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Synthesize of Polysaccharide Aldehydes or Ketones and Fabrication of Derived Hydrogels 

or Microgels 

Zhenghao Zhai 

Abstract 

Two chemical methods, multi-reducing end modification and bleach oxidation, were used to 

prepare polysaccharide aldehydes and ketones. Their derived hydrogels and microgels were made 

for potential drug-delivery applications.  

Polysaccharide aldehydes and ketones are reactive intermediates for adding other functional 

moieties through chemo selective reactions such as Schiff-base formation or reductive amination. 

The most widely used method to prepare polysaccharide aldehydes is periodate oxidation. 

However, this method impacts higher-order polysaccharide structure, decreases degree of 

polymerization (DP), and increases polysaccharide instability, leading to degraded mechanical 

properties. Developing a new method to prepare polysaccharide aldehydes while preserving DP, 

stability, and desirable physical properties is challenging. Inspired by the reactive reducing ends 

of polysaccharides, which are the anomeric carbons (at the chain end), one per natural 

polysaccharide molecule, that (for aldose-based polysaccharides) is in equilibrium between a ring-

closed hemiacetal and an open-chain aldehyde form, we developed a novel method to prepare 

polysaccharide aldehydes by attaching monosaccharides to polysaccharide chains. Herein, we 

describe the approach of attachment through amination between amine group at the C2 position of 

the monosaccharide and carboxylic acid groups on polysaccharides. In this way, more reducing 

ends (C1 of the monosaccharide) can be introduced to the polysaccharides. We have chosen to call 

this new family of polysaccharides ñmulti-reducing end polysaccharides (MREPs)ò. We call this 

method ñmulti-reducing end modificationò.  



 

 

  We then fabricated injectable, self-healing, fast gelling Schiff base hydrogels based on MREPs. 

Previous methods to fabricate Schiff base polysaccharide hydrogels usually required periodate 

oxidation which leads to degraded mechanical properties, with gelation time typically from 

minutes to hours. We employed acetic acid to induce fast gelation of our MREPs hydrogels within 

seconds. The Schiff base MREP hydrogels exhibited self-healing and injectable behavior with 

limited cytotoxicity, which is promising for future biomedical applications such as targeted drug 

delivery or tissue engineering.    

 Microgels are dispersible but undissolvable colloids of three-dimensional polymer networks 

with numerous applications. We synthesized all-polysaccharide microgels (herein, we use the 

general term ñmicrogelsò to describe small gel particles of nanometer to micron diameters) using 

oxidized hydroxypropyl cellulose (Ox-HPC), carboxymethyl chitosan (CMCS), and calcium 

chloride. By tuning the calcium concentration, uniform microgels can be obtained with gel size in 

the hundreds of nanometers. Model amine-containing drugs such as picloram or p-aminobenzoic 

acid (pABA) can be chemically attached to Ox-HPC through Schiff base chemistry, creating imine 

bonds that are reversible in water, thereby permitting slow release. This class of all-polysaccharide 

microgels showed promising applications in agriculture, such as controlled release of 

agrochemicals.    

  We anticipated that these strategies would benefit future polysaccharide chemistry research 

and permit synthesis of novel hydrogel or microgel systems with potential drug-delivery 

applications.  

 

 

 



 

 

Synthesis of Polysaccharide Aldehydes or Ketones and Fabrication of Derived Hydrogels 

or Microgels 

Zhenghao Zhai 

General Audience Abstract 

Polysaccharides are long chains composed of sugar units (ñsugar polymersò). Many natural-

derived polysaccharides are sustainable, biodegradable and have low toxicity. Hydrogels are 

composed of porous solids and water, similar to the structure of human tissues. ñMicrogelsò are 

used herein to describe small gels of nanometer to micron diameters. Fabrication of 

polysaccharides into hydrogels or microgels can be advantageous for drug-delivery applications.  

Chemical modification of polysaccharides is usually required before making polysaccharide-

based hydrogels or microgels. However, previously described methods usually destroy the 

chemical structure of polysaccharides and cause degradation. To overcome this challenge, we 

developed a non-destructive chemical modification method to prepare hydrogels without these 

disadvantages. This method also introduced a new concept in polysaccharide science.   

Following our novel chemical modification method, polysaccharide-based hydrogels were made. 

Compared to the previous polysaccharide hydrogels which usually required long gelation times, 

our polysaccharide hydrogels gel within seconds with addition of tiny amounts of vinegar. Besides, 

our polysaccharide-based hydrogels are injectable and spontaneously repair themselves with low 

toxicity to cells. These properties make our hydrogels promising for cancer-targeted drug delivery.  

    Food is the first necessity of human beings. Pesticides are often used in excessive amounts and 

in broad distribution, to guarantee high crop productivity. Excess use and/or distribution of 

pesticides can pollute to the environment and pose threats to human health. To solve this problem, 



 

 

we made all polysaccharide microgels, dispersed in benign water, that can permit slow release of 

pesticides, applied in a form that can promote great precision. 

Overall, we developed new ways to modify polysaccharides to create effective and harmless 

hydrogels or microgels. We aim to push the boundaries of science and benefit human society 

through our research.  
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Chapter 1: Dissertation Overview  

Polysaccharide can be chemically modified to introduce aldehyde or ketone groups. These 

ketones or aldehydes are important intermediates for adding other functional moieties through 

chemo selective reactions such as Schiff-base formation or reductive amination. Developing novel 

polysaccharide aldehydes or ketones with desired properties and fabrication of their derived 

hydrogels or microgels requires innovative synthetic strategies.  

Chapter 2 reviewed advances in the chemical synthesis of polysaccharide aldehydes or ketones, 

illustrating their reactivity and corresponding applications. In Chapter 3, we developed a new 

method to synthesize polysaccharide aldehydes, which we have termed ñmultireducing end 

modificationò. We have also termed this new type of polysaccharides ñmulti-reducing-end 

polysaccharides (MREPs)ò. In contrast to the widely used periodate oxidation method, the 

multireducing end modification method avoids breaking up the cyclic structure of 

monosaccharides from which polysaccharide chains are comprised and does not introduce 

undesired flexibility  or chemical instability. This new type of polysaccharides paves the way for 

numerous applications such as polysaccharide-protein conjugates or injectable and self-healing 

polysaccharide hydrogels.  

In Chapter 4, one possible application of the MREPs was demonstrated by fabricating fast-

gelling, injectable, self-healing Schiff-base polysaccharide hydrogels. We used acetic acid to 

accelerate gelation time from hours to seconds, much faster than the previous Schiff-base 

polysaccharide hydrogels, which gelled typically within minutes to hours. Comprehensive 

rheology tests confirmed fast-gelation, injectable and self-healing behavior of our polysaccharide 

hydrogels. Cell culture experiments showed that these hydrogels displayed limited cytotoxicity. 
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Therefore, polysaccharide hydrogels based on MREPs exhibited promising properties for future 

biomedical applications such as drug delivery.     

Microgels are dispersible but undissolvable colloids of three-dimensional polymer networks 

internally with numerous applications. In Chapter 5, we used bleach oxidation method to generate 

oxidized hydroxypropyl cellulose (Ox-HPC) ketones and synthesized all polysaccharide microgels 

using oxidized hydroxypropyl cellulose (Ox-HPC), carboxymethyl chitosan (CMCS) and calcium 

chloride. Uniform microgels can be obtained with the size of hundreds of nanometers at the 

calcium concentration of 1 mg/ml. Ox-HPC-amine drug conjugates prepared by the Schiff base 

chemistry, producing imine linkages that are reversible in water, to provide slow release. This class 

of all-polysaccharide microgels showed promise for applications in agriculture, such as in 

controlled release of agrochemicals. 
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Chapter 2: Literature Review Polysaccharide Aldehydes and Ketones: Synthesis and 

Reactivity 

(Published in Biomacromolecules 2024, 25, 4, 2261ï2276) 

Zhenghao Zhaia and Kevin J. Edgara,b*  

a Macromolecules Innovation Institute, Virginia Tech, Blacksburg, VA 24061, United States 

b Department of Sustainable Biomaterials, Virginia 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 highly functional, 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 addition, and reductive amination. The obtained polysaccharide 

aldehydes or ketones themselves have rich potential for making useful materials such as self-

healing hydrogels, polysaccharide-protein therapeutic conjugates, or drug-delivery vehicles. 

Herein we review recent advances in synthesizing polysaccharides containing aldehyde or ketone 

moieties, and briefly introduce their reactivity and corresponding applications.  

Keywords: Polysaccharides, aldehydes, ketones, multi-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 and poly (nucleic acids). They are 

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

self-associate (and crystallize) due in part to the formation of hydrogen bonding networks, making 

it completely insoluble in water or in any single organic solvent.(Etale 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 packaging.(K. 

Huang & Wang, 2022) This has inspired chemists to develop ways to chemically modify 

polysaccharides to enhance processability and adapt their structures to achieve desired 

performance.(Cumpstey, 2013a; Edgar et al., 2001; Gomri et al., 2022) However, 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, polysaccharides also contain other reactive groups (e.g., carboxyl, 

amine, amide groups). These characteristics complicate site-specific chemical modification of 

polysaccharides. Thus, most published polysaccharide modification reactions lead to relatively 

random substitution, which impedes deeper understanding of structure-property 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, or to be reductively aminated to form 

amines.(Santerre et al., 1958a; M. A. Sprung, 1940; S. Wang et al., 2013) The useful reactions 

available to aldehydes (or ketones) can enable site-specific chemical modification of 

polysaccharides. Unfortunately, all natural polysaccharides have only one aldehyde group per 

chain (at the reducing end); therefore, only one substituent can be attached per molecule in this 
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way.(Hashimoto et al., 1991a; Heise et al., 2021a; Moussa et al., 2019a; H. Tao et al., 2020a) To 

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 preparing polysaccharide aldehydes or 

ketones.  

 

2.2 Synthetic methods  

In this section, we divide the synthetic strategies into three categories: oxidation, non-oxidative 

derivatization, and multi-reducing end modifications. Definitions, methods, functional groups 

introduced, and key features are summarized in Table 1. The detailed experimental parameters, 

green aspects, yields, and maximum DS values or conversions are summarized in Table 2.  

 

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 oxidation and bleach oxidation. 

We will discuss these two methods separately. 

 

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

Functional 

groups 

introduced 

Key features 

Oxidation  

Oxidize PS 

hydroxy groups 

to afford 

aldehydes or 

ketones 

Periodate 

oxidation 
Aldehydes 

* Well-established 

* Vicinal diols are 

cleaved to afford 

aldehydes  

* Polysaccharide (PS) 

chains degraded 

Bleach oxidation Ketones 

* Secondary hydroxy 

groups on 

oligo(hydroxypropyl) 

chain termini oxidized to 

afford ketones 

* Controllable 

degradation of PS chains  

* Need for 

hydroxypropyl 

substituents 

Non-

oxidative  

modification 

React with 

small molecules 

to introduce 

aldehydes or 

ketones 

Esterification 

with 4-

formylbenzoates 

Aldehydes 

* Esterification of PS 

with 4-formylbenzoic 

acid 

* 4-Formylbenzoic acid 

may have safety issues.  

Acetoacetylation Ketones 

* Highly reactive 

* Limited thermal 

stability  

Esterification 

with levulinate 

groups 

Ketones 

* Improved thermal 

stability  

* Side reactions may 

occur 

Multi -

reducing end  

modification  

Attach 

monosaccharide

s to PS  

Glucosamine  

amidation 
Aldehydes 

* Monosaccharide is 

attached to PS through 

C2 amidation  

* More reducing ends 

(C1 of the 

monosaccharide) 

introduced to PS  

* PS must have carboxyl 

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

various approaches 

Reaction 

methods 

Experimental 

parameters 

Green 

aspects 

Yields (%) 

Maximum 

DS value or 

degree of 

oxidation 

Periodate 

oxidation  

Periodate ions (IO4
-), 

water, RT, dark, min to h 

reaction times 

Aqueous, but 

high cost, low 

atom 

economy 

> 80 % 

91.5% 

oxidation 

(Amer et al., 

2016) 

Bleach oxidation  

Bleach (NaOCl), water, 

acetic acid, RT, min to h 

reaction times 

Aqueous, 

relatively 

benign 

reagent, low 

cost 

> 80 % 

91.3 % 

oxidation 

degree (Zhou 

et al., 2023a) 

Esterification 

with 4-

formylbenzoates 

4-formylbenzoic acid, 

dimethylformamide 

(DMF), 

dicyclohexylcarbodiimide 

(DCC), 

dimethylaminopyridine 

Expensive 

reagents, non-

aqueous 

Not specified  Not specified  
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(DMAP), RT, N2, 24 h 

 

Acetoacetylation 

Diketene, TBAA or  

(THD), organic solvents 

(e.g. DMAc/LiCl) or 

ionic liquids. Hours 

reaction  

Non-aqueous, 

but no co-

products with 

diketene. 

Diketene 

reactive, toxic  

>80 % DS 2.91 16 

Esterification 

with levulinate 

groups 

Levulinic acid, activation 

agent (DCC, TosCl, CDI 

or TFAA), organic 

solvents like DMAc, 80 

oC, 24 h 

Not aqueous, 

reactive/ toxic 

reagents 

>80 % DS 2.42 17 

Glucosamine  

amidation 

Glucosamine (GlcN),  

4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-

methylmorpholinium 

chloride (DMTMM), 

water, RT, 24 h 

Aqueous, but 

DMTMM 

expensive  

60 % 

DS 0.17* 

(alginate-

GlcN) (Zhai 

et al., 2023) 

 

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 
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diol entity, which is oxidatively cleaved by periodate 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 then, because of many favorable factors,(Bobbitt, 1956; Perlin, 2006) prominent 

among which is the high degree of regio- and chemo-selectivity. Periodate oxidation can be 

restricted to vicinal 2,3-diols of polysaccharides under certain conditions.(Kristiansen 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 one-step and simple to carry out. Aqueous conditions are best for periodate 

oxidation, which suits polysaccharides well, with their high water affinity (and in some cases, 

solubility). An accepted mechanism for periodate oxidation is shown in Scheme 1, in which diols 

form a cyclic intermediate with periodate ions, which decomposes to HIO3 and 

dialdehydes.(Criegee et al., 1933)  

 

    Scheme 1. Mechanism 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; either equatorialïequatorial or axialï

equatorial orientation. Thus, periodate oxidation cannot take place if the vicinal -OH groups are in 

opposing, diaxial orientation to one another, because they then cannot geometrically accommodate 

formation of the required cyclic intermediate. In addition, some important polysaccharides do not 

contain vicinal diols; for example, curdlan cannot be oxidized by periodate to a dialdehyde because 

its ɓ-1,3 linkages mean that it contains no vicinal alcohols. General principles of periodate 
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oxidation of polysaccharides using a ­4)-b-D-Glcp-(1­ monosaccharide example (and 

illustrating the curdlan issue) are shown in Scheme 2.   

 

    Scheme 2. General principles of periodate oxidation of polysaccharides (a) (1ŕ4)-linked 

residues where cleavage occurs between C2 and C3; (b) (1ŕ3)-linked residues which are resistant 

to periodate oxidation. Adapted from Ref.;(Kristiansen et al., 2010a) Copyright 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; Strätz 

et al., 2019a) alginate,(Balakrishnan et al., 2005a; Jeon et al., 2012a) dextran,(Jeanes & Wilham, 

1950a; Maia et al., 2011) starch,(Lyu et al., 2020a; Xie et al., 2020a) xanthan,(P. K. Sharma et al., 

2018a) glycosaminoglycans(Bedini et al., 2016; Hintze et al., 2022) and hyaluronic acid;(Jia et al., 

2004; Montgomery & Nag, 1963; Pandit et al., 2019) examples are shown in Scheme 3. 
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Scheme 3. Illustration of periodate oxidation of different types of polysaccharides  

 

Although periodate oxidation is chemo- and regioselective, the resulting vicinal dialdehydes 

have some complicating reactivities. It has been reported that these dialdehyde moieties are highly 

susceptible to alkaline ɓ-elimination.(Veelaert et al., 1997) The aldehydes are reactive with water 

and/or alcohols, so may be converted to hydrates, hemiacetals, or acetals. 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 carbonyl in 13C or FTIR spectra, aldehyde 

proton in 1H NMR spectra being highly distinct) than, for example, hydrated aldehydes whose 

chemical shifts are very similar to those of other polysaccharide hydroxyl groups. More seriously, 



13 

 

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 oC).(U.-J. Kim et al., 2004) Indeed, it must be recognized that interchain and intrachain cross-

linking may occur.(Amer et al., 2016) That is to say, the alcohol involved in conversion of the 

periodate-generated 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 increase polysaccharide 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, which will be undesirable for many applications.(Kristiansen et al., 2010a; Strong et 

al., 2019) One degradation mechanism involves C5-O-C1 oxidative cleavage, while 

polysaccharide reducing ends of polysaccharides can also be oxidized (Scheme 4).(Pandeirada et 

al., 2022) 

 

Scheme 4. Degradation of polysaccharide chains caused by periodate oxidation. Reprinted or 

adapted with permission under a Creative Commons CC-BY from Ref.;(Pandeirada et al., 2022). 

Copyright 2022, with permission from Elsevier. 
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2.2.1.2 Bleach oxidation  

Oxidation of secondary alcohols to ketones was introduced for small molecule chemistry by 

Stevens;(Stevens et al., 1980) for 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 

reactivity 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 polysaccharides.(Nichols et al., 2020) Nichols took advantage 

of the secondary alcohols at the termini of oligo(2-hydroxypropyl) substituents of hydroxypropyl 

(HP) ethers of polysaccharides; in particular, the commercial hydroxypropyl cellulose (HPC) as 

well as hydroxypropyl dextran (HPD), which 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 hypochlorite), ideally with pH adjustment using a small amount of acetic acid, oxidizes 

the terminal secondary alcohols of the oligo(2-hydroxypropyl) substituents to ketone groups. 

Mischnick in the Nichols publication showed by hydrolysis of the product to monosaccharides and 

GC/MS analysis that the oxidation was ca. 90-95% selective for the oligo(hydroxypropyl) terminal 

secondary hydroxyls, nearly completely sparing anhydroglucose ring hydroxyls. Bleach is 

alkaline, even after pH adjustment with acetic acid, so some 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). Bleach oxidations of hydroxypropyl polysaccharides are illustrated in 

Scheme 5.    
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Scheme 5. Bleach oxidation of hydroxypropyl cellulose and hydroxypropyl dextran. Adapted 

from Ref. (Nichols et al., 2020); 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, that the polysaccharide 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 acetal formation), 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 amination to 

append bioactive small molecules and crosslinking with amine-containing polymers to readily 
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prepare injectable hydrogels, including all-polysaccharide hydrogels.(J. Chen et al., 2020a, 2022a; 

Zhou et al., 2023a, 2024) Overall, bleach oxidation of hydroxypropyl polysaccharides is simple, 

selective, and introduces highly useful reactivity. 

 

2.2.2 Non-oxidative modification  

Non-oxidative modification refers to the reaction of small molecules with polysaccharides to 

introduce aldehyde or ketone-containing 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 with 4-formylbenzoates, 

acetoacetylation, and esterification with levulinate groups.  

 

2.2.2.1 4-Formylbenzoic acid esterification 

4-Formylbenzoic acid is a by-product of terephthalic acid synthesis by oxidation of p-xylene 

and is thus readily available and relatively inexpensive. Researchers have approached 

esterification of polysaccharides with 4-formylbenzoate 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) (Scheme 6). Wang et al.(C. Wang et al., 2020) modified methyl 

cellulose by acylation with 4-formylbenzoic acid and further fabricated self-healing Schiff base 

hydrogels by reaction with PEG-grafted chitosan. This approach is not necessarily regioselective 

and does require DCC or similar condensing agent to work.  



17 

 

 

Scheme 6. Esterification of methyl cellulose with 4-formylbenzoic acid. Adapted from Ref. (C. 

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

 

So far only one example using 4-formylbenzoic acid esterification 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, in which 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, it could 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 

Acetoacetylation has been well-studied for small molecules, typically employing reaction of 

diketene (CH2=C=O) with nucleophiles like alcohols or amines to form acetoacetate (AcAc) esters 

or amides.(Clemens, 1986) Diketene is produced by thermal dehydration of acetic acid. Its 

reactions with polysaccharides have been studied to a limited extent previously. Staudinger and 

co-workers(Staudinger & Eicher, 1953) reported 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 et al.(Edgar et al., 1995) 

reported homogeneous reaction of microcrystalline cellulose with diketene in N, N-

dimethylacetamide (DMAC)/LiCl or l-methyl-2-pyrrolidinone (NMP)/LiCl solution. Reaction 

with alkanoyl chlorides or alkanoic anhydrides could also be accomplished in the same solution, 

affording near-quantitative conversion of both diketene and the other acylation reagent (Scheme 

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 acetoacetate alkanoate esters. It would be 

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

 

Scheme 7. Synthesis of cellulose acetoacetates and cellulose acetoacetate alkanoates. Adapted 

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

 

Diketene is an excellent reagent for acetoacetylation because it is inexpensive, quite reactive 

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 prohibited in 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 acetoacetylation include tert-butyl 

acetoacetate (TBAA)(Witzeman & Nottingham, 1991) and 2,2,6-trimethyl-4H-1,3-dioxin-4-one 

(THD).(Clemens & Hyatt, 1985) Würfel reported homogeneous, catalysis-free synthesis of 

cellulose acetoacetates using THD, affording cellulose acetoacetates with various DS(AcAc) 

values when the molar ratio of THD was less than 2 equiv per anhydroglucose unit (AGU).(Würfel 

et al., 2018) When that molar ratio was > 2, the reaction led to enol ester formation and hence to a 

degree of molar substitution (MS) that could exceed 3 (Scheme 8). Reaction with TBAA, on the 

other hand, is initiated thermally above about 100C̄, where TBAA decomposes to t-butyl alcohol 

and diketene, which can react with polysaccharide alcohols.(R. Wang et al., 2021) 

 

Scheme 8. Acetoacetylation of cellulose with 2,2,6-trimethyl-4H-1,3-dioxin-4-one (THD). 

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

 

Acetoacetylation is 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, which is b to an ester group. The acetoacetate 

group can react with amines to form enamines; enamine formation is dynamic and reversible in 

the presence of water. Whatôs more, the two electron-withdrawing groups (ketone and ester) make 

the a carbon protons (a 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 acrylates,(B. D. 

Mather et al., 2006; R. Wang et al., 2021) isocyanates(Zhu et al., 2020) and diazonium salts(Salah 

et al., 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., 2019) and Hantzsch(Qiu et al., 2022) reactions.  

It is important to note that the resulting polysaccharide acetoacetate esters have limited thermal 

stability due to the potential for thermal reversion to acetyl ketene.(Witzeman & 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 polysaccharide that has hydroxy groups (that is 

to say, any natural polysaccharide) or amino groups could be acetoacetylated using one or more of 

these methods. 

 

2.2.2.3 Levulinate esterification  

 Levulinic acid is itself a sustainable material, available by acid-catalyzed hydrolysis of 

cellulose. Levulinates are difunctional (Scheme 9), containing both a ketone and a carboxylic 

acid.(Hayes & Becer, 2020; Hegner et al., 2010) Levulinate 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 favorably (five-membered ring intermediate) with both the levulinate ketone 

and ester carbonyls.(Hassner et al., 1975) As 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 Zheng(Zheng et al., 2015) who 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 of levulinic acid (Scheme 9). 

 

Scheme 9. Levulinate esterification of cellulose using mild activation methods. Adapted from 

Ref.;(Zheng et al., 2015) Copyright 2015, with permission from Springer. 

Polysaccharide levulinates usually are more thermally stable than polysaccharide acetoacetate 

esters. The 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 are not b to one 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 synthetically somewhat challenging and can be plagued with side reactions due to 

the relatively poor reactivity of polysaccharide alcohols.  

 

2.2.3 Multi -reducing end modification   

Since every natural aldose-based 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 

appending substituents is very limited, and it does not provide the multi-functionality necessary 

for preparation of useful entities like aldehyde-linked networks (hydrogels) or triblock copolymers. 

For this reason, investigators have recently introduced the concept of multi-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 multi-aldehyde functional polysaccharide derivative. 

MREPs were first reported by Zhai(Zhai et al., 2023) who utilized amide formation between the 

carboxylic acids of poly(uronic acids) (e.g., alginate) or carboxymethyl-substituted 

polysaccharides (e.g., carboxymethyl cellulose) with the amine moieties of glucosamine or 

galactosamine to synthesize MREPs (Scheme 10). 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 confirmed, since each added aldehyde is in equilibrium with its cyclic, hemiacetal 

form; would it react like a simple aldehyde (e.g., like acetaldehyde)? Zhai and co-workers 

demonstrated that their MREPs could indeed form hydrogels at room temperature with amine-

containing polymers like polyethyleneimine (PEI), in part due to formation of imine crosslinks.  
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Scheme 10. Reducing end modification of carboxymethyl dextran, carboxymethyl cellulose, 

and alginate to MREPs. Adapted from;(Zhai et al., 2023) Copyright 2023, with permission from 

American Chemical Society. 

 

Compared to periodate oxidation, multi-reducing end modification can also introduce many 

aldehyde groups to polysaccharides, controlling stoichiometry by controlling the amino 

monosaccharide/polysaccharide ratio, while keeping the monosaccharides of the polysaccharide 

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 reactivity and utility potential, of the multi-reducing 

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 applications,(J. 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., 2021a) we will focus on their reactivity. Reactions of 

aldehyde- and ketone-substituted polysaccharides reported in the literature are summarized in 

Table 3.  

 

Table 3. Reactions and applications of polysaccharide aldehydes and ketones. 

Reaction Functional groups involved Related Applications 
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Schiff base formation Aldehyde or ketone; Amine 

1. Injectable and self-healing 

PS hydrogels;  

2. Drug delivery vehicles; 

3. SensorīAdsorbent for 

mercury ions. 

Reductive amination Aldehyde or ketone; Amine 

1. PS-protein conjugate;  

2. Renewable thermoplastics. 

Enamine formation Acetoacetate; Amine 

1. Injectable, responsive and 

self-healing PS hydrogels; 

2. Surface modification of 

sponges or fabrics for oil/water 

separation or anti-bacterial 

wound dressing. 

 

Horseradish peroxidase (HRP)-

mediated polymerization 

Acetoacetate; Vinyl monomers 

Graft polymerization on 

cellulose 

Biginelli reaction Acetoacetate; Aldehyde; Urea Cellulose PEGylation 

Hantzsch reaction 
Aldehyde; Acetoacetate; 

Ammonium acetate or ammonia 

Cellulose film for UV-blocking 

 

2.3.1 Schiff-base 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 water as by-product (Scheme 11). 
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Scheme 11. 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 the water-rich hydrogel 

environment) provide the ability to self-repair, which in turn provides injectability. This can not 

only facilitate hydrogel extrusion from a syringe and solidification at the targeted position but can 

also provide for timely self-repair of structural defects.(Qu et al., 2018; M. Wu et al., 2020) Several 

recent reviews cover the details of synthesis and application of injectable, self-healing 

polysaccharide hydrogels.(Mo et al., 2021; Y. Yang et al., 2022)  

Schiff bases formed from aldehyde- or ketone-substituted polysaccharides have also been used 

to fabricate drug-delivery vehicles. We will provide only a couple of illustrative examples, since 

there are several comprehensive reviews of this field.(Barclay et al., 2019; J. Li et al., 2022; Miao 

et al., 2018; Sood et al., 2021) Peng et al. reported a pH-responsive nanoparticle from cellulose 

aldehydes via Schiff base formation for controlled release.(Peng et al., 2019) The process began 

with periodate oxidation of cellulose to generate ring-opened dialdehydes, which were then 

conjugated with oleylamine and aminoethyl Rhodamine via imine bonds. Nanoparticles were 

formed by precipitation into water (Scheme 12). Because of the pH-responsive 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 12. Schematic representation for formation of pH-responsive nanoparticles. Adapted 

from (Peng et al., 2019); Copyright 2019, with permission from Elsevier.  

 

Researchers have exploited Schiff base chemistry to append substituents that enable design of 

polymers with dual sensor and absorbent capability for mercury ions, demonstrating the power of 

functionalization with pendant aldehyde moieties. Kumari et al. reported a novel cellulose-lysine 

Schiff base for mercury ion sensing and removal.(Kumari & Chauhan, 2014) Cellulose 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 generate ring-opened dialdehyde 

moieties on the monosaccharides that still had unsubstituted vicinal 2,3-diols. Finally, lysine was 

conjugated with those aldehyde moieties to form lysine-substituted cellulose derivatives via Schiff 

base linkages. Mercury ions formed colored complexes with pairs of proximate, Schiff base-linked 

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 HCl (Scheme 13).  



27 

 

 

Scheme 13. Schematic representation of sensing and removal of mercury ions using cellulose-

lysine Schiff base. Copied from (Kumari & 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 intermediate, being far more resistant to 

hydrolysis. Reduction can be of the isolated imine, or the imine formation and reduction can be 

conducted in a one-pot operation (more common since it avoids isolation of the hydrolytically 

labile imine). One-pot reductive amination demands 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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(NaBH4), sodium cyanoborohydride (NaBH3CN) and sodium triacetoxyborohydride 

(NaBH(OAc)3),(Gusak et al., 2015) where the latter two are typically more chemoselective. The 

general reductive amination reaction scheme is shown in Scheme 14.  

 

 

Scheme 14. 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 has been used widely for synthesis of pro-drugs or for making 

polysaccharide-protein conjugates. Detailed descriptions can be found in these reviews.(Roughley 

& Jordan, 2011; Zhou et al., 2021a) Designing 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 amination.(Simon et al., 2023) Five primary amines, including both aliphatic 

and aromatic, were introduced to the cellulose backbone to tune glass transition temperature (Tg). 

Although these transformations were accompanied by degradative side reactions like beta-

elimination and incomplete conversion during reductive amination, dianiline cellulose showed the 

highest conversion, the best thermal properties, and a peculiar, symmetrical molecular weight 

distribution (Scheme 15). 
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Scheme 15. Synthesis procedure for cellulose diamine. Cellulose was first oxidized by periodate 

to generate cellulose dialdehyde, then reductively aminated with five different primary amines. 

Copied from;(Simon et al., 2023) Copyright 2023, with permission from the American Chemical 

Society. 

 

2.3.3 Enamine formation  
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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 acetoacetates and primary amines (Scheme 

16).    

 

Scheme 16. General scheme for enamine formation: acetoacetate group from polysaccharide 

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

 

Liu et. al. reported fabrication of a self-healing polysaccharide hydrogel based on dynamic 

covalent enamine bonds.(H. Liu et al., 2016) The polysaccharide hydrogel was obtained by mixing 

aqueous solutions of cellulose acetoacetate (CAA) and chitosan at room temperature (Scheme 17). 

The resulting hydrogel exhibited self-healing and pH responsive properties due to the dynamic and 

reversible enamine bonds, which decompose more rapidly in acidic environments.  
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Scheme 17. Synthetic scheme for enamine-based polysaccharide hydrogel (above) and self-

healing and pH-responsive properties of the hydrogel (below). Adapted from;(H. Liu et al., 2016) 

Copyright 2016, with permission from Wiley.  

 

    Formation of enamines based on cellulose acetoacetate can also be used for surface modification 

of sponges or fabrics for oil/water separation or anti-bacterial wound dressing. Li  et. al. reported 

fabrication of a functional porous cellulose acetoacetate (CAA) sponge by crosslinking cellulose 

acetoacetate with (3-aminopropyl) triethoxysilane (APTES) in the presence of cellulose nanofibers 

(CNF).(L. Li et al., 2020) The CAA sponge could be easily modified by alkylamines (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 capacity (40ï80 g/g) and satisfying desorption ability of 80% 

could be achieved by alkyl-functioned CAA sponges. The investigators reported that the CAA 

sponges could also efficiently separate oil-water mixtures and emulsions (> 99% of water or oil 

could be separated from each other) in a controllable manner (Scheme 18).  
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Scheme 18. General scheme for controllable water/oil separation of functionalized CAA sponge 

via enamine formation. Copied from;(L. Li et al., 2020) Copyright 2020, with permission from 

Elsevier.  

A similar strategy was employed by Rong et. al. who modified cotton fabric with acetoacetyl 

groups and anchored antibacterial gentamicin (Gen) and hydrophobic octadecyl amine (ODA) by 

enamine bonds in order to impart dual functions (Scheme 19).(Rong, Liu, et al., 2019) 

 

Scheme 19. General scheme illustrating preparation of antibacterial and hydrophobic cotton 

fabric. Adapted from;(Rong, Liu, et al., 2019) Copyright 2019, with permission from Elsevier.  

 

2.3.4 Horseradish peroxidase (HRP)-mediated polymerization 

Horseradish peroxidase (HRP) can catalyze the reaction between b-keto carbonyl compounds 

and hydrogen peroxide (H2O2) to abstract a labile hydrogen atom from between the carbonyls to 

form a carbon-centered radical, enabling initiation of radical polymerization of vinyl 

monomers.(Derango et al., 1992; Lalot et al., 1999; Teixeira et al., 1999) This method was 
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successfully applied to cellulose acetoacetate for efficient graft polymerization by Wang et. al.(R. 

Wang et al., 2021) Monomers of various reactivities, polarities, and functionality were used for 

graft polymerization on CAA including acrylamide, 2-hydroxyethyl methacrylate (HEMA), 

methyl methacrylate (MMA), and sulfobetaine methacrylate (SBMA) (Scheme 20). 

  

Scheme 20. Synthetic illustration for graft polymerization from cellulose acetoacetate. Adapted 

from;(R. Wang et al., 2021) Copyright 2021, with permission from Springer.  

 

2.3.5 Biginelli reaction 

The Biginelli reaction is a multi-component, one-pot 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 substrates.(Kappe, 2000) Rong et al. 

reported using the Biginelli reaction for generating cellulose derivatives.(Rong, Zeng, et al., 2019) 

A library of cellulose-based materials with different functional groups was successfully 

synthesized by applying the Biginelli reaction to cellulose acetoacetate (Scheme 21). 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 append poly(ethylene glycol) 

monomethyl ether (mPEG) substituents to the cellulose chain mildly and efficiently, thereby 
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providing a simple way to enhance water solubility of the products (while imparting other 

structural features and properties simultaneously).  

 

Scheme 21. Synthesis procedure for cellulose-based derivatives using Biginelli reaction. 

Adapted from;(Rong, Zeng, et al., 2019) Copyright 2019, with permission from Elsevier.  

 

2.3.6 Hantzsch reaction 

Like the Biginelli reaction, the Hantzsch reaction is a one-pot, multi-component condensation 

reaction, in this case involving acetoacetate, aldehyde and ammonia. Qiu et al. applied the 

Hantzsch reaction to cellulose acetoacetate to fabricate fluorescent and hydrophobic cellulose-

based films for full-band UV-blocking.(Qiu et al., 2022) The natural hydrophobic and UV-

absorbing molecule cinnamyl aldehyde (CA) was used to build 1,4-dihydropyridine (DHP) 

fluorescent rings by the Hantzsch reaction to improve the UV-blocking performance of the 
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cellulose film. In addition, hydrophobic long chain octadecylamine (ODA) moieties were 

incorporated through enamine formation to enhance film hydrophobicity (Scheme 22). 

 

Scheme 22. (a) Process for the fabrication of hydrophobic, UV-blocking cellulose film. (b) 

Synthetic procedure for cellulose-based derivatives using Hantzsch reaction. Adapted from;(Qiu 

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

 

2.4 Conclusions 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 researchers for preparation of 

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

detailed below. 
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Periodate oxidation 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 regio- and, to some degree, chemoselectivity. However, 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 lead to further DP loss or other side reactions as the 

material is stored or used.(Kristiansen et al., 2010a) Undesired side reactions of the formed free 

aldehyde groups can include alkaline ɓ-elimination, as well as inevitable chemistry of the 

dialdehyde functionality such as hydration or hemiacetal formation with hydroxy groups on the 

same chain or on other molecules (leading to cross-linking).(Amer et al., 2016; Veelaert et al., 

1997) In addition, certain important polysaccharides (e.g., 1,3-glucans) 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 chemo- and 

regioselective, aqueous NaOCl is cheap and readily available, methods 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 readily made by 

reaction of polysaccharides with inexpensive propylene oxide in aqueous media.(Nichols 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 with 4-formylbenzoic acid.(C. Wang et al., 2020) Methods 

described to date have been plagued with low conversion, and there is of course the issue of 

potential toxicity of the reagent used.(Wolf et al., 1982) Acetoacetylation of polysaccharides with 

diketene has attractive features including high conversion, efficiency, and relatively mild 

conditions, and the acetoacetate group with its b-ketoester moiety has rich chemistry that 

researchers have just begun to exploit;(Edgar 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., 2021) as a result, 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 acetoacetylation reagent (though alternatives like t-BAA exist, 

requiring higher reaction temperatures), and the fact that polysaccharide acetoacetates become 

thermally unstable at ca. 100̄C. Levulinate esterification can provide ketones with improved 

thermal stability, 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) obtained,(Zhai 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 hydrogel formation,(Zhai et al., 2023) and 

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 aldehyde- and ketone-substituted polysaccharides 

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

    Site-specific modification is a great challenge for polysaccharide scientists. Chemo- and 

regioselective modification of polysaccharide chains can provide many useful natural-based 

materials and help us illuminate fundamental structure-property relationships of polysaccharide 

derivatives. The hemiacetal reducing end of a polysaccharide is in equilibrium with its ring-opened 

aldehyde form, making it the most uniquely reactive site on the polysaccharide molecule, ideal for 

regioselective decoration such as imine formation. However, all natural polysaccharides, whether 

they are branched or not, have only one reducing end per chain, which means that only one 

aldehyde-reactive substituent can be added. We introduce a new approach to selective 

functionalization of polysaccharides as an entrée to useful materials, appending multiple reducing 

ends to each polysaccharide molecule. Herein we reduce the approach to practice using amide 

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 carboxyl-containing substituents such as carboxymethyl cellulose (CMC) or carboxymethyl 

dextran (CMD). Amide formation is assisted using the coupling agent 4-(4,6-dimethoxy-1,3,5-

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. We refer to this class of derivatives as multi-

reducing end polysaccharides (MREPs). This new family of derivatives creates the potential for 

designing polysaccharide-based materials with many potential applications, including in 

hydrogels, block copolymers, pro-drugs, and as reactive intermediates for other derivatives.  

Keywords: Polysaccharides, multi-reducing end polysaccharides (MREPs), alginate 

 

3.1 Introduction 

    Nature freely provides us with polysaccharides in great abundance and variety from natural 

building blocks like CO2 and 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 vaccines,(Deng et al., 2022; Shapiro et al., 1991) as functional drug 

delivery excipients,(Dong et al., 2016; Winslow et al., 2018; Zhou et al., 2023a) and as tissue 

engineering scaffolds.(Khan & Ahmad, 2013; Tchobanian et al., 2019) Polysaccharides can 

contribute useful properties by reacting with other biomacromolecules. For example, solubility, 

stability, and elimination half-life of protein drugs can be improved by conjugation with 

polysaccharides.(Zhou et al., 2021b) However, the lack of regioselectivity of current methods can 

lead to non-uniform structures and poor reproducibility, which impede structure-property 
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understanding, and are adverse for future commercialization.(Zhou & Edgar, 2022) Therefore, 

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 hydroxyls for chemical 

modification.(Cumpstey, 2013b; Fox et al., 2011) Aldehydes, 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 can be reductively aminated to form amines.(M. 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 cellulose,(George, Maheswari, Sheriffa Begum, et al., 2019; Y. Shen et al., 2021b; Strätz 

et al., 2019b) dextran,(Jeanes & Wilham, 1950b) amylose,(Lyu et al., 2020b; Xie et al., 2020b) 

xanthan,(P. K. Sharma et al., 2018b) glycosaminoglycans,(D.-A. Wang et al., 2007; S. Wang et 

al., 2013) and alginate.(Balakrishnan et al., 2005b; Jeon et al., 2012b) These 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 proteins,(Frasch, 2009) 

or forming hydrogels with amine-containing polymers.(J. Chen et al., 2022b) However, periodate 

oxidation impacts higher order polysaccharide structure, decreases degree of polymerization (DP), 

and increases polysaccharide instability, leading to degraded mechanical properties.(Kristiansen 

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 aldose-based polysaccharides) is in equilibrium between a ring-

closed hemiacetal and an open-chain aldehyde form. Reducing end modification has been used to 

modify many polysaccharides selectively, such as cellulose nanocrystals,(Heise et al., 2021b; H. 

Tao et al., 2020b) glycosaminoglycans,(Bedini et al., 2016; Hintze et al., 2022) 

dextran,(Hashimoto et al., 1991b; D. H. Kim et al., 2012) alginate,(Solberg et al., 2022) and 

chitosan.(Guerry et al., 2014; Moussa et al., 2019b) However, 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 

considered whether 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 containing uronic acid 

monosaccharides, such as alginate, hyaluronic acid, and pectin. Polysaccharide derivatives bearing 

carboxylic acid substituents are also common, including carboxymethylated polysaccharides such 

as carboxymethyl cellulose (CMC) and carboxymethyl dextran (CMD). D-(+)-Glucosamine and 

D-(+)-galactosamine were chosen as models to demonstrate 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 2-deoxy-2-amino groups of glucosamine or galactosamine 

assisted by a coupling agent such as 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMTMM),  thereby attaching the monosaccharide bearing its added reducing end 

through an amide linkage. Because the newly 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 multi-reducing end polysaccharides (abbreviated as MREPs). We describe 

herein our efforts to prove this hypothesis. 

 

3.2 Experimental Section  

3.2.1 Materials and Chemicals. Carboxymethyl cellulose sodium salt (CMCNa, degree of 

substitution of carboxymethyl group DS(CM) 0.84, calculated by 1H NMR (Fig. S1); Mn = 

1.14×105 g/mol, determined by aqueous SEC), was from TCI. Carboxymethyl dextran sodium salt 

(CMDNa, DS(CM) 0.22, determined by 1H NMR spectroscopy, Fig. S2; Mn = 1.27×104 g/mol, 

determined by aqueous SEC), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMTMM), and D-(+)-glucosamine hydrochloride (GlcN:HCl) were from Sigma-

Aldrich. D-(+)-Galactosamine hydrochloride (GalN:HCl) was from Chem-Impex International. 

Alginic acid sodium salt (M/G ratio 1.9, determined by 1H NMR spectroscopy, Fig. S3; Mn = 

1.09×105 g/mol, determined by aqueous SEC) and 1, 3, 4, 6-tetra-O-acetyl-D-glucosamine 

hydrochloride (acetyl-GlcN:HCl) were from Alfa Aesar. A fluorometric aldehyde assay kit 

(MAK141) was obtained from Sigma-Aldrich. DI water (~ 18.2 Mɋѻcm) was produced by a 

Synergy system from 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. 

3.2.2 General procedure for amide formation between 1, 3, 4, 6-tetra-O-acetyl-D-glucosamine 

(acetyl-GlcN) and polysaccharides CMD, alginate, or CMC.  The starting polysaccharide was 

first dissolved in DI water at room temperature (RT) with magnetic stirring. Specifically: CMDNa 
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(1.0 g, 1.2 mmol -COONa) was dissolved in 10 mL DI water, alginic acid sodium salt (0.5 g, 2.5 

mmol -COONa) was dissolved in 50 mL DI water, and CMCNa (0.5 g, 1.8 mmol -COONa) was 

dissolved in 50 mL DI water. Then DMTMM (0.5 g, 1.8 mmol, 1.5 equiv per -COONa for 

CMDNa; 0.875 g, 3.2 mmol, 1.3 equiv per -COONa for alginic acid sodium salt; or 0.974 g, 3.5 

mmol, 1.9 equiv per -COONa for CMCNa) was added to each solution. After 3 h stirring, 1, 3, 4, 

6-tetra-O-acetyl-D-glucosamine (1.38 g, 3.6 mmol, 2.9 equiv per -COONa for CMDNa; 2.42 g, 

6.3 mmol, 2.5 equiv per -COONa 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. NaHCO3. The 

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 NaCl for 2 d, then against DI water for 3 d. 

Solutions were concentrated by freeze drying to afford the products as white, fibrous materials.  

3.2.3 General procedure for amide formation between D-(+)-glucosamine (GlcN) or D-(+)-

galactosamine (GalN) and CMD, alginate, or CMC. The starting polysaccharide was first 

dissolved in DI water at a certain temperature (RT, 37 oC, or 50 oC) under magnetic stirring. 

Specifically: CMDNa (1.0 g, 1.2 mmol -COONa) was dissolved in 10 mL DI water, alginic acid 

sodium salt (0.5 g, 2.5 mmol -COONa) was dissolved in 50 mL DI water, and CMCNa (0.5 g, 1.8 

mmol -COONa) 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 per -COONa for alginic acid sodium salt; or 

0.974 g, 3.5 mmol, 1.9 equiv per -COONa for CMCNa) was added to the solution. After 3 h stirring 

at the desired temperature (RT, 37 oC, or 50 oC), D-(+)-glucosamine or D-(+)-galactosamine 

hydrochloride (0.8 g, 3.7 mmol, 3.0 equiv per -COONa 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 equiv per -COONa for CMCNa) 

was added and the pH was then adjusted to 7.5 using saturated aq. NaHCO3 or dilute aq. NaOH. 
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The solution was stirred for (24 h or 48 h) at the desired temperature (RT, 37 oC, or 50 oC), then 

the reaction mixture was transferred to a dialysis tube (cutoff 3.5 kDa) and dialyzed against 0.1 M 

NaCl for 2 d, then against DI water for 3 d. The products were obtained by freeze drying to afford 

white, fibrous materials. Reaction duration was controlled at 24 or 48 h, and reaction temperature 

was controlled at RT, 37 oC, or 47 oC to determine the impact upon conversion. Yields: alginate-

GlcN, 0.32 g, 60 %. 

3.2.4 General procedure for silver  mirror reaction and hydrogel formation. Silver oxide (0.2 

g, Ag2O) was dissolved in 2 mL dilute aq NH4OH (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 into a 70 oC water bath 

for 30 min. 

For hydrogel formation, 1.0 g poly(ethyleneimine) and 0.05 g multi-reducing-end alginate were 

each dissolved in 1 mL DI water in separate 20 mL vials, and the two solutions were combined 

and left at room temperature for 24 h.  

3.2.5 Quantitative analysis of aldehyde concentration in starting polysaccharides and 

product multi -reducing-end polysaccharides using a fluorometric method. A 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 at 10 mg/mL. Aliquots (50 ɛL) of these solutions 

were added to wells of a 96-well plate. All samples were tested 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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3.2.6 Characterization. 1H and 13C NMR spectra were obtained on a Bruker Avance II 500 MHz 

spectrometer in deuterated water (D2O) at room temperature, using 128 scans for 1H NMR and 

10,000 scans for 13C NMR spectra. 1H NMR spectra were referenced to D2O (4.79 ppm). 13C NMR 

spectra were referenced to 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt (0 ppm). 

Diffusion ordered spectroscopy (DOSY) was performed on a Bruker Avance III 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. A fluorometric 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 M200 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 365 nm. Size exclusion 

chromatography (SEC) was performed using instrumentation consisting of Wyatt Technologies 

DAWN 8 light scattering and Optilab refractive index detectors. One Shodex Ohpak LB-806M 

column heated to 40 °C was used with a mobile phase consisting of DI water/100 mM NaNO3 as 

the eluent and a Shimadzu LC-40D with pump operating at 1.0 mL/min. DS(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 on the 1H NMR spectrum of the hydrolysis product: 

 

$3#-
)ς ÐÒÏÔÏÎÓ ÏÆ #- ÓÉÄÅ ÃÈÁÉÎȾς

)(ς (φ ÆÒÏÍ ÃÅÌÌÕÌÏÓÅ ÂÁÃËÂÏÎÅȾφ
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The hydrolysis procedure and NMR assignments were based on the previous literature(F-L Ho & 

Klosiewicz, 1980). Protons of CM side chain (ïOCH2COOï) are from 4.15 - 4.55 ppm. Protons 

H2 - H6 from cellulose backbone are from 3.15 ï 4.10 ppm.  

DS(CM) of CMD, based on the 1H NMR spectrum of CMD: 

ς $3ÃÁÒÂÏØÙÍÅÔÈÙÌ ÇÒÏÕÐ

ρ
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)(ρ
 

(2) 

I(a) refers to the integral of the CM methylene resonance in the 1H NMR spectrum of CMD (Fig 

S2). I(H1) is the integral of the CMD H1 resonance (Fig. S2). 

G/M ratio of alginic acid sodium salt, based on the 1H NMR spectrum of partial hydrolyzed 

alginate: 
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(3) 

The partial hydrolysis and NMR analysis methods were based on the previous literature(Stengel, 

n.d.). I(A), I(B) and I(C) refer to the integrals of peaks A, B and C in the 1H NMR spectrum of 

partially hydrolyzed alginate (Fig. S3).  

Yields of products: 
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(4) 

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

vs. fluorescence intensity Fig. S12): 
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 (5) 

Determination of the DS(GlcN) of alginate-GlcN (based on Fig. 4): 
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Calculation of the aldehyde concentration of alginate-GlcN based on its 

DS(GlcN): 

Ã'ÌÃ.
Í $3'ÌÃ.

-!ÌÇÉÎÁÔÅ'ÌÃ.6
 

 

 

  
 

(7) 

 is 10 mg/mL. c(GlcN) is the concentration of the appended glucosamine (also the aldehyde 

concentration). $3'ÌÃ. is the DS of GlcN of alginate-GlcN. M(AlginateGlcN) is the molecular 

weight per AGU of the alginate-GlcN sample analyzed by NMR spectroscopy. 

Determination of alginate-GlcN estimated real DS(GlcN) using measured aldehyde concentrations 

and NMR value 0.17 (equivalent equation used for alginate-GalN DS(GalN)): 

$3'ÌÃ.πȢρχ
!!ÌÇÉÎÁÔÅ'ÌÃ.

τωȢυρ ʈ-
 

 (8) 

A is aldehyde concentration in Table 1.  The numbers 0.17 and 49.51 ɛM are DS(GlcN) and A of 

the alginate-GlcN sample analyzed by NMR. The difference of molecular weight per AGU 

between different alginate-GlcN samples was neglected. 

Determination of CMD-GlcN estimated real DS(GlcN) using aldehyde concentrations and NMR 

value 0.17 (same equation for CMD-GlcN DS(GalN)): 

$3'ÌÃ.πȢρχ
!#-$'ÌÃ.

τωȢυρ ʈ-

-#-$
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 (9) 

A is aldehyde concentration in Table 1. The 0.17, 49.51 ɛM and M(AlginateGlcN) are DS(GlcN), 

A and molecular weight per AGU of the alginate-GlcN sample analyzed by NMR. The difference 

of molecular weight per CMD-GlcN AGU compared to CMD AGU was neglected. The difference 

of molecular weight per alginate-GlcN AGU caused by different DS(GlcN) was neglected. 

Determination of CMC-GlcN estimated real DS(GlcN) using aldehyde concentrations and NMR 

value 0.17 (same equation for CMC-GlcN DS(GalN)): 
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A is aldehyde concentration in Table 1. The 0.17, 49.51 ɛM and M(AlginateGlcN) are DS(GlcN), 

A and molecular weight per AGU of the alginate-GlcN sample analyzed by NMR. The difference 

of molecular weight per CMC-GlcN AGU compared to CMC AGU was neglected. The difference 

of molecular weight per alginate-GlcN AGU caused by different DS(GlcN) was neglected. 

 

3.3 Results and Discussion  

3.3.1 Reactions of 1, 3, 4, 6-tetra-O-acetyl-D-glucosamine (acetyl-GlcN) with polysaccharides. 

We selected acetyl-GlcN as our initial substrate for amide formation, and selected three 

commercial carboxyl-containing polysaccharides, CMD, CMC, and alginate (Scheme 1). Acetyl-

GlcN was useful for initial experiments because its acetyl groups have 1H NMR resonances upfield 

of the typical polysaccharide backbone region (around 2 ppm), and likewise 13C NMR resonances 

upfield (around 20 ppm) of those typical for polysaccharides. These resonances are sharp, readily 

distinguished, and (for protons) readily integrated in comparison with the more downfield 

backbone resonances of the starting polysaccharides.  

    We chose to initiate reaction of acetyl-GlcN with CMD using 4-(4,6-dimethoxy-1,3,5-triazin-

2-yl)-4-methylmorpholinium chloride (DMTMM) because it is an efficient, widely used coupling 

agent for amide formation.(Farkaġ & BystrickĨ, 2007; Jones et al., 2019; Perdih et al., 2014) The 

reaction (RT, 24 h) afforded a water-soluble product that could be purified by dialysis and isolated 

by freeze-drying. In its 1H NMR spectrum (Fig. 1), the sharp resonance at 2.16 ppm and the small 

one at 2.11 ppm were assigned to acetyl groups from the appended monosaccharide acetyl-GlcN. 

It is noted that some of the acetyl resonances of these derivatives appeared to be weaker than those 
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of the starting monosaccharide (Fig. S4). There are two possible reasons for the weaker acetyl 

signal; one is that the DS of acetyl-GlcN on the CMD is low, the other is there may be partial 

acetyl hydrolysis during the alkaline amide formation reaction conditions. De-acylation of 

polysaccharide and carbohydrate esters under alkaline conditions is rapid as has been previously 

observed, including in work by our group.(Gao et al., 2018; Zheng et al., 2014) These results were 

supported by 13C NMR spectroscopy (Fig. 2), where the resonance at 23 ppm was assigned to the 

acetyl methyls from the appended monosaccharide acetyl-GlcN. Successful amide formation 

between the acetyl-GlcN amine and CMD carboxyls was further confirmed by diffusion-ordered 

NMR spectroscopy (DOSY) experiments (Fig. S14),(Morris & Johnson, 1992; Zhong et al., 2021) 

which revealed that all resonances associated with the polymer chain, including those arising from 

both acetyl-GlcN and CMD moieties, exhibited identical self-diffusion coefficients (6.1  10-11 ± 

1  10-12 m2 s-1). This strongly supported the conclusion that acetyl-GlcN and CMD were 

covalently attached to one another.  
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Scheme 1. Amide-forming reactions of acetyl-GlcN with polysaccharides. A. CMD and acetyl-

GlcN. B. CMC and acetyl-GlcN. C. Alginate and acetyl-GlcN. 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 between acetyl-GlcN and CMC, 

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

monosaccharide is a uronic acid (1Ÿ4-linked b-D-mannuronic acid (M) or 1Ÿ4-linked a-L-

guluronic acid (G)). In the 1H NMR spectrum of the purified amide resulting from coupling CMC 

and acetyl GlcN (Fig. S6), the resonance at 2.1 ppm is assigned to the acetyl groups of the 

appended monosaccharide. Both 1H NMR and 13C NMR spectra of the purified alginate-acetyl 
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GlcN product also fully supported successful amide formation, and typical resonances related to 

M and G could be identified in the productôs 1H NMR spectrum; they were assigned based on 

literature values.(Brus et al., 2017) The 1H NMR spectrum of alginate-acetyl GlcN also displayed 

a prominent, broad peak at ca. 2.1 ppm which we assigned to the acetyl methyls of the attached 

monosaccharide (Fig. 3). Methyl carbons of the acetyl groups (23 ppm) were also observed in the 

13C NMR spectra of alginate-acetyl GlcN (Fig. S7). Covalent attachment of acetylated GlcN to 

CMC and alginate, rather than simple mixing, was strongly supported by the similar diffusion 

coefficients (DOSY) of resonances arising from acetyl GlcN and the backbone regions of CMC 

and alginate, respectively (Fig. S15 and S16).  

 

 

Figure 1. 1H NMR spectra. A. CMD-acetyl GlcN, B. CMD. 
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Figure 2. 13C NMR spectrum of CMD-acetyl GlcN. 

 

Figure 3. 1H NMR spectra. A. Alginate, B. Alginate-acetyl GlcN. 
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3.3.2 Reactions of D-glucosamine (GlcN) and D-galactosamine (GalN) with polysaccharides. 

Having shown successful amide formation between 2-amino-2-deoxymonosaccharide esters and 

polysaccharide carboxyl groups by using acetyl-GlcN with its 1H NMR-prominent ester groups, 

we examined amide formation between unsubstituted GlcN and GalN and carboxyl-containing 

polysaccharides (CMD, CMC, and alginates, Scheme 2). In the process, we explored the impact 

of key reaction parameters upon conversion. Lacking the obvious 1H NMR handles of acetyl 

methyls, we quantified the reducing ends added upon reaction with amino sugars to form MREPs 

by a fluorometric method which is commonly used to quantify aldehydes.(Fei Chen et al., 1992; 

Manna et al., 2021) 

 

Scheme 2. Reactions of 2-amino-2-deoxymonosaccharides with carboxyl-containing 

polysaccharides (illustrated using GlcN). Reactions of GlcN with A. CMD, B. CMC, C. Alginate. 
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Despite the similar structural features of the aminomonosaccharides and polysaccharides, and 

the absence of obvious reporter groups in GlcN or GalN (i.e., acetyl groups), some evidence for 

successful amide formation could be found in the NMR spectra of alginate-GlcN. In the 1H NMR 

spectrum (Fig. 4), a new resonance was observed at 3.5 ppm, and we speculated that this new 

resonance was from specific protons of the newly appended monosaccharide. Heteronuclear 

Single-Quantum Correlation Spectroscopy (HSQC) (Fig. S10) of alginate-GlcN was employed to 

confirm this hypothesis. We observed correlations of the new 1H resonance at 3.5 ppm with two 

13C resonances at 73 and 79 ppm. We examined the simple but structurally similar compound, 

GlcNAc, to help support the NMR assignments of product resonances (Fig. S8). In the HSQC 

spectrum of GlcNAc (Fig. S11), its 1H resonance at ~3.5 ppm was correlated to 13C resonances at 

73 and 79 ppm, which could be assigned to C4 and C5 of the b-anomer of GlcN.(You et al., 2020) 

By analogy, we assigned the new 1H resonance at 3.5 ppm to the C4 and C5 protons of the ɓ-

anomer of the newly attached glucosamine, shown in Fig. 4. Since the anomeric position of the 

attached aminomonosaccharide is unsubstituted, both anomers are observed, with the equatorial 

anomer predominant. The DS(GlcN) was calculated based on the integral ratio of the new 

resonances at 3.5 and 5.2 ppm to the resonances of G1 at 5.0 ppm. Based on integration of the 1H 

NMR spectrum (Fig. 4) and equation (6), DS(GlcN) is calculated to be 0.17. We observed that 

H2-C2 correlation of the appended GlcN from the alginate-GlcN product (Fig. S10) matched those 

of the GlcNAc model (Fig. S11) well, supporting the hypothesis that GlcN was linked to alginate 

via an amide bond. Additional evidence of successful linkage was also found in the 13C NMR 

spectra, shown in Fig. 5. The C1, C2 and C6 resonances of the appended monosaccharide were 

clearly observed in the 13C NMR spectrum of the final product alginate-GlcN. In addition, we 

compared the product 1H NMR spectrum with that of GlcN itself (Fig. S9). Resonances at 2.5 ppm 
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(from H2 of GlcN) were absent in the 1H NMR spectrum of the amide alginate-GlcN, indicating 

that it contained no free monosaccharide within 1H NMR detection limits.(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 GlcN adducts of alginate, 

carboxymethyl dextran, and carboxymethyl cellulose showed moderate loss of DP, ranging 

between 25-60%. No attempt was made within the bounds of the current study to maximize 

conditions for preservation of DP. 

 

 

Figure 4. 1H NMR spectra. A. Alginate, B. Alginate-GlcN. 
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Figure 5. 13C NMR spectra. A. Alginate, B. GlcNAc, C. Alginate-GlcN. 

 

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 conversion was directly proportional to the aldehyde concentration of the MREP amide 

products. Aldehyde concentration could be measured by conversion of the aldehydes to fluorescent 

adducts, which fluoresce at 435 nm upon 365 nm excitation. By measuring the emission 

fluorescence intensity of these adducts at 435 nm and comparing with a standard curve of aldehyde 

concentration vs. fluorescence intensity (Fig. S12), the aldehyde concentration of the samples 

could be quantified. Reaction parameters and the resulting aldehyde concentrations are shown in 

Table 1; each MREP had 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 2-amino-2-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 neutralize acid from GlcN or GalN, 

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

We hypothesize that this was due to reaction of the NaHCO3 neutralization by-product CO2 with 

the monosaccharide amine groups, forming carbamic acids and thus interfering with amide 

formation.(K.-H. Huang et al., 2021) This side reaction was circumvented by using NaOH as base.  

    As stated before, the DS(GlcN) of Alg-GlcN was calculated to be 0.17 based on integration of 

the 1H NMR spectrum (Fig. 4). Alg-GlcN with DS(GlcN) 0.17 corresponds to entry 24 in Table 

1, where NaOH was used to neutralize the HCl from GlcN. Converting the DS to aldehyde 

concentration based on equation (7), the aldehyde concentration should be 7597 mM instead of the 

measured 49.51 mM (Table 1). The reason for this large difference is that not all the reducing ends 

of the appended monosaccharide are converted to the fluorescent adducts, due to the nature of the 

reducing end, which is in equilibrium between a ring-closed hemiacetal and an open-chain 

aldehyde form. The estimated DS (ñDSò) of the multi-reducing end polysaccharides in Table 1 

was calculated based on equations (8), (9) and (10). 

 

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

 PS Amine Equiv DMTMM  

(eq/CO2
-) 

Temp. 

( C̄) 

Time 

(h) 

Base A  DS 

1 CMD / / /  / / / /  

2 CMD GalN 0.75 0.375 25 24 NaHCO3 7.77 0.02 

3 CMD GalN 3.0 1.5 25 24 NaHCO3 11.72 0.03 

4 CMD GalN 3.0 1.5 25 48 NaHCO3 12.79 0.04 
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5 CMD GalN 3.0 1.5 37  48 NaHCO3 11.73 0.03 

6 CMD GalN 3.0 1.5 50  48 NaHCO3 11.53 0.03 

7 CMD GlcN 3.0 1.5 25 24 NaHCO3 11.86 0.03 

8 CMD GlcN 3.0 1.5 25 48 NaHCO3 12.38 0.03 

9 CMD GlcN 3.0 1.5 37 48 NaHCO3 11.01 0.03 

10 CMD GlcN 3.0 1.5 50 48 NaHCO3 11.75 0.03 

11 CMD GlcN 3.0 1.5 25 48 NaOH 16 0.04 

12 CMC / / / / / / /  

13 CMC GlcN 3.8 1.9 25 48 NaHCO3 22.36 0.08 

14 CMC GlcN 3.8 1.9 37 48 NaHCO3 22.61 0.08 

15 CMC GalN 3.8 1.9 25 24 NaHCO3 22.1 0.08 

16 CMC GalN 3.8 1.9 25 48 NaHCO3 22.58 0.08 

17 Alg / / / / / / /  

18 Alg GlcN 6.0 1.7 25 24 NaHCO3 39.31 0.13 

19 Alg GlcN 6.0 1.7 25 48 NaHCO3 39.82 0.14 

20 Alg GlcN 6.0 1.7 37 48 NaHCO3 39.04 0.13 

21 Alg GlcN 6.0 1.7 50 48 NaHCO3 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 NaHCO3 39.63 0.14 

24 Alg GlcN 6.0 1.7 37 48 NaOH 49.51 0.17* 

  

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

aminosaccharide/-COONa; DMTMM: coupling agent used (equiv/-COONa); A: aldehyde 

concentration (ɛM) measured by fluorescence. DS: estimated degree of substitution of the 

appended monosaccharide calculated based on equation (8), (9) and (10) 

* This value was calculated by 1H NMR spectrum (Fig. 4). 
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3.3.4 Silver 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, with higher aldehyde concentration 

affording faster silver mirror reaction. Indeed, after 15 minutes at 70 °C (Fig. 6), a beautiful silver 

mirror was formed on the surface of the tube for the multi-reducing-end alginate, alginate-GlcN. 

In comparison, no silver was observed on the surface using unmodified starting alginate, with its 

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

In order to demonstrate the potential application of MREPs for making hydrogels, multi-

reducing-end alginate solution was mixed with branched poly(ethylene imine) (PEI) solution. 

Equal volumes of 5 wt% multi-reducing-end alginate solution and 50 wt% branched 

polyethyleneimine solution in water were mixed, and after 24 h, a hydrogel was formed (Fig. 7). 

The appended monosaccharide is in equilibrium between a ring-closed hemiacetal and an open-

chain aldehyde form. The excess amine groups of the branched poly(ethyleneimine) react with 

aldehydes of the appended monosaccharides to form Schiff base bonds, and this reaction pushes 

the equilibrium to the open-chain aldehyde form. In a control experiment, equal volumes of 5 wt% 

alginate solution and 50 wt% branched poly(ethyleneimine) 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 week. To exclude the possibility that Alg-GlcN/PEI gelation was caused by the 

slight pH difference between alginate and alginate-GlcN solution, another control experiment was 

conducted. The alginate solution was adjusted using acetic acid to the same pH as the alginate-

GlcN solution. Even after the pH adjustment, no gelation of the alginate/branched PEI mixture 
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was observed after 24 h. We are actively exploring methods to facilitate and accelerate this gelation 

process. 

 

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

photo). 

 

    

Figure 7. Hydrogel formation by mixing alginate-GlcN solution (left) and branched poly(ethylene 

imine) solution (middle) to form the hydrogel depicted on the (right). 

 

3.4 Conclusions 

    In this work, a new family of polysaccharides termed multi-reducing-end polysaccharides 

(MREP) has been prepared using the synthetic strategy of reacting polysaccharide carboxylic acid 

groups with the amines of 2-amino-2-deoxymonosaccharides to form amide linkages, employing 
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DMTMM as coupling agent. Reactions of carboxymethyl dextran (CMD), carboxymethyl 

cellulose (CMC), or alginate with glucosamine (GlcN) or galactosamine (GalN) afforded well-

characterized products in which the 2-amino-2-deoxymonosaccharide was attached to the 

polysaccharide through an amide linkage. As a result, each amide-appended monosaccharide had 

an intact anomeric position, that is to say its reducing end. Multiple reactive aldehyde groups were 

thus appended to each polysaccharide molecule, with no loss of cyclic monosaccharide structure 

in the polysaccharide, and thus no introduction of undesired flexibility or chemical instability. 

NMR techniques were used to indicate successful linkage to polysaccharides through the 2-amine 

groups of the monosaccharides. A fluorometric method was used to confirm aldehyde 

concentrations in cases where interpretation of the 1H NMR spectrum and its integration were 

difficult, due to resonance overlaps. These aldehyde concentration results enabled us to identify 

the insensitivity of reaction conversion to time and temperature within the ranges studied, the 

similar reactivities of GlcN and GalN, and the superior performance of NaOH vs. NaHCO3 base. 

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 these MREPs. Overall, 

this work is promising for decorating many types of polysaccharides, including those with natural 

carboxylic acid content (those containing uronic acid monosaccharides) and those with carboxyl-

containing substituents (such as carboxymethyl or w-carboxyalkanoyl-substituted polysaccharide 

derivatives) with amine-containing monosaccharides to afford multi-reducing-end 

polysaccharides. MREPs have promise for many other potential applications, such as conjugating 

with proteins or drugs to create prodrugs for targeted or slow-release therapeutics or making all-
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polysaccharide hydrogels with chitosan through dynamic Schiff base bonds. Reducing such 

concepts to practice is currently underway in our laboratory. 

 

References 

(1) Shapiro, E. D.; Berg, A. T.; Austrian, R.; Schroeder, D.; Parcells, V.; Margolis, A.; Adair, R. K.; 

Clemens, J. D. The Protective Efficacy of Polyvalent Pneumococcal Polysaccharide Vaccine. N. 

Engl. J. Med. 1991, 325 (21), 1453ï1460.  

(2) Deng, Y.; Li, J.; Sun, C.; Chi, H.; Luo, D.; Wang, R.; Qiu, H.; Zhang, Y.; Wu, M.; Zhang, X.; 

Huang, X.; Xie, L.; Qin, C. Rational Development of a PolysaccharideïProtein-Conjugated 

Nanoparticle Vaccine Against SARS-CoV-2 Variants and Streptococcus Pneumoniae. Adv. Mater. 

2022, 34 (21), 2200443. 

(3) Dong, Y.; Mosquera-Giraldo, L. I.; Troutman, J.; Skogstad, B.; Taylor, L. S.; Edgar, K. J. 

Amphiphilic Hydroxyalkyl Cellulose Derivatives for Amorphous Solid Dispersion Prepared by 

Olefin Cross-Metathesis. Polym. Chem. 2016, 7 (30), 4953ï4963.  

(4) Winslow, C. J.; Nichols, B. L. B.; Novo, D. C.; Mosquera-Giraldo, L. I.; Taylor, L. S.; Edgar, K. 

J.; Neilson, A. P. Cellulose-Based Amorphous Solid Dispersions Enhance Rifapentine Delivery 

Characteristics in Vitro. Carbohydr. Polym. 2018, 182, 149ï158.  

(5) Zhou, Y.; Zhai, Z.; Yao, Y.; Stant, J. C.; Landrum, S. L.; Bortner, M. J.; Frazier, C. E.; Edgar, K. 

J. Oxidized Hydroxypropyl Cellulose/Carboxymethyl Chitosan Hydrogels Permit PH-Responsive, 

Targeted Drug Release. Carbohydr. Polym. 2023, 300, 120213.  

(6) Tchobanian, A.; van Oosterwyck, H.; Fardim, P. Polysaccharides for Tissue Engineering: Current 

Landscape and Future Prospects. Carbohydr. Polym. 2019, 205, 601ï625. 

(7) Khan, F.; Ahmad, S. R. Polysaccharides and Their Derivatives for Versatile Tissue Engineering 

Application. Macromol. Biosci. 2013, 13, 395ï421.  

(8) Zhou, Y.; Petrova, S. P.; Edgar, K. J. Chemical Synthesis of PolysaccharideïProtein and 

PolysaccharideïPeptide Conjugates: A Review. Carbohydr. Polym. 2021, 274, 118662. 

(9) Zhou, Y.; Edgar, K. J. Regioselective Synthesis of PolysaccharideïAmino Acid Ester Conjugates. 

Carbohydr. Polym. 2022, 277, 118886. 

(10) Cumpstey, I. Chemical Modification of Polysaccharides. ISRN Org Chem 2013, 2013, 417672.  

(11) Fox, S. C.; Li, B.; Xu, D.; Edgar, K. J. Regioselective Esterification and Etherification of 

Cellulose: A Review. Biomacromolecules. 2011, 12, 1956ï1972.  

(12) Sprung, M. M. A Summary of the Reactions of Aldehydes with Amines. Chem. Rev. 1940, 26, 

297ï338. 



84 

 

(13) Shen, Y.; Wang, Z.; Wang, Y.; Meng, Z.; Zhao, Z. A Self-Healing Carboxymethyl 

Chitosan/Oxidized Carboxymethyl Cellulose Hydrogel with Fluorescent Bioprobes for Glucose 

Detection. Carbohydr. Polym. 2021, 274, 118642 

(14) Strätz, J.; Liedmann, A.; Trutschel, M. L.; Mäder, K.; Groth, T.; Fischer, S. Development of 

Hydrogels Based on Oxidized Cellulose Sulfates and Carboxymethyl Chitosan. Cellulose 2019, 

26 (12), 7371ï7382.  

(15) George, D.; Maheswari, P. U.; Sheriffa Begum, K. M. M.; Arthanareeswaran, G. Biomass-Derived 

Dialdehyde Cellulose Cross-Linked Chitosan-Based Nanocomposite Hydrogel with 

Phytosynthesized Zinc Oxide Nanoparticles for Enhanced Curcumin Delivery and Bioactivity. J. 

Agric. Food. Chem. 2019, 67 (39), 10880ï10890.  

(16) Jeanes, A.; Wilham, C. A. Periodate Oxidation of Dextran. J. Am. Chem. Soc. 1950, 72 (6), 2655ï

2657.  

(17) Xie, X.; Li, X.; Lei, J.; Zhao, X.; Lyu, Y.; Mu, C.; Li, D.; Ge, L.; Xu, Y. Oxidized Starch Cross-

Linked Porous Collagen-Based Hydrogel for Spontaneous Agglomeration Growth of Adipose-

Derived Stem Cells. Mater. Sci. and Eng. C. 2020, 116, 111165.  

(18) Lyu, Y.; Yu, M.; Liu, Q.; Zhang, Q.; Liu, Z.; Tian, Y.; Li, D.; Changdao, M. Synthesis of Silver 

Nanoparticles Using Oxidized Amylose and Combination with Curcumin for Enhanced 

Antibacterial Activity. Carbohydr. Polym. 2020, 230, 115573. 

(19) Sharma, P. K.; Taneja, S.; Singh, Y. Hydrazone-Linkage-Based Self-Healing and Injectable 

Xanthan-Poly (Ethylene Glycol) Hydrogels for Controlled Drug Release and 3D Cell Culture. ACS 

Appl. Mater. Interfaces 2018, 10 (37), 30936ï30945. 

(20) Wang, S.; Oommen, O. P.; Yan, H.; Varghese, O. P. Mild and Efficient Strategy for Site-Selective 

Aldehyde Modification of Glycosaminoglycans: Tailoring Hydrogels with Tunable Release of 

Growth Factor. Biomacromolecules 2013, 14 (7), 2427ï2432.  

(21) Wang, D.-A.; Varghese, S.; Sharma, B.; Strehin, I.; Fermanian, S.; Gorham, J.; Fairbrother, D. H.; 

Cascio, B.; Elisseeff, J. H. Multifunctional Chondroitin Sulphate for Cartilage TissueïBiomaterial 

Integration. Nat. Mater. 2007, 6 (5), 385ï392. 

(22) Jeon, O.; Alt, D. S.; Ahmed, S. M.; Alsberg, E. The Effect of Oxidation on the Degradation of 

Photocrosslinkable Alginate Hydrogels. Biomaterials 2012, 33 (13), 3503ï3514.  

(23) Balakrishnan, B.; Mohanty, M.; Umashankar, P. R.; Jayakrishnan, A. Evaluation of an in Situ 

Forming Hydrogel Wound Dressing Based on Oxidized Alginate and Gelatin. Biomaterials 2005, 

26 (32), 6335ï6342.  

(24) Frasch, C. E. Preparation of Bacterial PolysaccharideïProtein Conjugates: Analytical and 

Manufacturing Challenges. Vaccine 2009, 27 (46), 6468ï6470.  

(25) Chen, J.; Zhai, Z.; Edgar, K. J. Recent Advances in Polysaccharide-Based in Situ Forming 

Hydrogels. Curr Opin Chem Biol 2022, 70, 102200.  



85 

 

(26) Kristiansen, K. A.; Potthast, A.; Christensen, B. E. Periodate Oxidation of Polysaccharides for 

Modification of Chemical and Physical Properties. Carbohydr. Res. 2010, 345 (10), 1264ï1271.  

(27) Tao, H.; Lavoine, N.; Jiang, F.; Tang, J.; Lin, N. Reducing End Modification on Cellulose 

Nanocrystals: Strategy, Characterization, Applications and Challenges. Nanoscale Horiz 2020, 5 

(4), 607ï627.  

(28) Heise, K.; Delepierre, G.; King, A. W. T.; Kostiainen, M. A.; Zoppe, J.; Weder, C.; Kontturi, E. 

Chemical Modification of Reducing End-Groups in Cellulose Nanocrystals. Angew. Chem. Int. 

Ed. 2021, 60, 66ï87. 

(29) Hintze, V.; Schnabelrauch, M.; Rother, S. Chemical Modification of Hyaluronan and Their 

Biomedical Applications. Front. Chem. 2022, 10, 830671.  

(30) Bedini, E.; Laezza, A.; Iadonisi, A. Chemical Derivatization of Sulfated Glycosaminoglycans. Eur. 

J. Org. Chem. 2016, 2016 (18), 3018ï3042.  

(31) Kim, D. H.; Kim, M.-D.; Choi, C.-W.; Chung, C.-W.; Ha, S. H.; Kim, C. H.; Shim, Y.-H.; Jeong, 

Y.-I.; Kang, D. H. Antitumor Activity of Sorafenib-Incorporated Nanoparticles of Dextran/Poly 

(Dl-Lactide-Co-Glycolide) Block Copolymer. Nanoscale Res. Lett. 2012, 7 (1), 91. 

(32) Hashimoto, K.; Imanishi, S.-I.; Okada, M.; Sumitomo, H. Chemical Modification of the Reducing 

Chain End in Dextrans and Trimethylsilylation of Its Hydroxyl Groups. J. Polym. Sci., Part A: 

Polym. Chem. 1991, 29, 1271-1279. 

(33) Solberg, A.; Mo, I. v.; Omtvedt, L. A.; Strand, B. L.; Aachmann, F. L.; Schatz, C.; Christensen, 

B. E. Click Chemistry for Block Polysaccharides with Dihydrazide and Dioxyamine Linkers - A 

Review. Carbohydr. Polym. 2022, 278, 118840.  

(34) Guerry, A.; Cottaz, S.; Fleury, E.; Bernard, J.; Halila, S. Redox-Stimuli Responsive Micelles from 

DOX-Encapsulating Polycaprolactone-g-Chitosan Oligosaccharide. Carbohydr. Polym. 2014, 

112, 746ï752.  

(35) Moussa, A.; Crépet, A.; Ladavière, C.; Trombotto, S. Reducing-End ñClickableò 

Functionalizations of Chitosan Oligomers for the Synthesis of Chitosan-Based Diblock 

Copolymers. Carbohydr. Polym. 2019, 219, 387ï394.  

(36) Ho, F. F. L.; Klosiewicz, D. W. Proton Nuclear Magnetic Resonance Spectrometry for 

Determination of Substituents and Their Distribution in Carboxymethylcellulose. Anal. Chem. 

1980, 52, 913ï916. 

(37) Stengel, D. B.; Connan, S. Natural Products from Marine Algae Methods and Protocols. In 

Methods in Molecular Biology, Vol 1308; Springer 2015. 

(38) Perdih, P.; Ļebaġek, S.; Moģir, A.; Ģagar, E. Post-Polymerization Modification of Poly (L-

Glutamic Acid) with D - (+)-Glucosamine. Molecules 2014, 19 (12), 19751ï19768.  

(39) Jones, A. X.; Cao, Y.; Tang, Y. L.; Wang, J. H.; Ding, Y. H.; Tan, H.; Chen, Z. L.; Fang, R. Q.; 

Yin, J.; Chen, R. C.; Zhu, X.; She, Y.; Huang, N.; Shao, F.; Ye, K.; Sun, R. X.; He, S. M.; Lei, X.; 



86 

 

Dong, M. Q. Improving Mass Spectrometry Analysis of Protein Structures with Arginine-Selective 

Chemical Cross-Linkers. Nat. Commun. 2019, 10 (1), 3911.  

(40) Farkaġ, P.; BystrickĨ, S. Efficient Activation of Carboxyl Polysaccharides for the Preparation of 

Conjugates. Carbohydr. Polym. 2007, 68 (1), 187ï190.  

(41) Zheng, X.; Gandour, R. D.; Edgar, K. J. Remarkably Regioselective Deacylation of Cellulose 

Esters Using Tetraalkylammonium Salts of the Strongly Basic Hydroxide Ion. Carbohydr. Polym. 

2014, 111, 25ï32.  

(42) Gao, C.; Liu, S.; Edgar, K. J. Regioselective Chlorination of Cellulose Esters by Methanesulfonyl 

Chloride. Carbohydr. Polym. 2018, 193, 108ï118.  

(43) Morris, K. F.; Johnson, C. S. Jr. Diffusion-Ordered Two-Dimensional Nuclear Magnetic 

Resonance Spectroscopy. J. Am. Chem. Soc. 1992, 114 (8), 3139ï3141.  

(44) Zhong, Y.; Feng, Q.; Wang, X.; Yang, L.; Korovich, A. G.; Madsen, L. A.; Tong, R. Photocatalyst-

Independent Photoredox Ring-Opening Polymerization of O-Carboxyanhydrides: Stereocontrol 

and Mechanism. Chem. Sci. 2021, 12 (10), 3702ï3712.  

(45) Brus, J.; Urbanova, M.; Czernek, J.; Pavelkova, M.; Kubova, K.; Vyslouzil, J.; Abbrent, S.; 

Konefal, R.; HorskĨ, J.; Vetchy, D.; Vyslouģil, J.; Kulich, P. Structure and Dynamics of Alginate 

Gels Cross-Linked by Polyvalent Ions Probed via Solid State NMR Spectroscopy. 

Biomacromolecules 2017, 18 (8), 2478ï2488.  

(46) Manna, S. K.; Achar, T. K.; Mondal, S. Recent Advances in Selective Formaldehyde Detection in 

Biological and Environmental Samples by Fluorometric and Colorimetric Chemodosimeters. 

Anal. Methods 2021, 13 (9), 1084ï1105.  

(47) Fei Chen; Yafei Liu; Jianming Lu; Hwang, K. J.; Lee, V. H. L. A Sensitive Fluorometric Assay 

for Reducing Sugars. Life Sci. 1992, 50 (9), 651ï659.  

(48) You, S.; Kim, H.; Jung, H.; Kim, B.; Lee, E. J.; Kim, J. W.; Kim, Y. Tuning Surface Functionalities 

of Sub-10 Nm-Sized Nanocarriers to Target Outer Retina in Designing Drug Delivery Agents for 

Intravitreal Administration. Biomaterials 2020, 255, 120188.  

(49) Beecher, C. N.; Larive, C. K. 1H and 15N NMR Characterization of the Amine Groups of Heparan 

Sulfate Related Glucosamine Monosaccharides in Aqueous Solution. Anal. Chem. 2015, 87 (13), 

6842ï6848.  

(50) Huang, K.-H.; Wei, Z.; Cooks, R. G. Accelerated Reactions of Amines with Carbon Dioxide 

Driven by Superacid at the Microdroplet Interface. Chem. Sci. 2021, 12 (6), 2242ï2250.  

 

 

 

 



87 

 

Supporting Information  

 

Figure S1. 1H NMR spectrum of hydrolyzed carboxymethyl cellulose (CMC) (region 2.8ï5 ppm).  

DS(CM) was calculated by integrating the 1H NMR spectrum of hydrolyzed carboxymethyl 

cellulose. The hydrolysis and analysis methods were modified from the previous literature(F-L Ho 

& Klosiewicz, 1980). Briefly, 80 mg carboxymethyl cellulose powder was dissolved in 1 mL D2O 

in a 20 mL vial with a magnet. After stirring for 30 minutes, 500 ɛL D2O and 500 ɛL D2SO4 were 

slowly added into the vial and the temperature was adjusted to 90 oC. The mixture was allowed to 

continue stirring for another 30 minutes before cooling down to room temperature. Acetic acid (5 

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

Protons of CM side chain (ïOCH2COOï) are from 4.15 ï 4.55 ppm. Protons H2 ï H6 from 

cellulose backbone are from 3.15 ï 4.10 ppm.  
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Figure S2. 1H NMR spectrum of carboxymethyl dextran (CMD). 
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Figure S3. 1H NMR spectrum of partially hydrolyzed alginate (region 4.40ï5.15 ppm).  

M/G ratio was determined by integrating the 1H NMR spectrum of partially hydrolyzed alginate. 

The partial hydrolysis and analysis methods were modified from the previous literature(Stengel, 

n.d.). Briefly, 100 mg alginate powder was dissolved in 100 mL DI-water in a round flask. The 

solvent was adjusted to pH 5.5 - 6 using HCl solution, and then was refluxed at 100 °C for 1 h 

with stirring. The solvent was cooled to RT, adjusted to pH 3 - 4 using HCl solution, then refluxed 

at 100 °C for 30 min with stirring. The hydrolysis was stopped by cooling on ice, and the pH was 

adjusted to 7 ï 8 using aq. NaOH. Products were collected by freeze-drying. The freeze-dried 

products were redissolved in 5 mL D2O, then freeze-dried again to further remove H2O which may 

overlap the target peak in the 1H NMR spectrum. The NMR sample was made using D2O as 

solvent. Several drops of 1.0 mg/mL TTHA (triethylenetetramine-N, N, Nł, NŃ, NłŃ, Nł

Ń-hexaacetic acid) were added to the NMR tube. The 1H NMR spectrum was collected at 353 K. 
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Figure S4. 1H NMR spectrum of 1, 3, 4, 6-tetra-O-acetyl-D-glucosamine (acetyl-GlcN). 
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Figure S5. 13C NMR spectrum of 1, 3, 4, 6-tetra-O-acetyl-D-glucosamine (acetyl-GlcN). 
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Figure S6. 1H NMR spectrum of CMC-acetyl GlcN. 
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Figure S7. 13C NMR spectrum. A. Alginate, B. Alginate-acetyl GlcN. 
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Figure S8. 1H NMR spectrum of N-acetylglucosamine. 

 

Figure S9. 1H NMR spectrum of neutralized D-2-amino-2-deoxyglucose. 
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Figure S10. HSQC NMR spectrum of Alg-GlcN. The green boxes show characteristic correlations 

of the GlcN moiety. 
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Figure S11. HSQC NMR spectrum of GlcNAc. The green boxes show characteristic correlations 

of the GlcN moiety. 
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Figure S12. Standard curve of aldehyde concentration vs. relative fluorescence intensity (RFU). 

 

 

 

 

 

 

 



98 

 

 

Figure S13. Silver mirror reactions of CMD (top) and CMD-GlcN (bottom). 
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Figure S14. 1H DOSY spectrum of CMD-acetyl GlcN in D2O. Measured diffusion coefficient of 

CMD-acetyl GlcN in this sample is 6.1 × 10-11 ± 1 × 10 -12 m2 s-1. 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 CMC-acetyl GlcN in D2O.  Unreacted CMC (orange, D = 2.8 

× 10-11 ± 2 × 10 -12 m2 s-1) and acetyl-GlcN (purple, D = 1.5 × 10-10 ± 2 × 10 -11 m2 s-1) are also 

present in the sample, evidenced by the two diffusion coefficients measured in the regions 

corresponding to the CMC backbone and acetyl group. CMC-acetyl GlcN is measured to have a 

diffusion coefficient of D = 1.9 × 10-11 ± 3 × 10 -12 m2 s-1. 
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Figure S16. 1H DOSY spectrum of Alg-acetyl GlcN in D2O. Unreacted Alg (orange, D = 4.3 × 

10-11 ± 2 × 10 -12 m2 s-1) and acetyl-GlcN (purple, D = 1.6 × 10-10 ± 2 × 10 -11 m2 s-1) are also present 

in the sample, evidenced by the two diffusion coefficients measured in the regions corresponding 

to the Alg backbone and acetyl group. Alg-acetyl GlcN is measured to have a diffusion coefficient 

of D = 1.2 × 10-11 ± 3 × 10 -12 m2 s-1. 
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 Mn determined by aqueous SEC 

Carboxymethyl dextran (CMD) 12700 g/mol 

Multi -reducing end carboxymethyl dextran 

(CMD-GlcN) 

7600 g/mol 

Carboxymethyl cellulose (CMC) 114000 g/mol 

Multi -reducing end carboxymethyl cellulose 

(CMC-GlcN) 

85000 g/mol 

Alginic acid sodium salt 10900 g/mol 

Multi -reducing end alginate (alginate-GlcN) 44700 g/mol 

 

Table S1. Molecular weight determination by aqueous SEC of polysaccharides and multi-reducing 

end polysaccharides. 
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Abstract 

Polysaccharide-based hydrogels are promising for many biomedical applications including drug 

delivery, wound healing, and tissue engineering. We illustrate herein self-healing, injectable, fast-

gelling hydrogels prepared from multi-reducing end polysaccharides, recently introduced by the 

Edgar group. Simple condensation of reducing ends from multi-reducing end alginate (M-Alg) 

with amines from polyethylene 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 

fast-gelation behavior is driven by rapid Schiff base formation and strong ionic interactions 

induced by acetic acid. A cantilever rheometer enables real-time monitoring of changes in 

viscoelastic properties during hydrogel 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 properties. Therefore, the self-healing, injectable, and fast-gelling M-



125 

 

Alg/PEI hydrogel holds substantial promise for biomedical, agricultural, controlled release, and 

other applications. 

Keywords: Polysaccharides, multi-reducing end polysaccharides (MREPs), hydrogels, self-

healing, cantilever sensor, alginate, polyethyleneimine 

 

4.1 Introduction  

    Hydrogels are three-dimensional networks crosslinked by hydrophilic polymers, which can hold 

large amounts of water. Because of structural similarities, hydrogels have properties akin to those 

of many soft tissues (Patenaude et al., 2014) and are widely used in biomedical applications such 

as in drug delivery systems (Hoare & Kohane, 2008; J. Li & Mooney, 2016; Zhou et al., 2023b), 

wound dressings (Pan et al., 2021; Tavakoli & Klar, 2020) or scaffolds for tissue engineering 

(Drury & Mooney, 2003; K. Y. Lee & Mooney, 2001). Hydrogels historically were pre-formed in 

vitro and then delivered to target sites using invasive surgical procedures (Dimatteo et al., 2018). 

In recent decades, injectable hydrogels have been prepared, fueling significant recent research 

efforts (Sun et al., 2020). Injectability makes it possible for medical personnel to introduce 

hydrogels to target sites in the body by minimally invasive procedures. Besides the requirements 

that they do not cause harm to surrounding tissues, do not elicit immune responses, and biodegrade 

in an appropriate time frame, injectable medical hydrogels should undergo rapid solïgel transition 

after injection to achieve and maintain sufficient strength and integrity, for a duration suitable for 

the particular application at the target site in vivo (Guvendiren et al., 2012). 

    Physically crosslinked injectable hydrogels have been developed for controlled release and 

tissue engineering, but their undesirably rapid erosion in aqueous environments limited their 

application (W. Shen et al., 2006). Chemically crosslinked hydrogels relying on covalent bonds 
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are more stable. Covalently crosslinked hydrogels have been formed by methods including Dielsï

Alder reactions, Schiff base formation, thiol/disulfide redox reactions, and click chemistry (Alonso 

et al., 2021; J. Chen et al., 2022b). Schiff-base hydrogels have shown great promise because they 

are typically self-healing due to their dynamic imine bonds (J. 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 self-repair, dynamic properties of Schiff-base linked hydrogels can partly 

compensate for hydrogel mechanical properties that may be insufficient for some biomedical 

applications (Gyarmati et al., 2017a). Polysaccharides 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 synthesis. However, preparation of 

polysaccharide-based injectable Schiff-base hydrogels typically begins with periodate oxidation 

of the polysaccharide chain, whereby vicinal diols are cleaved to dialdehydes, thus opening 

monosaccharide rings (Hozumi et al., 2018; Malik et al., 2022; C. Yang et al., 2019). While 

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 properties (Kristiansen et al., 2010b).  Whatôs more, the gelation time of 

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., 2022). How can these issues be 

addressed?  

Development of multi-reducing end polysaccharides (MREPs) has made it possible to address 

the drawbacks of the periodate oxidation approach. Recently, we reported a strategy to synthesize 

MREPs by linking the 2-amino-2-deoxy moieties of glucosamine to polysaccharide chains. The 
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amide-linked glucosamines are in equilibrium between a ring-closed hemiacetal and an open-chain 

aldehyde form. This method introduces more reducing ends (aldehyde groups) to the 

polysaccharide chains without damaging the cyclic structures of the monosaccharides. Based on 

our previous research, Schiff-base hydrogels can be obtained by mixing a multi-reducing end 

alginate (M-Alg) solution with branched polyethyleneimine (PEI) solution at room temperature. 

In a control experiment, no hydrogel was formed upon mixing 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 use of the fact that the reducing end of the appended glucosamine is mainly in its 

glucopyranose ring, hemiacetal form, and that its conversion to the acyclic (aldehyde) form is 

accelerated in the presence of free hydrogen ions (Qian, 2013). In addition, Schiff-base bond 

formation is known to be accelerated by weak acids, including acetic acid (Cordes & Jencks, 1962; 

Santerre et al., 1958b). Therefore, we hypothesized that gelation of multi-reducing 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 the fast-gelling M-Alg/PEI hydrogel 

should also have self-healing and injectable properties. Upon adding the acetic acid, we expect 

that aldehyde groups will be rapidly generated by ring-opening of the appended glucosamines, 

priming the MREPs for crosslinking with amine-containing polymers like PEI through accelerated 

Schiff base chemistry. Whatôs more, the acetic acid will also protonate PEI amine groups, which 

can associate with M-Alg carboxylates through ionic interactions (Rajabi 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, polysaccharide-based hydrogels with self-healing, injectable, and fast 

gelation properties. Herein we report the results of testing these hypotheses.  

4.2 Experimental Section  

4.2.1 Materials: 

    Alginic acid sodium salt (M/G ratio 1.9, Mn = 1.09×105 g/mol (Zhai et al., 2023)) was from Alfa 

Aesar. Polyethyleneimine (PEI, branched, Mn ~10,000 reported by the manufacturer), (4-(4,6-

dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (Ó 96%) and D-(+)-

glucosamine hydrochloride (GlcN:HCl) were from Sigma-Aldrich. DI water (~ 18.2 Mɋѻcm) 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: 

    1H and 13C NMR spectra were obtained on either Bruker Avance 500 or 600 MHz spectrometers, 

using 128 scans for 1H NMR and 10,000 scans for 13C NMR. Samples were analyzed in D2O using 

standard 5 mm o.d. tubes. 1H NMR spectra of alginate-based polymers were referenced to D2O 

(4.79 ppm).  

4.2.3 Determination of the degree of substitution of glucosamine (DS(GlcN)) of M-Alg: 

    DS (GlcN) was determined based on our previously published method (Zhai et al., 2023), 

calculated by peak integration ratios (1H NMR spectroscopy, Figure S1). 

  Letters correspond to those in Figure S1. 

4.2.4 Synthesis of multi-reducing end alginate (M-Alg): 
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    The synthesis procedure was modified from our previously published method (Zhai et al., 2023). 

Alginic acid sodium salt (1.5 g, 6.3 mmol -COONa) was first dissolved in DI water (250 mL) in a 

500 mL round bottom flask at room temperature under magnetic stirring overnight. After complete 

dissolution, the temperature was raised to 37 oC and DMTMM (1.72 g, 6.2 mmol, 1 equiv. per -

COONa) was added to the solution. After 3 h stirring at 37 oC, D-(+)-glucosamine hydrochloride 

(4 g, 18.6 mmol, 3 equiv. per -COONa) was added and the pH was adjusted to 8 using dilute aq. 

NaOH. The solution was stirred at 37 oC for 24 h. The reaction mixture then was transferred to a 

dialysis tube (cutoff 3.5 kDa) and dialyzed against 0.1 M NaCl for 2 d, then against DI water for 

3 d. Products were obtained by freeze drying to afford a white fibrous material (0.96 g, 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 portions of DI-water overnight 

to afford 5% w/v M-alg and 50% w/w PEI solutions. Then the two solutions were combined and 

5 mL acetic acid was added. The solutions were vortexed for 10 sec, with gelation occurring within 

seconds. Gelation was defined as lack of flow. Hydrogels were light orange in color.  

4.2.6 Real-time rheological analysis of M-Alg/PEI hydrogel using a cantilever rheometer: 

The rheological properties of synthesized hydrogels were characterized using dynamic-mode 

piezoelectric milli-cantilever (PEMC) sensor, given the ability of such sensors to characterize 

hydrogel rheological properties in low-volume, continuous monitoring applications.  PEMC 

sensors were fabricated as previously reported (Cesewski 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., 2023a). Continuous 

monitoring of the cantilever resonant frequency and phase angle was performed using an 

impedance analyzer (e5061b; Keysight) and custom Matlab program for data acquisition. Each 
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sample was tested at least three times.  Five cantilevers with similar spectral features (e.g., resonant 

frequency) were used in the study. 

Precursor solutions for sensor tests were prepared by combining M-Alginate (5% w/v) and PEI 

stock solutions (50% w/w) to get a specific ratio between polymers. The precursor solutions 

(including AcOH if it was contained in the formulation) were thoroughly mixed by vortex followed 

by centrifuging at 3000 rpm for 3 min to eliminate bubbles before tests. For real-time monitoring 

experiments, the mass ratio of M-Alginate: PEI = 1: 1. A sensor tip was first immersed in the sol 

solution (0.8 mL) to obtain a steady baseline, and then 5 ʈL of AcOH was added near the sensor 

tip to trigger the gelation process. Monitoring was continued until a steady plateau was reached 

with regard to phase angle. The effect of mass ratio on viscoelastic properties of hydrogels was 

studied by preparing precursor solutions having different mass ratios of M-alginate and PEI (1:1, 

1:3, 1:5, 1:7, 1:9). The amount of added acetic acid was also varied (0, 5, 10, 15 ʈL) to study its 

effect on hydrogel properties at a mass ratio of M-Alginate to PEI (1: 10). In these two cases, the 

precursor solutions were sealed and stored at room temperature for 18 h to form hydrogels. The 

obtained hydrogels were analyzed by immersing a sensor into the hydrogels to perform spectrum 

sweeps at least five times. Sensor test results were further analyzed by converting the PEMC sensor 

data to mechanical property information (i.e., Gô) by using a fluid-structure interaction model 

(Cesewski et al., 2020; Y. Liu et al., 2022; M. L. Mather et al., 2012).   

4.2.7 Analysis of M-Alg/PEI hydrogel self-healing properties using parallel plate rheometer: 

Rheological experiments were performed on a TA Instruments AR-G2 rheometer with 25 mm 

parallel plate geometry and temperature-controlled Peltier plate (25 °C). In frequency sweep 

experiments, strain was set at 1%. In strain sweep experiments, frequency was set at 0.1 Hz. In 

alternating step-strain sweep experiments, frequency was set at 0.1 Hz. Strain was set as 1% and 
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100%. Hydrogels were subjected to 1% strain for 5 min, then strain was increased to 100% and 

kept at that level for 5 min, then strain was restored to 1%. These cycles of two alternating steps 

were repeated five times. Hydrogels for rheological experiments were prepared from aqueous 

solutions of 5 % w/v M-Alg and 50 % w/w PEI with 5 mL acetic acid. 

4.2.8 Cytotoxicity 

Cell studies were conducted using L929 cells (adherent mouse fibroblast cells; ATCC catalog 

number CCL-1) at passages 14-18. Cultures were grown in Dulbeccoôs modified eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 50 IU/mL penicillin, and 50 ɛg/mL 

streptomycin (MP Biomedicals). Cells were cultured at 37 °C in 5% CO2 air. Media was changed 

every other day. After 80-90% confluence was achieved, the cells were passaged. Cells were 

washed with 1X PBS three times, and then released with 0.05% trypsin-EDTA solution (VWR, 

Radnor, PA). The suspension of released cells was centrifuged at 200 x g (1000 rpm) for 5 min 

before counting and plating for experiments.  

For the cytotoxicity of M-Alg and PEI, L929 cells were seeded in a 96-well plate at a density of 

5000 cells per well in 200 ɛL serum-containing 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 (1 mg/mL) and M-Alg (20 mg/mL) were prepared by dissolving 

the desired amounts of PEI and M-Alg in DMEM. Next, varying concentrations of PEI (5 ɛg/mL 

to 80 ɛg/mL) and M-Alg (0.1 mg/mL to 10 mg/mL) were prepared from each stock solution. 200 

ɛL 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 with serum-free DMEM 

(100 ɛL). Next, 10 ɛL 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). Worked-up 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 experimental runs with three 

replicates per experiment. 

For the hydrogel preparation, vials containing 50 mg of lyophilized M-Alg 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 M-Alg 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 allow the M-Alg to 

dissolve. Next, 50 ɛL of the 100 mg/mL PEI solution was added to the entire 50 mg/mL M-Alg 

solution and mixed well using a vortex. Next, 55 ɛL of 1M HCl 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 it coated 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 the 48-well plate at a density of 10,000 cells 

per gel with 200 ɛL of DMEM supplemented with 2% FBS. Cells were cultured in an incubator 

for 1 h, 2 h, 5 h and 24 h. The live/dead combined solution (Molecular Probes L3224) was prepared 

by adding 2 ɛL of EthD-1 stock solution (component B) to 1 mL PBS. The solution was vortexed, 

and 1 ɛL of 4 mM calcein AM stock solution (component A) was added to the solution and 

vortexed well to prepare a final live/dead staining solution (4 ɛM calcein AM and 4 ɛM EthD-1). 

After the desired incubation times, 40 ɛL 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 Ti-U) 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 M-Alg, and hydrogel formation  

Synthesis of M-Alg followed our previous paper (Zhai et al., 2023), and the alginate decorated 

by amide-linked 2-amino-2-deoxyglucose moieties (M-Alg) was characterized by 1H NMR (Fig. 

S1). Water suppression NMR was conducted to quantify the anomeric a-H resonance of the 

appended glucosamine (GlcN). This enabled accurate peak integration and further calculation of 

DS(GlcN) of M-Alg. Based on 1H NMR spectrum integration and equation 2, DS(GlcN) 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 crosslinking with PEI through Schiff base chemistry.  

Our previous research confirmed that 5% w/v M-Alg could form hydrogels with 50% w/w 

branched PEI at room temperature after 24 h. To prove that gelation was mainly due to Schiff base 

crosslinks, we carefully made Alg and M-Alg solutions at the same concentration (5% w/v). Acetic 

acid was used to adjust the pH of Alg solution to be the same as that of M-Alg solution (around 

6.5). Then 5% w/v Alg and M-Alg solutions were mixed separately with 50% w/w branched PEI 

solution at room temperature. After 24 h, a hydrogel was formed from the M-Alg/PEI mixture 

while no gelation was observed in the Alg/PEI mixture (Fig. S2). Final pH values of both the M-

Alg/PEI and Alg/PEI mixtures were around 8.5. Ionic interactions at this slightly basic pH should 

be weak since less than 50% of the amine groups should be protonated (Kong & Mooney, 2003). 

The appended glucosamine of M-Alg is in equilibrium between a ring-closed hemiacetal and an 

open-chain aldehyde form. The abundant amine groups of branched PEI can react with these open-
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chain aldehydes, thus pushing the hemiacetal-aldehyde equilibrium towards the aldehyde, finally 

forming a hydrogel. The Schiff base reaction between multi-reducing end alginate and molecules 

with amine groups was further confirmed by reacting M-Alg with small molecules, by conjugating 

with the amino acid valine using NaBH3CN 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, the 1H NMR of the final product revealed a distinguishable peak at around 2 

ppm, which was assigned to the methyl peaks from valine (Fig. S3). This evidence strongly 

supports the contention that M-Alg 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 the amines, thus 

inducing ionic interactions with alginate carboxylates (Cordes & Jencks, 1962; Kong & Mooney, 

2003; Rajabi et al., 2021b; Santerre et al., 1958b; Tian et al., 2020b). The proposed gelation 

mechanism is displayed in Fig. 1. We observed (Fig. 2) that the M-Alg/PEI solutions could still 

flow after mixing. But after adding 5 ɛL acetic acid and vortexing, a hydrogel was formed within 

< 10 seconds. The weak acid-catalyzed method not only promises to provide fast gelation for 

polysaccharide-based hydrogels, but also enables thorough mixing of the two polymer 

components, avoiding any inhomogeneity and/or insufficient crosslinking density of the hydrogel. 

The FT-IR spectrum of the gel exhibited characteristic peaks from both M-Alg (C-O-C stretching 

peak at 1030 cm-1) and PEI (C-H stretching peak at 2806 cm-1) (Fig. S7)    
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Figure 1. (A) Mechanism of hydrogen-ion catalyzed ring-opening of monosaccharide; (B) 

Mechanism of acetic acid catalyzed Schiff base formation (H-A refers to acetic acid CH3COOH); 

(C) Mechanism of ionic interaction between protonated amine -NH3
+

 and -COO-; (D), (E) Overall 

gelation mechanism. 

 

 

Figure 2. Hydrogel formation between M-Alg and PEI solutions. 
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4.3.2 Real-time sensor-based monitoring of M-Alg/PEI gelation.  

The dynamic gelation process provides a direct, vivid, visual perspective for studying hydrogels 

(e.g., kinetics of formation). However, conventional characterization methods often face 

challenges regarding process integration and continuous monitoring of gelation processes in low-

volume and high-throughput experimental formats (Y. Liu et al., 2022; Yue et al., 2023; J. Zhang 

et al., 2023b)(e.g., via rheological property monitoring), which drives the creation of sensor-based 

methods for material property characterization. Here, we used a sensor-based milli -cantilever 

rheometer to continuously monitor the gelation process and simultaneously characterize the effect 

of hydrogel composition on the storage modulus. Schematics of the cantilever sensor design and 

measurement format are shown in Fig. 3. We first monitored the viscoelastic property response of 

the M-Alg/PEI hydrogel to acetic acid. Fig. 4a shows the frequency response of the PEMC sensor 

before and after gelation. The significant decrease in phase angle caused by acetic acid addition is 

consistent with a gelation process-induced damping effect based on previous studies with alginate 

hydrogels (Haring et al., 2020; Y. Liu et al., 2022). M-Alg/PEI gelation was next monitored in 

real-time via continuous tracking of the cantilever ū.  As shown in Fig. 4b, the ū changed rapidly 

upon addition of acetic acid and stabilized at a new baseline in less than 20 minutes, which is 

consistent with the visually observable acid-catalyzed gelation process (Fig. 2). 

    Having established the sensor-based low-volume characterization format for continuous 

monitoring of M-Alg/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 response. The sensor resonance amplitude (A) decreased over mass ratios of M-

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

ratios. The shear storage modulus of the M-Alg/PEI hydrogels was also tunable by changing the 
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amount of acetic acid added to catalyze the gelation process (Fig. S5). For example, resonance 

amplitude decreased as the volume of catalytic acetic acid was increased (5, 10, or 15 mL). This 

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 catalyst for imine hydrolysis). Using a fluid-structure 

interaction model (M. L. Mather et al., 2012), the relationship between the shear storage modulus 

(Gô) and hydrogel composition was obtained. Fig. 5 shows the effect of mass ratio and acetic acid 

amount on the hydrogel mechanical properties, specifically Gô.  Gô was sensitive to the mass ratio 

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

acetic acid used for gelation also resulted in hydrogels of relatively higher Gô, which is consistent 

with the results discussed in Section 3.1.  

 

               

Figure 3. (A) Schematic of a piezoelectric milli-cantilever rheometer; (B) Low-volume 

measurement format for real-time monitoring of M-Alg/PEI gelation via viscoelastic property 

response.  

 



139 

 

     

Figure 4. (A) Cantilever sensor frequency response in terms of phase angle as measured by 

electrical impedance analysis in air (black curve), solution (red curve), and M-Alg/PEI hydrogel 

(blue curve); (B) Real-time monitoring of M-Alg/PEI hydrogel gelation via continuous tracking 

of PEM phase angle at resonance (ū).  

 

         

Figure 5. Effect of mass ratio (M-Alg:PEI) (A) and acetic acid amount (B) on hydrogel Gô 

obtained from sensor response and a fluid-structure interaction model. 

 

 

 



140 

 

4.3.3 Self-healing and injectability   

Due to their inferior mechanical properties compared to metals or ceramics, it is crucial that 

hydrogels possess self-healing properties so that they may repair any damage, thereby permitting 

longer lifetime and better performance (Gyarmati et al., 2017b). A rheometer in parallel plate 

geometry was used to examine the self-healing properties of M-Alg/PEI hydrogels under the small 

amplitude oscillatory shear (SAOS) mode. A frequency sweep experiment confirmed hydrogel 

formation (Gô>Gôô) (Fig. 6a). The hydrogel linear viscoelastic region was determined by a strain 

sweep experiment (Fig. 6b). Self-healing performance was probed by an alternating step strain 

experiment (Fig. 6c). Alternating strains of 1% and 100% were applied to the hydrogel at 5-minute 

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 was observed (Fig. 6c), most likely attributed to 

water loss over the timescale of the experiment since a solvent trap was not available to control 

moisture loss. Self-healing behavior of M-Alg/PEI hydrogel was also demonstrated by cutting the 

hydrogel in the middle and placing the two pieces together without any pressure (Fig. 7). Due to 

the reversible and dynamic nature of Schiff-base bonds, the two pieces of M-Alg/PEI hydrogel 

self-healed into one piece within 12 h. Another demonstration of self-healing was carried out by 

preparing two gels and then placing them side by side. The two gels had merged such that they 

could be lifted as a single piece by spatula within 12 h (Fig S6).   

 Injectability is of vital importance for hydrogel biomedical applications like drug delivery or 

tissue engineering, allowing for minimally invasive implantation (Pertici et al., 2019). Injectability 

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

of acetic acid on the surface of the applied hydrogel.  

 

 

Figure 6. (A) frequency sweep (1% strain); (B) strain sweep (0.1 Hz); (C) step-strain sweep 

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

 

Figure 7. Self-healing behavior of M-Alg/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 authorôs favorite singer from China (right) drawn by injection of 

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

 

4.3.4 Cytotoxicity    

Low cytotoxicity is crucial for potential biomedical application of hydrogels. Cell viability was 

tested using L929 cells, which were incubated with different concentrations of M-Alg and PEI 

DMEM solutions (Fig. S8). M-Alg exhibited almost no harm to the cells up to 10 mg/mL. This 

was consistent with our hypothesis that attaching glucosamines to the alginate chains would not 

alter its benign nature. PEI exhibited severe cytotoxicity to cells even at concentrations as low as 

20 mg/mL, which is consistent with previous studies (Brunot et al., 2007; Khansarizadeh et al., 
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2015; Moghimi et al., 2005). By combing M-Alg with PEI to form hydrogels, cytotoxicity was 

suppressed (Fig. 9). After seeding the L929 cells on the top of M-Alg/PEI hydrogels for a variety 

of time periods (1 h, 5 h and 24 h), only few dead cells (red fluorescence, stained by ethidium 

homodimer) were observed, supporting the possibility that the toxicity of these M-Alg/PEI 

hydrogels may be sufficiently low for biomedical applications, and 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 as poly-lysine or amine-terminated 

polyethylene oxide (amine-PEO) can be considered to further improve the compatibility of 

hydrogels based on multi-reducing end polysaccharides (MREPs) with living cells in medically 

pertinent situations. 
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Figure 9. Representative merged bright field and live/dead images of L929 cells seeding on 

top of the M-Alg/PEI hydrogels (live = green; red = dead).  

 

4.4 Conclusions  

    In this work, a self-healing, injectable, fast-gelling hydrogel based on multi-reducing end 

alginate (M-Alg) has been developed using acetic acid to accelerate the gelation process. Multi-
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reducing end alginate (M-Alg) 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 of M-Alg/PEI hydrogel was confirmed by 

real-time monitoring of viscoelastic properties employing a milli-cantilever rheometer. Self-

healing and injectable properties were authenticated using parallel-plate rheology, as well as by 

visual observation of hydrogels applied by syringe. Overall, this work provides powerful insights 

that support the application potential of multi-reducing end polysaccharides (MREPs). Hydrogels 

based on MREPs are promising for many biomedical applications. For example, many cancer 

tissues have an acidic 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 MREPs hydrogels for controlled drug release, creating the potential to localize treatment exactly 

where it is needed, and minimize off-target side effects. We continue to explore such applications 

for these hydrogels.   
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Figure S1. 1H NMR spectrum of multi-reducing end alginate (M-Alg). 
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Figure S2. Alg/PEI solution (left) and M-Alg/PEI gel (right) after mixing 5% w/v Alg and M-Alg 

solutions (same pH) with 50% w/w PEI solution separately at room temperature and left for 24 

hours. 

 

Figure S3. 1H NMR spectrum of M-Alg-valine.  
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Figure S4. PEMC sensor impedance spectra (phase shift) in air, solution (sol), and M-Alg/PEI 

hydrogel (gel) at different mass ratios (M-Alg:PEI). 
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Figure S5. PEMC sensor impedance spectra (phase shift) in air and of M-Alg/PEI hydrogel with 

different added amounts of acetic acid. 

 

 

 

Figure S6. Illustration of self-healing behavior of M-Alg/PEI hydrogels.  
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Figure S7. FT-IR spectra of M-Alg, PEI and M-Alg/PEI hydrogels.  

 

 

Figure S8. Cell viability of PEI (left bar chart) and M-Alg (right bar chart). 
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Abstract 

Crop-protection chemicals (CPCs) can improve crop productivity, but excess use of CPCs or 

off-target distribution can pose threats to the environment and to human health. Controlled release 

of CPCs using polysaccharide-based delivery systems is promising not only to improve efficiency, 

but also to mitigate environmental problems caused by excess use and/or off-target distribution of 

CPCs, supported by the fact that polysaccharides are sustainable, biodegradable, natural polymers. 

In this work, we synthesized all-polysaccharide microgels by combining selectively oxidized 

hydroxypropyl cellulose (Ox-HPC), carboxymethyl chitosan (CMCS), and calcium chloride. 

Microgels are defined by IUPAC as particles of gel of any shape with an equivalent diameter of 

approximately 0.1 to 100 ɛm. Uniform microgels were obtained in the size range of hundreds of 

nanometers at a calcium concentration of 1 mg/mL. In addition, amine-containing model CPCs 

like p-aminobenzoic acid (pABA) were attached to Ox-HPC through Schiff base chemistry, and 

further fabricated into nanogels for controlled release. This class of all-polysaccharide microgels 

shows promise for applications in controlled CPCs release.  

Keywords: Pesticides, crop-protection chemicals, oxidized hydroxypropyl cellulose (Ox-HPC), 

carboxymethyl chitosan (CMCS), microgels 
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5.1 Introduction  

Food is a primary necessity of human beings, at the pinnacle of Maslowôs hierarchy of needs 

(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 using crop-protection 

chemicals (CPCs) or advanced agro-technologies is one solution to address the serious food crisis 

(Bonner & Alavanja, 2017; Popp et al., 2013). CPCs are chemicals which can eradicate, repel, or 

mitigate threats to crops. Based on the targeted organisms, CPCs can be broadly classified as 

insecticides, herbicides, fungicides, nematicides, rodenticides, and miticides (Bonner & Alavanja, 

2017; Lamberth et al., 2013). CPCs 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 increases the cost 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.g., 

diseases such as cancer) to human beings (Aktar et al., 2009; Rekha et al., 2006). For example, 

picloram, a water-soluble systemic herbicide used for general woody plant control, is not expected 

to adsorb to soils and thus may leach into groundwater (Pant et al., 2007). Application of 

conventional CPC formulations, often in bulk or pure form without any targeting or slow-release 

system, can lead to substantial CPC amounts not reaching the target organism. The off-target 

and/or unabsorbed pesticides can seriously pollute the environment. 

Development of controlled release systems (CRS) is a promising method for resolving these 

environmental problems (Huang 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 metals (Xiao et al., 2021), metal-organic-
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frameworks (MOFs) (Mahmoud et al., 2022; Rojas et al., 2022; Wan et al., 2022; K. Wu et al., 

2022), synthetic polymers (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., 2023), and 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., 2022), micro- 

or nanoparticles (Chaud et al., 2021; Li et al., 2023; Tao et al., 2023; Yin et al., 2023), films (Nerín 

et al., 1996; Sharma et al., 2015), capsules (Cui et al., 2020; Meredith et al., 2016; Slattery et al., 

2019; Tao et al., 2023), emulsions (Lucia & Guzmán, 2021; Mustafa & Hussein, 2020; Xu et al., 

2018; Yu et al., 2023), layered systems (Singha Roy et al., 2022) or porous beads (Callaghan et 

al., 2023; Nörnberg et al., 2019; Olejnik et al., 2019; Wang et al., 2020). Many requirements should 

be considered and satisfied to facilitate translation of a CRS from the research lab to real-world 

farmlands. The CRS should be sustainable, benign to non-target organisms, and biodegradable to 

avoid introducing pollutants to the environment. The CRS system and polymeric component 

should be easy and cost-effective to fabricate, including in large-scale production. Finally, the CRS 

should be compatible with benign solvents, ideally water, and existing spraying methods. For 

example, CPCs are conventionally applied using hydraulic atomizers, either on hand-held sprayers 

or tractor booms, which means that optimal CRS formulations are water-based, and the viscosity 

should not be too high to interfere with spraying. Despite the numerous publications 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, starch) or are already used in crop 

protection, like alginate(Martínez -Cano et al., 2022) or chitosan (El Hadrami et al., 2010). 
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Polysaccharide-based CRS have been extensively studied for controlled release of CPC (Zhang 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, but if the drug 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 under mild conditions (Nichols 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 Ox-HPC. Following this novel work, Chen explored the possibility of 

making all-polysaccharide hydrogels using Ox-HPC and chitosan (J. Chen et al., 2020). Yang 

further optimized hydrogel fabrication and demonstrated the utility of Ox-HPC/carboxymethyl 

chitosan hydrogels for pH-responsive and targeted drug release (Zhou et al., 2023). However, 

hydrogels are bulk materials with relatively high viscosity, not applicable for optimal aqueous 

spraying methods for CPC controlled release. By reducing the size of the hydrogels to micrometers, 

microgel suspensions can be made with relatively low viscosity. Based on the IUPAC definition, 

microgels are particle of gel of any shape with an equivalent diameter of approximately 0.1 to 100 

ɛm (ñMicrogel,ò 2008). Considering that Ox-HPC and carboxymethyl chitosan (CMCS) are based 

on sustainable, biodegradable polysaccharides with high aqueous solubility and low toxicity, we 

hypothesize that Ox-HPC/CMCS microgels may be excellent candidates for controlled release of 

CPCs. We also hypothesize that amine-containing model CPCs like pABA can be chemically 

attached to Ox-HPC through formation of imine linkages, reversible in water, thus promoting slow 

CPC release. We further hypothesized that by adding calcium chloride (CaCl2) to crosslink the 



158 

 

Ox-HPC/CMCS chains, an abundant, bio-benign, biodegradable, and uniform polysaccharide 

microgel CRS system with both chemical and physical trapping of pesticides could be obtained. 

The water-dispersed polysaccharide microgels would have low viscosity and thus be 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 reported); molar substitution (MS 6) and 

degree of substitution (DS 2.5) measured according to the method reported by (Yang et al.) was 

purchased from Acros Organics and used as received. Chitosan (manufacturer reported; high 

molecular weight, 310,000-375,000 Da based on viscosity; deacetylation degree 78% measured 

according to the method reported by (Yang et al.) was from Sigma-Aldrich and used as received. 

pABA was purchased from TCI and used as received. NaOCl (11-15% available chlorine in 

aqueous solution) was purchased from Alfa Aesar and used as received. CaCl2 (Ó 99.5%), Na2CO3 

(Ó 99.5%), isopropyl alcohol (HPLC grade), acetic acid (Ó 99.7%) were obtained from Sigma-

Aldrich and used as received. DI water (Ḑ18.2 Mɋ·cm) was produced by a Synergy system from 

Millipore. Spectra/Por Float-A-Lyzer G2 (MWCO 3.5-5 K) and Spectra/Por 7 (MWCO 3.5 K) 

were purchased from Thermo Fisher Scientific.  

5.2.2 Measurements: 

    1H and 13C NMR spectra were obtained on either Bruker Avance 500 or 600 MHz spectrometers, 

using 128 scans for 1H NMR and 10,000 scans for 13C NMR. Samples were analyzed in D2O using 

standard 5 mm o.d. tubes. 1H NMR spectra of alginate-based polymers were referenced to D2O 
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(4.79 ppm). Attenuated total reflectance sampling FTIR (ATR-FTIR) was performed with a 

Nicolet iS50 spectrometer. Dynamic light scattering (DLS) was conducted on Zetasizer NanoZS 

(Zetasizer Software v7.12, Malvern Panalytical Inc., Westborough, MA, USA) using disposable 

cuvettes (Malvern ZEN0040). 

5.2.3 DS(ketone) determination: 

DS(ketone) was determined by integration of 1H NMR spectra (Fig. S1).  

Letters correspond to those in Fig. S1. 

5.2.4 Determination of carboxymethyl chitosan (CMCS) DS values: 

Letters correspond to those in Fig. S2. 

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

    Letters correspond to those in Fig. 3. 

5.2.6 Sample preparation for dynamic laser light scattering (DLS): 
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Typically, 10 mg Ox-HPC and CMCS were dissolved in 10 mL DI water in separate 20 mL 

vials to afford 1 mg/mL Ox-HPC and CMCS solutions. Afterwards, two solutions were combined. 

Then different amounts of calcium chloride (2 mg, 5 mg, 10 mg, and 20 mg) were added into the 

combined solution for crosslinking. Two or three drops of Ox-HPC/CMCS/CaCl2 microgel 

solutions were transferred to 40 ɛL cuvettes (Malvern ZEN0040) and DLS measurements were 

performed at 25 °C using a Zetasizer NanoZS (Zetasizer Software v7.12, Malvern Panalytical Inc., 

Westborough, MA, USA).       

5.2.7 Synthesis of Ox-HPC: 

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 AGU) was combined with NaOCl 

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. Isopropyl alcohol (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 neutralize residual acetic acid. The solution was dialyzed against DI-water for 7 

d with daily exchange of DI water. Finally, the retentate was freeze-dried to obtain the product as 

a white fibrous material (5.2 g, yield: 65%, DS (ketone) 1.1). 1HNMR (500 MHz, D2O): 1.13 (CH3-

CH(-OH)-CH2-O- and (-O-CH(-CH3)-CH2-) n in side chains), 2.13 (CH3-C(=O)-CH2-O- in side 

chains), 3.05-4.76 (cellulose backbone; CH and CH2 in side chains).   

5.2.8 Synthesis of Ox-HPC-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 3Å molecular sieves. pABA (0.6 g, 4.4 mmol, 11 equiv AGU) 

was added to the flask. The solution was stirred at 50 oC for 24 h and then dialyzed against 

methanol for 3 d to remove the unreacted pABA. Supernatant was collected by centrifuge and 

vacuum dried to obtain a dark orange powder (0.2 g, yield: 33%, DS (pABA) 0.3).   

5.2.9 Synthesis of CMCS: 

The procedure was adapted from Zhou and Edgar (Zhou 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 50 oC for 1 h. Then monochloroacetic 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 50 oC for 4 h. The reaction mixture was poured into a 2 L beaker with 80 % (v:v) 

ethanol to precipitate 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 freeze-dried to obtain a light-yellow fibrous material (4.72 g, yield: 70 %). 1H 

NMR (500 MHz, D2O and DCl): 2.35 (CH3-C(=O)-N), 3.27 (H-2(GlcN)), 3.50 (N-CH2-COOD), 

3.55-4.26 (H-3, H-4, H-5, H-6, and H-2(GlcNAc)), 4.26-4.86 (O-CH2-COOD), 4.86-5.49 (H-1).   

5.2.10 General procedure for fabrication of Ox-HPC/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 Ox-HPC and CMCS solutions. Aliquots of each solution (1 mL) were added to a 

20 mL vial with magnetic stirring. Then different amounts of calcium chloride were added to the 

vial to obtain Ox-HPC/CMCS microgels.   
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5.3 Results and discussion 

5.3.1. Synthesis and characterization of Ox-HPC, CMCS and Ox-HPC/CMCS microgels  

Synthesis of Ox-HPC and CMCS followed Zhou and Edgar (Zhou et al., 2023) and the products 

exhibited the expected 1H NMR spectra (Fig. S1, S2). DS (ketone) of Ox-HPC was calculated to 

be 1.1 based on Fig. S1 and equation (2) while DS(O-CH2-COONa), DS(N-CH2-COONa), and 

DS(NH2) 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 three-dimensional polymer 

networks, and they have numerous applications (S. Chen, Chang, et al., 2018; S. Chen, Lin, et al., 

2018; Zhai et al., 2019, 2020). The distinctive feature of microgels and nanogels is their size; 

hydrogels are bulk materials while micro- and nanogels are colloids with diameters ranging from 

nanometers to micrometers. We have demonstrated making injectable and self-healing 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 in the presence of a 

vast excess of water, which is the byproduct of imine formation. Thus, imine hydrolysis can occur 

simultaneously with imine formation. Following this concept, we hypothesized that decreasing the 

concentration of Ox-HPC and CMCS solutions and combining them at room temperature would 

afford imine-based, all-polysaccharide micro- or nanogels. However, dynamic laser light 

scattering (DLS) analysis of the transparent mixture obtained by combining Ox-HPC and CMCS 

solutions (both 1 mg/mL) at room temperature revealed a broad size distribution, showing multiple 

peaks, with very high dispersity (Fig. S3). We interpreted these results as indicating that the very 

low concentrations of Ox-HPC and CMCS used reduced the rate of imine formation. As a result, 

the dispersions are mainly composed of separate Ox-HPC and CMCS chains of various molecular 
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weights, leading to high dispersity of DLS results. To make cross-linked Ox-HPC/CMCS gels of 

uniform, nano-scale diameter, we hypothesized that the addition of calcium ions would add a 

second crosslinking mechanism (ionic bonds to carboxymethyl carboxylates on each chain) 

(Scheme 1), inspired by the fact that calcium ions can crosslink alginate to form microgels (Ahn 

et al., 2021a, 2021b; T. Y. Lee et al., 2016; Pravinata et al., 2016). Indeed, by controlling the 

concentration of calcium ions, uniform Ox-HPC/CMCS/CaCl2 we were able to obtain gels with 

diameters in the hundreds of nanometers, with narrow dispersity (Fig. 1). Moreover, the Ox-

HPC/CMCS/CaCl2 gels exhibited good size stability. After holding a nanogel dispersion for one 

month at room temperature, re-analysis by DLS gave results similar to those obtained on freshly 

prepared dispersion (Fig. S4). By increasing the concentration of Ox-HPC solution from 1 mg/mL 

to 10 mg/mL, Ox-HPC/CMCS/CaCl2 microgels could also be obtained at larger size (Fig. S5), 

demonstrating the feasibility of tuning the concentration of Ox-HPC to tune the size of the 

microgels. In addition, since amine crop-protection chemicals will be attached to Ox-HPC through 

Schiff-base linkages, varying Ox-HPC concentration can provide targeted proportions of free 

amins to participate in Schiff-base linkages to CPCs for sustained release. To further study the 

morphology and composition of Ox-HPC/CMCS/CaCl2 microgels, transmission electron 

microscopy (TEM) and Fourier transform infrared spectroscopy (FTIR) were conducted. FTIR 

spectra of Ox-HPC/CMCS/CaCl2 microgels exhibited typical vibration peaks (1715 cm-1 for -

C=O, 1580 cm-1 for -COO-) corresponding to Ox-HPC and CMCS, respectively (Fig. S6), 

consistent with successful incorporation and combination of both Ox-HPC and CMCS into the 

gels. TEM results indicated spherical morphology for Ox-HPC/CMCS/CaCl2 gels, with the size 

around 100 nm, consistent with the DLS results. 
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Scheme 1. Synthesis of Ox-HPC, CMCS and Ox-HPC/CMCS microgels.  

 

 

Fig 1. Size distribution of Ox-HPC/CMCS micro/nano gels prepared at different calcium 

concentrations by dynamic laser light scattering. 

 



165 

 

 

Fig 2. TEM images of Ox-HPC/CMCS/CaCl2 microgels. 

 

5.3.2. Reactions of Ox-HPC with agrochemicals  

Having demonstrated successful synthesis of Ox-HPC/CMCS/CaCl2 microgels, we probed the 

possibility of conjugating crop protection chemicals to Ox-HPC through Schiff-base chemistry. 

CPCs containing primary amine groups such as p-aminobenzoic acid (antifungal) were selected, 

in part because their aromatic moieties could be readily monitored in a release study by UV-Vis 

spectroscopy. Ox-HPC was mixed with pABA in methanol with molecular sieves at room 

temperature for 24 hours, then the mixture dialyzed against methanol to remove unreacted pABA. 

Successful imine-forming condensation of Ox-HPC with p-aminobenzoic acid (pABA) was 

confirmed by both 1H NMR (Fig. 3), with DS (pABA) calculated to be 0.3, based on equation (7) 

and diffusion ordered spectroscopic (DOSY) analysis (Fig. S8). The diffusion coefficient of pABA 

attached to the Ox-HPC backbone (3.610-10 m2 s) was much slower than that of free pABA (4.6

10-10 m2 s), while the diffusion coefficient of the solvent D2O (1.4 10-9 m2 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 between pABA and Ox-HPC instead of viscosity change. Otherwise, the 

diffusion coefficient of the solvent D2O should also be different.   

 

Scheme 2. Reactions of Ox-HPC with p-aminobenzoic acid (pABA). 
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Fig 3. 1H NMR spectrum of Ox-HPC-pABA conjugate. 

 

5.3.3. Crop-protection chemicals release  

Amine-containing crop-protection chemicals (ACPCs) constitute a large portion of 

agrochemicals. Exposure to these ACPCs has been claimed to be a risk factor for cancer (Koutros 

et al., 2009; Sharkey et al., 2022; Sparks et al., 2018). Trying 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. We hypothesized that Ox-HPC/CMCS/CaCl2 microgels would be good 

candidates for controlled release of ACPCs because the amine group from ACPCs can react with 

the ketone group from Ox-HPC to form imine bonds, which are reversible in water. This reversible 

chemical linkage combined with physical entrapment in microgels could lead to sustained release 

profiles of ACPCs such as p-aminobenzoic acid. To prove our hypothesis, we mimicked the 

scenario of spraying the Ox-HPC/CMCS/CaCl2 microgels to crops, shown in Scheme. 3. In the 

real world, Ox-HPC/CMCS/CaCl2 microgels will be sprayed on the crops and dried under the 

sunlight, then the attached amine crop-protection 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 Ox-HPC, CMCS, pABA and CaCl2 in water in a vial to prepare the microgels with amine 

crop-protection chemicals, then the aqueous dispersion was dried overnight at 50 oC. After 

obtaining the dried microgels, water was added back to the vial to enable the release study 

monitored by UV-Vis. As control samples, a mixture of CMCS/CaCl2 with HPC that had not been 

oxidized (thus contained no ketones) was prepared. Standard pABA solutions of different 

concentrations were prepared, they were analyzed by gathering UV-Vis spectra, and these data 

were employed to prepare a standard curve (concentration vs. absorption at 260 nm) (Fig. S7). The 

standard curve was employed to enable us to monitor and calculate the percentage of drug release 

from the microgels by measuring absorption at 260 nm. We hypothesized that the reversible Schiff-

base interaction combined with physical entrapment in Ox-HPC/CMCS/CaCl2 microgels could 

lead to sustained drug release compared to the pure physical entrapment of HPC/CMCS/CaCl2 

microgels. This hypothesis was confirmed by the release profile of both HPC/CMCS/CaCl2 and 

Ox-HPC/CMCS/CaCl2 microgels (Fig. 4). Rapid release of pABA from the HPC/CMCS/CaCl2 

microgels was observed, reaching complete release within 30 min. In contrast, pABA release from 
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Ox-HPC/CMCS/CaCl2 microgels was slower, displaying 90 min duration. The sustained release 

of pABA from Ox-HPC/CMCS/CaCl2 microgels may be attributed to reversible chemical linkage 

between pABA and Ox-HPC. Given the consideration that leaves, for example, will only be 

somewhat and intermittently wet, release of crop protection chemicals such as pABA from Ox-

HPC/CMCS/CaCl2 microgels may take many hours, perhaps even days or weeks, much slower 

than the release rate observed in water in our lab experiments.  

          

                      

Scheme 3. Application of Ox-HPC/CMCS/CaCl2 microgels in the real world (top); 

Mimicking of the process   


