edible part of crops (e.g. cellulose) staach already used in crop

protection like alginatéMartiez -Cano et al., 2022pr chitosan(El Hadrami et al.,, 2010)
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Polysaccharidéased CRS have been extensively studied for controlled release ¢ZGd&(Q et

al., 2023) However, nearly all cases studied rely on physical trapping of the CPC, such that the
delivery profile is primarily controlled by the rate of diffusion through a polysaccharide coating or
matrix. This can be useful to satisfy some requirements, bt dfrtig can form reversible covalent
bonds (like imine bonds) with polysaccharides, additional control over release kinetics can be
exerted. Recently Nichols discovered that hydroxypropyl cellulose (HPC) can be selectively
oxidized by household bleach unaeitd conditiongNichols et al., 2020)The terminal secondary

OH groups of oligo(hydroxypropyl) substituents of HPC can be oxidized to ketones without
significantly impacting the glucose rings of the backbone. The oxidation product with its pendant
ketone groups is termed @PC. Following tls novel work, Chen explored the possibility of
making altpolysaccharide hydrogels using ‘B C and chitosafJ. Chen et al., 2020Yang
further optimized hydrogel fabrication and demonstrated the utility eHB&/carboxymethyl
chitosanhydrogels for pHresponsive and targeted drug rele@@eou et al., 2023)However,
hydrogelsare bulk materials with relatively high viscosity, not applicable dptimal aqueous
sprayingmethod for CPC controlled release. By reducing the siznehydrogels to micrometers,
microgel suspensions can be made with relatively low viscosity. Based on the id##Aition,
microgels are grticle of gelof any shape with an equivalent diameter of approximately 0.1 to 100
em( A Mi cr o g.€onsidering taad @)PC and carboxymethyl chitosan (CMCS) are based
on sustainable, biodegradable polysaccharides highaqueoussolubility andlow toxicity, we
hypothesize that OKPC/CMCS microgels may be excellent candidates for controlled release of
CPCs. We also hypothesize that amooataining model CPCs likpABA can be chemically
attached to O:HPC through formation of imine linkages, reversible in water, thus promoting slow

CPC release. We further hypothesized that by adding calcium ch(@#&f&b) to crosslink the
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Ox-HPC/CMCS chains, an abundant, dmenign, biodegradable, and uniform polysaccharide
microgel CRS system with both chemical and physical trapping of pesticides could be obtained.
The waterdispersed polysaccharide microgels would have low viscosityrarsdite compatible

with the current pesticide spraying methods. We describe herein our efforts to confirm these

hypotheses.

5.2 Experimental Section
5.2.1 Materials:

HPC (average M. W. 100,000 g/mol (manufacturer reportad)ar substitution (MS )6and
degree of substitution (DS 2.5) measured according to the method reported by (Yang et al.) was
purchased from Acro®rganics and used as received. Chitosan (manufacturer reported; high
molecular weight, 310,00875,000 Da based on viscosity; deacetylation degree 78% measured
according to the method reported by (Yang et al.) was from Sfgdrach and used as received.
PABA was purchased from TCI and used as received. NaOCGLR% available chlorine in
aqueous solution) was purchased from Alfa Aesar and used as receivedGB&@E%), NaoCOs
(©99.5%), isopropyl alcohol (HPLC grade), acetic af{d99.7%) were obtaed from Sigma
Aldrich and used as received. DI watBx18.2 Mg -cm) was produced by a Synergy system from
Millipore. Spectra/Por FloaA-Lyzer G2 (MWCO 3.5 K) and Spectra/Por 7 (MWCO 3.5 K)
were purchased from Thermo Fisher Scientific.

5.2.2 Measurements:

H and3C NMR spectra were obtained on either Bruker Avance 500 or 600 MHz spectrometers,

using 128 scans féH NMR and 10,000 scans f6iC NMR. Samples were analyzed ipdusing

standard 5 mm o.d. tubeé’$d NMR spectra of alginatbased polymers were referenced tD

158



(4.79 ppn. Attenuated total reflectance sampling FTIR (AFRIR) was performed with a
Nicolet iIS50spectrometerDynamic light scattering (DLS) was conductedZmtasizer NanoZS
(Zetasizer Software v7.12, Malvern Panalytical Inc., Westborough, MA, USA) using disposable
cuvettes (Malver ENO040).

5.2.3 DS(ketone) determination:

DS(ketone) was determined by integratiorttéfNMR spectra (Fig. S1).

) A $3EAOTT A b
YA YA -3(0 PTT @)

Letters correspond to those in Fig. S1.

5.2.4 Determination of carboxymethyl chitosan(CMCS) DS values:

e VA 3)
$3. % #/ 1. A
e A )
$3 K #/ 1. A
p .
B YA
= 5
$3. | A E (5)
$3.( p $3 VA S$S3 K #//.A (6)

Letters correspond to thosehig. S2.

5.2.5 Determination of p-aminobenzoic acid(pABA) DS values:

YA YA 1 $3n "

Y# (O o -3(0 )

Letters correspond to those in Fay.

5.2.6 Sample preparation fordynamic laser light scattering (DLS)
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Typically, 10 mg OxHPC and CMCS were dissolved iriO mL DI water inseparate20 mL
vials to afford 1 mg/h Ox-HPCand CMCSsolutions Afterwards, two solutions wekmmbined
Then different amounts of calcium chloridenig, 5 mg, 10 mg, and20 mg) were added into the
combinedsolution for crosslinking. Two or three drops of -BRCCMCS/CaCt microgel
solutiors weretransferred to 4@L cuvettes(Malvern ZEN0040)and DLS measurements were
performed at 25 € using a Zetasizer NanoZS (Zetasizer Software v7.12, Malvern Panalytical Inc.,
Westborough, MA, USA).

5.2.7 Synthesis of OxHPC:

The synthesis procedure was adapted from those used in our previous publications. HPC (8 g,
18.4 mmol) was dissolved in 100 mL DI water in a 500 mL round bottom flask and magnetically
stirred overnight. Acetic acid (4 mL, 69.92 mmol, 3.8 equiv. per AGWY)awanbined with NaOCI
aqueous solution (40 mL, 146.64 mmol, 7.97 equiv. per AGU) dropwise in ice bath. Then the
mixture was added to HPC solution dropwise using an addition funnel with vigorous stirring. The
solution was stirred at RT for 6 h. Isopropytatol (5 mL, 65.38 mmol, 3.55 equiv. per AGU)
was added while stirring for 30 min to consume any active chlorine ingredients. The solution was
transferred to a 1000 mL beaker and sodium carbonate (6 g, 56.6 mmol, 3.08 equiv. per AGU) was
added slowly to ndtralize residual acetic acid. The solution was dialyzed againstaidr for 7
d with daily exchange of DI water. Finally, the retentate was frdaee to obtain the product as
a white fibrous material (5.2 g, yield: 65%, DS (ketone) HNMR (500 MHz, D20): 1.13 (G-
CH(-OH)-CH2-O- and €O-CH(-CH3)-CH2-) n in sidechains), 2.13 (63-C(=0)CHz-O- in side
chains), 3.051.76 (cellulose backbone; CH and £H side chains).

5.2.8 Synthesis of OxHPC-pABA Schiff base:
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Ox-HPC (0.4 g, 0.4 mmol, MS(HP) 6, DS (ketone) 1.1) was dissolved in 30 mL methanol in a
100 mL round bottom flask with 3A molecular sievpdBA (0.6 g, 4.4 mmol, 11 equiv AGU)
was added to the flask. The solution was stirred atG@or 24 h and then dialyzed against
methanol for 3 d to remove the unreacp&BA. Supernatant was collected by centrifuge and
vacuum dried to obtain@dark oranggowder(0.2 g, yield: 33%, DSpABA) 0.3).
5.2.9 Synthesis of CMCS:

The procedure was adapted fr@mouand EdgafZhou et al., 2023)NaOH (5.4 g, 135 mmol,
5.8 equiv. per AGU) was dissolved in 8 mL water first in a 250 mL round bottom flask. Then 32
mL isopropanol was added with vigorous stirring. Chitosan (4 g, 23.4 mmol) was added and
swelled at 50C for 1 h.Thenmonochloroacetic acid (6 g, 63.5 mmol, 2.7 equiv. per AGU) was
dissolved in isopropanol (8 mL) and the solution was added to the flask dropwise. The mixture
was stirred at 50C for 4 h. The reaction mixture was poured into a 2 L beaker with 80 % (v:v)
ethanol to precipita the product. The precipitate was collected by filtration, dissolved in 150 mL
water, and dialyzed against water for 3 d before finally centrifuging to remove the insoluble solids.
The retentate was freezkeied to obtain a lighyellow fibrous materia(4.72 g, yield: 70 %)*H
NMR (500 MHz, 2O and DCI): 2.35 (Els-C(=O)}N), 3.27 H-2(GIcN)), 3.50 (NCH2-COOD),

3.554.26 {H-3, H-4, H-5, H-6, andH-2(GIcNAC)), 4.264.86 (GCH2-COOD), 4.865.49 H-1).

5.2.10General procedure for fabrication of OxHPC/CMCS microgels:

Ox-HPC (10 mg) and CMCS (10 mg) were dissolved in separate 10 mL portions of DI water to
afford 1 mg/mL OxHPC and CMCS solutions. Aliquots of each solution (1 mL) were added to a
20 mL vial with magnetic stirring. Then different amounts of calciuroritidé were added to the

vial to obtain OXHPC/CMCS microgels.
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5.3 Results and discussion
5.3.1 Synthesis and characterization of OXHPC, CMCS and OxHPC/CMCS microgels

Synthesis of OxHPC and CMCS followe@houand EdgafZhou et al., 2023nd the products
exhibited the expectetH NMR spectrafig. S1,S2). DS (ketone) of O3HPC was calculated to
be 1.1 based on Fig. S1 and equation (2) wbhBO-CH>-COONa), DSKN-CH>-COONa), and
DS(NH) of CMCS were calculated to be 1.46, 0.2, and 0.6 respectively, based on Fig. S2 and the
integration calculations of equations (3), (4) and (6).

Microgels and nanogels are dispersible but insoluble colloids of-tlmeensional polymer
networks, and they have numerous applicat{@<hen, Chang, et al., 2018; S. Chen, Lin, et al.,
2018; Zhai et al., 2019, 2020yhe distinctive feature of microgels and nanogels is their size;
hydrogels are bulk materials while miemnd nanogels are colloids with diameters randyiom
nanometers to micrometers. We have demonstrated making injectable ahdafinti Ox
HPC/CMCS hydrogels by simply mixing these two polysaccharide solutions. The ketone groups
of Ox-HPC react with the free amine groups of CMCS to form imine bonds inrdéisenxe of a
vast excess of water, which is the byproduct of imine formation. Thus, iminelysidrcan occur
simultaneously with imine formation. Following this concept, we hypothesized that decreasing the
concentration of OHPC and CMCS solutions and combining them at room temperature would
afford iminebased, atpolysaccharide microor nanogls. However, dynamic laser light
scattering (DLS) analysis of the transparent mixture obtained by combinitPOxand CMCS
solutions (both 1 mg/mL) at room temperature revealed a broad size distribution, showing multiple
peaks, with very high dispersifiFig. S3). We interpreted these results as indicating that the very
low concentrations of OKIPC and CMCS used reduced the rate of imine formatiera result,

the dispersions are maintpmposeaf separat®©x-HPC and CMCS chainsf variousmolecular

162



weights, leading to high dispersity of DLS resuli® make crostinked OxHPC/CMCS gels of
uniform, nanescale diameter, we hypothesized that the addition of calcium ions would add a
second crosslinking mechanism (ionic bonds to carboxymethyl carboxylates on each chain)
(Scheme }, inspired by the fact that calcium ions can crosslink alginate to form micr@dels

et al.,, 2021a, 2021b; T. Y. Lee et al., 2016; Pravinata et al., 20i®ed, by controlling the
concentration of calcium ions, uniform @¥PC/CMCS/CaClwe were able to obtain gels with
diameters in the hundreds of nanometers, with narrow dispeFsgy 1). Moreover, the Ox
HPC/CMCS/CaClgels exhibited good size stability. After holding a nanogel dispersion for one
month at room temperature-aealysis by DLS gave results similar to those obtained on freshly
prepared dispersiofrig. S4. By increasinghe concentration of OkIPC solution from 1 mg/in

to 10 mg/nh., Ox-HPC/CMCS/CaCl microgelscould also be obtained at larger siZéd. S5,
demonstrating the feasibility of tuning tle®ncentrationof Ox-HPC to tune the size of the
microgels.n addition since amine croprotection chemicals will be attached to-@RC through
Schiff-base linkagge varying Ox-HPC concentration caprovide targeted proportions of free
amins to participatén Schiff-base linkageso CPCsfor sustained releas&o further study the
morphology and composition of EHPC/CMCS/CaCGl microgels, transmission electron
microscoly (TEM) and Fourier transform infrared spectroscopy (FTIR) were conducted. FTIR
spectra of OXHPC/CMCS/CaCl microgels exhibited typical vibration peaks (1715cfor -

C=0, 1580 cmt for -COQ) corresponding to GKIPC and CMCS, respectivelyFif. 5),
consistent with successful incorporation and combination of bothi®X and CMCS into the
gels. TEM results indicated sphericalorphology for OXHPC/CMCS/CaCl gels with the size

around 100 nm, consistent with the DLS results
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Fig 1. Size distribution of OxHPC/CMCS micro/nano gels prepared at different calcium

concentrations by dynamic laser light scattering.
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Fig 2. TEM images of Ox-HPC/CMCS/CaClz microgels

5.3.2 Reactions of OxHPC with agrochemicals

Having demonstrated successfuhthesis of OxHPC/CMCS/CaClmicrogels, we probed the
possibility of conjugating crop protection chemicals tolIRC through Schitbase chemistry.
CPCs containing primary amine groups suclp-asninobenzoic acid (antifungal)are selected,
in part because their aromatic moieties could be readily monitored in a release studywiy UV
spectroscopy. OKIPC was mixed withpABA in methanol with molecular sieves at room
temperature for 24 hours, then the mixture dialyzed agaiegtanol to remove unreactpdBA.
Successful imindorming condensation of GKPC with p-aminobenzoic acidp@BA) was
confirmed bybothH NMR (Fig. 3), with DS (ABA) calculated to be 0.3ased on equation (7)
and dffusion ordered spectroscogioOSY)analysigFig. S8. The diffusion coefficient of pABA

attached to the GKPC backbone (3.610°m? s) was much slower than that foée pABA (4.6
10'°m? s), while the diffusion coefficient of the solverd®(1.4 10°m?s) remained the same.

This suggested the reason for the decrease of diffusion coefficient is likely due to the reversible
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imine bond formation betwegpABA and OxHPC instead of viscosity chang®@therwise the

diffusion coefficientof the solvent RO should also be different
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Scheme2. Reactions of OxHPC with p-aminobenzoic acid pABA).
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Fig 3. *H NMR spectrum of Ox-HPC-pABA conjugate.

5.3.3. Crop-protection chemicalsrelease

Amine-containing crop-protection chemicals (ACPCskronstitute a large portion of
agrochemicalsExposure tdhese ACPChas been claimed to beisk factor forcancer(Koutros
et al., 2009; Sharkey et al., 2022; Sparks et al., 20f§)ng to achieve controlled release of

ACPCs can not only reduce the potential safety hazards to human beings but also improve the
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utilization efficiency. Wehypothesizedhat Ox-HPC/CMCS/CaCl microgelswould be good
candidates for controlled release of ACPCs because the amine group from ACP&xctaith

the ketone group from GKMPC to form imine bonds, whidrereversible in water. This reversible
chemical linkage combined with physical entrapment in micragmltdlead to sustained release
profiles of ACPCs such ag-aminobenzoic acid. To prove our hypothesis, we mimicked the
scenario of spraying th@x-HPC/CMCS/CaCGImicrogek to crops, shown ilscheme 3. In the

real world, Ox-HPC/CMCS/CaCGImicrogelswill be sprayed on the crops and dried under the
sunlight, then the attached amine cpptection chemicals will be slowly released from the
microgels and be absorbed by the crops. To make this process achievable in the lab, we first
dissolved OxHPC, CMCS,pABA and CaClin water in a vial to prepare the microgels with amine
crop-protection chemicals, then tregueousdisperson was dried ovemight at 50°C. After
obtaining the dried microgels, water was addedk to the vial toenablethe releasestudy
monitored by UWVis. As control samples mixture ofCMCS/CaCt with HPC that had not been
oxidized (thus contained no ketones) was prepaBdndardpABA solutions of different
concentratios were preparedhey were analyzed by gatherikty/-Vis specta, andthese data
were employed to preparestandard curve (concentration absorption at 260 nmiig. S7). The
standard curve was employexdenable us to monitor and calculate the percentage of drug release
from the microgels by measuriapsorptiorat 260 nm. We hypothesized that the reversible Schiff
base interaction combined with physical entrapme®xHPC/CMCS/CaClmicrogelscould
lead to sustained drugleasecomparedo the pure physical entrapment of HPC/CMCS/GacCl
microgels.This hypothesis was confirmed by the release profile of both HPC/CMCS/@ad|
Ox-HPC/CMCS/CaCGlimicrogels(Fig. 4). Rapidrelease opABA from the HPC/CMCS/CagGl

microgels wa®bserved, reaching complete releast@in 30 min In contrastpABA releasdrom
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Ox-HPC/CMCS/CaCl microgels waslower, displayind0 minduration The sustained release
of pABA from Ox-HPC/CMCS/CaClmicrogels may be attributed to reversible chemical linkage
betweenpABA and OxHPC. Given the consideratidhat leaves, for example, will only be
somewhat and intermittently wetlease otrop protection chemicals such @&BA from Ox-
HPC/CMCS/CaCl microgels maytake many hours,perhaps even days or weeks,/ch slower

than the release rapdserved in watdn our lab experiments

Scheme 3 Application of Ox-HPC/CMCS/CaClz microgels in the real world (top);

Mimicking of the process
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