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Novel polymeric biomaterials are continuously under investigation for the advancement 

of human health. Biocompatibility and biodegradability are among the most crucial factors to 

consider when designing materials for biomedical applications. One common method to reduce 

the risk of inflammation and toxicity is to synthesize macromolecular structures from metabolic 

synthons. Dihydroxyacetone (DHA) is a triose sugar that plays an important role in the 

glycolysis cycle. To date, several DHA-based synthetic polymers have been developed that show 

promise as controlled drug delivery devices, seroma prevention tools, and hemostatic agents. In 

the present work, two properties of DHA-based materials are studied to shed light on future 

potential applications: degradation rates in aqueous environments and reactivity with amine-

containing compounds. 

The present work consists of three main goals. The first was to gain insight into the 

mechanism of rapid degradation of DHA-based hydrogels in aqueous environments. A new class 

of DHA-based polycarbonate hydrogels was synthesized and studied in comparison to similar 

non-DHA containing hydrogels. Comparative degradation studies reveal that the ketone present 

in DHA is the leading cause for the observed rapid degradation rates. The short carbon chain 

length between carbonate bonds and neighboring ketone groups is also a contributing factor. The 

second goal was to exploit the degradation behavior of DHA-based polycarbonates to develop a 



 

new surgical device: a rapidly biodegradable shield to protect abdominal organs, such as the 

intestines, from injury during abdominal closure after a laparotomy (ex: to prevent inadvertent 

needle puncture while suturing components of the abdominal wall). The DHA-based hydrogels 

synthesized for this study were found to uphold rapid degradation rates in a mouse model, 

demonstrate promising resistance to inadvertent needle puncture, and appeared to not cause 

inflammation by visual inspection of the abdomen post-degradation. The third goal of the work 

was to gain insight into the rate of Schiff base formation between the ketone of DHA and amine 

containing compounds. A model reaction between DHA and ethanolamine was studied using 

real-time infrared spectroscopy. The kinetic analysis presented herein is a simplistic first step in 

a broader initiative to gain understanding of the potential for DHA-based materials in amine 

reactive surface applications.   

Overall, DHA-based materials are excellent candidates for applications requiring rapid 

degradation in aqueous environments, amine reactive functionality, or combinations thereof. 

Insight into basic material properties that can translate across different polymer compositions 

will facilitate the rational design of future DHA-based materials and thereby open doors for 

novel biomaterials.  
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CHAPTER 1 

INTRODUCTION 

(Contributors: Cynthia Ghobril, Heng Zhang, and Mark W. Grinstaff) 

 

Metabolic synthons have been a subject of interest in the development of biocompatible 

biomaterials for decades. One of the earliest examples is the development of biodegradable 

sutures from glycolic acid in the late 1960s and early 1970s.
1,2

 The human metabolome contains 

thousands of metabolites with a diverse set of structures that have proven highly advantageous in 

a wide range of applications.
3,4

 For example, polymeric materials designed from hydroxy acids 

such as lactic acid, glycolic acid, and 6-hydroxyhexanoic acid have shown use in drug delivery, 

tissue engineering, and packaging.
5–8

 Polymers derived from natural amino acids have been used 

in the synthesis of cortical neural probe carriers as well as surgical adhesives and sealants.
9–11

 

Macromolecular structures designed with glycerol have demonstrated use in tumor recurrence 

reduction, tissue engineering scaffolds, corneal wound repair, and controlled drug delivery.
12–15

 

Saccharides are also used in polymeric drug delivery vehicles and have been explored for 

vaccine development and biosensing as well.
16–18

  

The premise of using metabolites for the synthesis of biodegradable biomaterials is that 

the body is equipped with natural pathways to eliminate downstream polymer degradation 

products, thereby reducing risks of inflammation and toxicity. The present work focuses on one 

particular metabolic synthon: dihydroxyacetone.  The research goal is to shed light on properties 

of DHA, and polymers thereof, to gain a larger appreciation for potential future applications. 

Several strategies have been established for the development of DHA-based macromolecules that  

                                                                                                                             

              

_______________________ 

*Sections 1.1 through 1.5.4. are reprinted with permission from Ricapito, N. G.; Ghobril, C.; Zhang, 

H.; Grinstaff, M. W.; Putnam, D. Synthetic Biomaterials from Metabolically Derived Synthons. 

Chem. Rev. 2016, 116, 2664–2704. Copyright (2016) American Chemical Society. 
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can be exploited to expand the current library of DHA-based materials. To better understand the                                                                                                                           

opportunities and limitations of current synthetic strategies as well as key features of present 

technologies, a comprehensive review of DHA-based polymers is provided. Polymerization 

routes, polymer architectures and linkages, form factors (ex: hydrogels, microparticles, etc.), and 

applications are discussed.  

1.1. Dihydroxyacetone Overview 

 

Dihydroxyacetone (DHA, I, Figure 1.1a), a three-carbon sugar, is an important metabolite 

in humans, yeast, bacteria, and plants. The awareness of DHA, sometimes called “dioxyacetone,” 

in carbohydrate metabolism dates back to the early 1900s.
19,20

 One of the first proposed 

therapeutic applications of DHA was for the treatment of diabetes. Rabinowitch published 

reports on the ability of DHA to reduce the dosage of insulin needed by diabetics.
19,21–23

 It was 

not until the late 1950s, however, that DHA gained interest for its first major commercial use: 

sunless tanning lotions. Eva Wittgenstein noticed that when children accidentally “spit up” an 

orally administered solution of DHA onto their skin, pigmentation occurred.
24

 While it had been 

previously known that sugars react with primary amines to form brown pigments known as 

melanoidins, a reaction discovered by Maillard in 1912,
25

 and more mechanistically detailed by 

Hodge in 1953,
26

 it was Wittgenstein and Berry who drew a connection between the browning in 

foods and the browning of skin from DHA.
27

 They suggested that the mechanism through which 

DHA functions as an artificial tanning lotion is a reaction between the carbonyl group of DHA 

and the basic groups of amino acids in proteins present on the surface of the skin.
27,28

 To date, 

DHA-based artificial tanning lotions are FDA approved for topical use and remain a popular 

selling item. Although, some controversy has arisen over the unknown long-term health effects 
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of the inhalation of spray tan products, as well as postapplication UV exposure and the 

generation of harmful reactive oxygen species,
29–31

 DHA-based artificial tanning lotions continue 

to be accepted as a safe alternative to UV-based tanning.
32–34

 A brief review on the safety 

concerns of DHA-based sunless tanners is covered by Pagoto.
32

  

DHA’s reactive ketone functionality, two -hydroxy groups, and metabolic involvement 

are key reasons why this synthon is of continued interest. From a topical standpoint, DHA shows 

potential as a treatment for proliferative skin diseases such as psoriasis and eczema, a cosmetic 

solution to the masking of vitiligo, and as an ingredient for controlled release mosquito-repellent 

formulations.
35–39

 DHA has been studied for internal use in diet formulations as a method to 

prolong muscle endurance (oral LD50 in rats is >16,000 mg/kg) and also as a preventative for 

cyanide poisoning.
34,40–42

 In this section, we will cover macromolecules that are synthesized from 

DHA and their intended applications.  

1.1.1. Dihydroxyacetone Phosphate in Metabolism 

 

As mentioned above, the premise of using metabolites as monomer units for synthesis of 

biodegradable polymers is that the body is already equipped with pathways to eliminate 

downstream polymer degradation products. The natural form of DHA in metabolism is 

dihydroxyacetone phosphate (DHAP). Once DHA enters the bloodstream, it can be 

phosphorylated by DHA kinases and entered into a metabolic pathway if not otherwise 

eliminated through natural disposal of excess or foreign material.
43

 

Glycolysis, the breakdown of glucose for energy, is the most well-known source of 

DHAP in the body. DHAP, as well as the structural isomer glyceraldehyde-3-phosphate, are 

generated during the initial “energy consumption” stages of glycolysis, which is followed by a 
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series of reactions resulting in pyruvate and a net positive production of ATP: the cellular 

“energy currency.” DHAP is also an intermediate in the breakdown of other common dietary 

sugars including fructose, mannose, and galactose. During times of starvation, when sugar 

supply is low, the liver will perform gluconeogenesis, a pathway in which glucose is synthesized 

so that it can be released into the bloodstream and sent to necessary organs such as the brain. 

DHAP plays an important role in gluconeogenesis as the pathway operates much like a reverse 

glycolysis cycle, requiring several of the same intermediates.
44

  

In addition to carbohydrate metabolism, DHAP is often involved in the storage of lipids. 

DHAP is a precursor to the glycerol backbone of triglycerides, the major method of energy 

storage in the body. DHAP is first generated through glycolysis before use in triacylglycerol 

synthesis, thus being one of the many molecules that make metabolic processes interdependent.
44

 

1.1.2. Structure and Reactivity 
 

Pentose and hexose sugars, such as fructose and glucose, exist as 5- or 6-membered rings 

due to intramolecular nucleophilic addition reactions between their carbonyl and hydroxyl 

groups. As a triose, DHA cannot react intramolecularly to form an energetically favorable ring. 

DHA instead reacts intermolecularly to form a hemi-acetal dimer, the commercially available 

form of DHA, as shown in Figure 1.1a.
45

 Davis observed that in aqueous solutions the dimer 

dissociates into ketone and gem-diol forms (Figure 1.1b).
46

 Lyophilization of a stirred aqueous 

solution of dimer can be used to obtain a solid form of the keto-monomer.
46,47

 Davis also 

discovered that in solution, the ketone and hydrate exist in a 4:1 ratio, respectively, at room 

temperature. 
46

 Infrared and nuclear magnetic resonance studies on DHAP indicate that the 

ketone:hydrate ratio is temperature dependent with a trend for increasing ketone content with 

increasing temperature.
48
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Figure 1.1 DHA structure and reactivity. (a) DHA dimerization mechanism.
45

 (b) 

Dissociation of DHA dimer in aqueous solutions. (c) (1) Reversible reaction of DHA with a 

primary amine to form a Schiff base, (2) reductive amination to a secondary amine, and (3) 

Heyns rearrangement.  Nomenclature: I, DHA; II, DHA dimer; III, gem-diol (DHA hydrate). 

Reprinted with permission from reference 4. Copyright (2016) American Chemical Society.  

 

A key feature of DHA is the carbonyl group, which can react with primary and secondary 

amines. Reactions of DHA with amino compounds are of interest in several diverse fields 

including biomedical materials, enzyme mechanism determination, and cosmetics.
49–52

 When a 

primary amine reacts with the ketone, an imine is formed, commonly known as a Schiff base 

(IV, Figure 1.1c). The reaction is reversible (1, Figure 1.1c) but can be made irreversible through 

reductive amination with a reducing agent such as sodium cyanoborohydride (2, Figure 1.1c).
49,53

 

A third possible outcome following imine formation is a Heyn’s rearrangement (3, Figure 1.1c): 

a presumed step in a series of rearrangements and reactions leading to Maillard-type products 

and browning.
54,55

 Precise reaction mechanisms leading to melanoidins are difficult to confirm as 

the Maillard reaction is known to be highly dependent on the specific amine reagent, pH of 
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solution, temperature, and various other reaction conditions.
56,57

  

The high chemical reactivity of the carbonyl group in combination with the ability of 

DHA to possess multiple forms in solution limits the number of polymerization conditions and 

catalysts that can be applied to DHA. In this next section, we cover several synthetic procedures 

used to successfully synthesize polycarbonates and poly(carbonate-esters) of DHA.  

1.2 Ring-Opening Polymerization 

 

Ring-opening polymerization (ROP) is a highly effective and widely used technique to 

generate polyesters, polycarbonates, polyamides, polyethers, and others.
58

 Fine tuning of the 

ratio between cyclic monomers, catalysts, and initiators affords controlled syntheses of high 

molecular weight polymers with low PDIs, as well as reproducible thermal and mechanical 

properties. Polycarbonates, in particular, are of interest in biomedical applications due to their 

strength, biodegradability and versatility. For example, various polycarbonate materials are 

receiving considerable attention for the development of controlled drug delivery systems
59–63

 and 

regenerative medicine.
64–66

 ROP is among the most widely used techniques for generating 

polycarbonates. Song et al. and Zhang et al. recently reviewed a number of cyclic carbonates 

used in the ROP of aliphatic polycarbonates as well as their biomedical applications.
67,68

 

Cyclic ketone-protected carbonate derivatives of DHA are used to synthesize 

homopolymers, random copolymers, and diblock copolymers via ROP with a variety of 

catalyst/initiator combinations. This discussion focuses on the synthesis of cyclic DHA 

derivatives, catalysts used in the ROP of DHA-based polymers, postpolymerization 

modification, polymers synthesized through these methods, and applications of the reported 

polymers.  



 

7 

 

1.2.1. Ketone Protection 

 

DHA is commercially available as a dimer, which is transformed into a stable monomeric 

form for subsequent polymerization. The most common methods to generate DHA-based 

macromolecules involve protection of the reactive ketone group. Ketone protection poses two 

major advantages: (1) dimerization is no longer feasible, enabling a pure monomeric derivative 

of DHA to be obtained and (2) the likelihood of unwanted side reactions decreases, offering a 

greater number of plausible starting materials and catalysts.  

Two cyclic ketone-protected DHA derivatives are used for ROP: 2,2-

dimethoxypropylene carbonate (MeO2DHAC)
49

 and 2,2-ethylenedioxypropane-1,3-diol 

carbonate (EOPDC).
69,70

 MeO2DHAC possesses a dimethoxy-acetal protecting group, whereas 

EOPDC contains a cyclic acetal. The synthesis of MeO2DHAC occurs in two stages as shown in 

Figure 1.2a. In the first stage, dimethoxy-protected DHA monomer, 2,2-dimethoxy-propane-1,3-

diol (MeO2DHA), is synthesized by combining the DHA dimer with trimethylorthoformate and 

p-toluenesulfonic acid in methanol. Following treatment with sodium carbonate, the product is 

isolated via a number of different purification procedures from column chromatography,
71

 to 

distillation,
72

 or recrystallization from diethyl ether.
49

 We found that purification by 

crystallization is easily amendable to large batches, generating significant quantities of material, 

but also has lower overall yield and can be difficult to coax into the solid state from the oil. The 

second stage in MeO2DHAC synthesis is the cyclization of MeO2DHA. Three different methods 

are presented in the literature to prepare the cyclic carbonate. Putnam et al. reported the 

successful use of the common reagent triphosgene, which involves addition of the reagent to a 

stirring solution of MeO2DHA, pyridine, and dichloromethane at -70 
o
C, followed by reaction at 



 

8 

 

room temperature.
49

 Zhuo et al. showed that the reaction could be successfully carried out 

entirely at room temperature.
73

 Putnam et al. also reported a second synthetic method that is 

attractive, owing to the increased simplicity in the purification procedures. The reaction utilizes 

an alternative organochloride, ethyl chloroformate, in tetrahydrofuran solvent with triethylamine 

as the organic base. Purification is accomplished through paper filtration and recrystallization in 

diethyl ether as opposed to aqueous/organic extraction and flash chromatography.
49

 Waymouth 

et al. demonstrated that oxidative carbonylation is also an effective method to generate the cyclic 

carbonate. Their method uses the palladium-based reagent (neocuproine)Pd(OAc)2 and offers 

increased safety compared to a phosgene-type reagent.
74

 In the procedure, MeO2DHA is added to 

a stirring solution of (neocuproine)Pd(OAc)2 and sodium dichloroisocyanuric acid in acetonitrile. 

The reaction occurs at 35 
o
C inside a vessel that is vented and pressurized with carbon monoxide, 

both before and after diol addition.
74

 All three methods are adequate synthetic techniques that 

generate MeO2DHAC in satisfactory yields. 

 

 

 

Figure 1.2 Synthetic schemes to MeO2DHAC and EOPDC. Ia. Trimethyl orthoformate, p-

toluenesulfonic acid, and methanol, followed by sodium carbonate. IIa. Performed through three 

different methods involving trisphosgene
49

, ethyl chloroformate
49

, or oxidative carbonylation
75

 

Ib. p-toluenesulfonic acid, glycol, and benzene IIb. triphosgene, pyridine, and dichloromethane.
69
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Table 1.1. Catalysts used in polymerization of MeO2DHAC. Reprinted with permission 

from reference 4. Copyright (2016) American Chemical Society. 

Catalyst T (
o
C) t (h) Molecular Weight 

(kDa) 

Đ Ref 

Metal-Based Catalysts 

Sn(Oct)2 100 1-2  8-37.5
ad 

1.35-1.5 
49

 

Sn(Oct)2 110-140 24  14.3-138.2
be 

1.31-1.91 
73

 

(BDI)Zn(NTMS2) 60, 90 1-2 3-70.2
ae 

1.12-1.79 
76

 

Organocatalysts 

BEMP 90 3 14-14.3
ae 

1.53,1.66 
76,77

 

DMAP 90 5.5  6.8
ae 

1.23 
76

 

TBD 90 3  14.1
ae 

1.71 
76

 

TBD RT 5.5 (min) 6.3
ce 

1.55
a 75

 

DBU+TU RT 0.55, 1.17 7.5 and 31
ce 

1.20, 1.24
a 75

 

(-)-sparteine + TU RT 7-25 5.8-28
ce 

1.11-1.18
a 75

 
a
GPC, THF, Polystyrene Standards, 

b
GPC, chloroform, no standards listed. 

c
NMR, 

d
Mw, 

e
Mn  

 

Finally, Zhuo et al. introduced a cyclic-acetal protecting group to the field of DHA-based 

polymers as shown in compound EOPDC (Figure 1.2). Both a two- and four- step process are 

reported for generating EOPDC.
69,70

 The more simplistic two-step process is described in Figure 

1.2b. It should be noted that unlike polymers of MeO2DHAC, which are deprotected and studied 

in their ketone-containing form, the focus of polymers derived from EOPDC in the current 

literature is on their ketone-protected form. 

1.2.2. Catalysts 

 

Several catalysts are employed for the polymerization of MeO2DHAC (Table 1.1). The 

first reported synthesis of p(MeO2DHAC) (Figure 1.3a) is described by Putnam et al. using the 

catalyst stannous octoate, which afforded molecular weights of approximately 8-37.5 kDa, as 

determined by gel permeation chromotography.
49

 Zhuo et al. studied variations on reaction 

temperature, time, and monomer:catalyst ratios, to identify conditions that give molecular 

weights up to 138.2 kDa.
73
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Figure 1.3. Example syntheses of protected-DHA homopolymers performed by: (a) Putnam et 

al.,
49

  (b) Guillaume et al.,
76

  (c) Waymouth et al.,
75

 and (d) Zhuo et al.
70

 Reprinted with 

permission from reference 4. Copyright (2016) American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

A drawback of the method reported by Putnam et al. is its reliance on trace atmospheric 

moisture as a polymer initiator. Guillaume and co-workers investigated alternative catalyst 

systems, which would yield more control over polymer molecular weight. Guillaume et al. found 

that dimethoxy-acetal-protected DHA homopolymers can be synthesized with molecular weights 

as high as 70.2 kDa via an “immortal” ROP with the zinc complex [(BDI)Zn(NTMS2)] using an 

alcohol initiator (Figure 1.3b).
76

 Guillaume et al. additionally tested several organocatalysts to 

promote the use of “green” catalytic systems where concerns over trace toxic metals in final 

products could be eliminated.
76,77

 Catalysts 2-tert-butylimino-2-diethylamino-1,3-

dimethylperhydro-1,3,2-diazaphosphorine (BEMP), 4-N,N-dimethylaminopyridine (DMAP), and 

1,5,7-triazabicyclo-[4.4.0]dec-5-ene (TBD) were all shown to be active in the synthesis of 

dimethoxy protected DHA polymers.
76,77

 Waymouth et al. further investigated the use of 

organocatalysts in ROP of MeO2DHAC by evaluating 1,8-diazabicyclo[5.4.0]undec-7-ene 
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(DBU), 1-(3,5-Bis(trifluoromethyl)phenyl)-3-cyclohexyl-2-thiourea (TU), and (-)-sparteine as 

well as TBD.
75

 TBD is the most efficient organocatalyst reported in their study, as concluded by 

a monomer conversion of 95% during only 5.5 min of reaction time (Figure 1.3c).
75

 A summary 

of catalysts, reaction conditions, and results from syntheses of MeO2DHAC homopolymers are 

shown in Table 1.1. Copolymerizations of MeO2DHAC with poly(ethylene glycol) (PEG),
78

 

lactide,
79

 ε-CL,
75

 and trimethylene carbonate (TMC)
80

 are also reported using the catalysts listed 

in Table 1.1, thus extending the compositions and properties attained with DHA-based polymers.  

Zhuo and co-workers first reported polymers of the cylic-ketone-protected DHA (Figure 

1.3d).
70

 The polymer, poly(2,2-ethylenedioxy-propane-1,3-diol carbonate) (PEOPDC), can be 

synthesized using two separate catalysts: stannous octoate [Sn(Oct)2] and aluminum 

isobutanoxide [Al(O
i
Bu)3]. The use of stannous octoate resulted in higher molecular weights and 

percent yields with a reported range of 31.9-55 kDa and 79.3-92.6%, respectively.
70

 

Copolymerizations of EOPDC with lactide,
81

 caprolactone,
82

 and 1,4-dioxane-2-one
83

 are also  

reported using stannous octoate as a catalyst.   

1.2.3. Ketone Deprotection 

 

To date, three methods are established for the deprotection of dimethoxy-acetal protected 

dihydroxyacetone macromolecules. Putnam et al. demonstrated that the ketone functionality 

could be recovered after treatment with a trifluoroacetic acid (TFA)/water solution (Figure 

1.4a).
49

 Deprotection >95% is possible; however, the authors targeted 85% to maintain polymer 

solubility for structural characterization.
49

 Putnam et al. showed that this method is also effective 

for diblock copolymers of DHA and PEG (Figure 1.4b) and that the acidic nature of the protocol 

does not result in degradation of the polymer backbone.
78
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While polymer degradation is not observed in these specific cases, Putnam et al. 

investigated an anhydrous deprotection protocol to reduce concern for DHA-based polymers 

containing additional acid-hydrolyzable bonds.
79

 They found that a deprotection procedure 

developed by Hu et al. in which ketal containing compounds are refluxed in an iodine/acetone 

solution successfully afforded poly(carbonate-esters) of DHA and lactic acid (pLA-pDHA, 

Figure 1.4c).
79,84

 The extent of deprotection to afford the ketone polymer influences polymer 

solubility. Increased ketone content (i.e., DHA content) decreases solubility in organic solvents 

like acetone, and therefore, polymers high in DHA content precipitate from solution prior to 

reaction completion. Despite this challenge, ≥80% deprotection is possible for all of the 

polymers tested, encompassing a range of 15-100% DHA content.
79

  

 
Figure 1.4  Synthetic methods of dimethoxy-acetal deprotection in various DHA-based 

polymers demonstrated by: (a)  Putnam et al.,
49

 (b) Putnam et al.,
78

 (c) Putnam et al.,
79

 and (d) 

Waymouth et al.
75

 Figure 1.4a-c is reprinted with permission from reference
4
. Copyright (2016) 

American Chemical Society. Figure 1.4(d) is reprinted with permission from reference
75

: 

Copyright (2012) American Chemical Society.  
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Waymouth et al. demonstrated the success of triphenylcarbenium tetrafluoroborate in the 

deprotection of poly(carbonate-ester) copolymers of DHA and ε-CL (pDHA-pCL, Figure 1.4d).
75

 

Similar to pLA-pDHA, polymers high in DHA content precipitated from solution during 

reaction; however, complete deprotection was still observed and reported. Also, the procedure 

requires only a small quantity of water (one equivalent to each MeO2DHAC unit) compared to 

the TFA-based method reported by Putnam et al., thereby offering a second route by which 

DHA-based polymers can be deprotected with decreased probability for hydrolytic 

degradation.
49,75

   

1.3. Direct Esterification 

 

While ROP affords a large number of possibilities to synthesize DHA-based polymeric 

materials, protection of DHA is time consuming. Ketone protection generally takes several days 

depending on the desired level of purity of the final product and generates low yields. In 1969, 

Schrek et al. and Lasslo et al. showed that esters of DHA which retain the ketone functional 

group can be synthesized using acyl chloride compounds, such as undecanoyl chloride, in the 

presence of pyridine.
39,85,86

 The goal of their studies was to develop sustained release mosquito 

repellent technologies in which DHA would anchor the compound to the skin, then degradation 

would lead to release of the active repellent molecule.
86

 The ability to esterify DHA without first 

protecting the ketone is an attractive feature for the future of DHA-based macromolecules. In 

2010, Putnam and Yazdi showed that lipid diesters of DHA synthesized through these methods 

can be formulated into microparticles and are promising controlled release drug delivery 

vehicles.
87

  



 

14 

 

1.4. Cyclic Macromolecules of DHA 

 

Few reports describe the polymerization of the DHA dimer. In 1934, based on a series of 

X-ray diffraction patterns, Strain and Dore suggested that when the DHA monomer is left in dry 

form at room temperature for 25-30 days, the molecules would dimerize, and when left for 

several months, DHA would polymerize further.
88

 In 1989, Akar and Talinli reported that the 

DHA dimer polymerizes into poly(spiro-acetals) by mixing DHA dimer in ethanol with heat and 

an acid catalyst.
45

 The resulting polymers are insoluble in most organic solvents but slightly 

soluble in dimethyl sulfoxide (DMSO). Several years later, Alder and Reddy reported a 

transketalization method to synthesize the poly(spiro-acetals).
89

 

Putnam et al. reported additional polymers that retain the cyclic nature of the DHA 

dimer
90,91

 (Figure 1.5). In order to prevent dissociation during polymerization, modified forms of 

the dimer are synthesized, as shown in Figure 1.5. The ethyl derivative, 2,5-diethoxy-1,4-

dioxane-2,5-dimethanol (Figure 1.5, R=CH2CH3), is used, previously described by Wong et al., 

as an intermediate in a method for synthesizing DHAP.
92

 The molecular weight of the resulting 

polymers ranged from 28 to 48.4 kDa with dispersities of 1.7 to 2.2. The materials exhibited 

comparable mechanical properties to that of cancellous bone, with compressive yield strengths of 

 
Figure 1.5 Synthetic route to poly(carbonate-acetals) from DHA dimer. (a) R’: triethyl 

orthoformate, EtOH, p-TsOH, RT, and R”: triisopropyl orthoformate, 2-propanol, p-TsOH, and 

RT and  (b) triphosgene, pyridine, and CH2Cl2. Adapted  with permission from reference
90

 

Copyright (2005) American Chemical Society.    
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45 ± 5 MPa and Young’s moduli of 0.8 ± 0.01 GPa.
90,93,94

 The mechanical properties in 

combination with confirmed NIH-3T3 cell growth on polymer films suggests that polymers 

generated from the dimeric form of DHA may have applications in tissue engineering.  

 

1.5. Applications  

1.5.1. Functionalizable Surfaces 
 

Surfaces bearing reactive functional groups are of widespread interest for uses including, 

but not limited to cell adhesion,
95

 modifying degradation rates,
96

 protein immobilization,
97

 drug 

attachments,
98,99

 and layer-by-layer assembly of nanostructures.
100

 As previously discussed, 

DHA reacts with primary amines to form an imine or Schiff base (Figure 1.1c). Therefore, a 

number of surface modifications of DHA-based materials are possible.  

The Schiff base itself is a powerful tool with applications in drug delivery,
99,101,102

 

bioreactor design,
103,104

 biosensors,
105

 protein microarrays,
106,107

 preparation of 

nano
108

/microstructures,
109

 etc. The imine possesses several unique properties which enable its 

widespread use including: (1) pH sensitivity, (2) autofluorescence, (3) formation under mild 

conditions without added reagents, (4) occurrence in both aqueous and organic solvents, and (5) 

reversibility (with the option of irreversibility through reductive amination).
53

 In most 

biomedical applications, Schiff bases are formed by reactions with aldehydes as opposed to 

ketones due to the increased reactivity of the carbonyl group. For example, as a tool to prevent 

infection from medical implants over a prolonged period of time, Meier et al. synthesized 

polymersomes with outer aldehyde groups that permanently attach to amine-coated silicon 

surfaces via reductive amination of imine linkages and sustain local release of antibiotics.
110

 Li et 

al. synthesized biodegradable and biocompatible microcapsules containing covalently assembled 
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layers of chitosan (amine-containing polysaccharide) and derivatized alginate (oxidized to 

contain aldehyde groups). The Schiff base linkages between layers resulted in autofluoroescence 

of the microcapsules and pH dependent permeability, indicating their potential use in drug 

delivery applications with improved in vivo tracking capabilities.
111

 An extensive review of 

Schiff base forming technologies based on aldehyde-amine reactions, and their applications, is 

recently covered by Jia and Li.
53

   

Putnam et al. performed several studies to show that the ketone functionality of DHA-

based polymers does not lose reactivity upon polymerization of the alpha hydroxyl groups.
49

 

They spin-coated ketone-protected DHA polymer [p(MeO2DHAC)] onto glass slides and spotted 

a TFA/water solution in specified regions to generate areas of deprotected (i.e., ketone-

containing) polymer. Subsequent incubation with fluorescently tagged poly(lysine) showed 

immobilization only in regions containing deprotected polymer, indicating that the ketone is 

essential to the immobilization mechanism (Figure 1.6a). Similar results are obtained for studies 

with fluorescently tagged albumin, demonstrating that pDHA is also reactive with proteins. To 

further verify that Schiff base formation is feasible postpolymerization, Putnam et al. synthesized 

a small molecular weight analog (I, Figure 1.6b) of pDHA and studied its reaction with 

phenylethylamine in the presence of a reducing agent. 
13

C NMR data showed the expected 

product from reductive amination of a Schiff base formed between the analog and amine 

compounds (II, Figure 1.6b).
49

 The results of Putnam et al. indicate that pDHA, and copolymers 

thereof, are promising functional biomaterials. In addition, pDHA is reported to possess high 

strength, similar to that of cancellous bone, and a Tg above physiological temperature (~ 60 
o
C). 

These properties further support the potential for DHA-based materials in medical devices, drug 

delivery, tissue engineering, and more.
49
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1.5.2. Hydrogels 

 

Hydrogels are cross-linked polymer networks that swell in aqueous solutions and have 

varied applications in tissue engineering,
112–114

 wound healing,
115–119

 and drug delivery.
120–123

 

Hydrogels are prepared using naturally occurring polymers (cellulose,
124

 hyaluronan,
125

 

alginate,
126

 etc.), synthetic materials (poly(vinyl alcohol),
127

 poly(ethylene glycol),
128,129

 poly(2-

hydroxyethyl methacrylate),
130,131

 etc.), and genetically engineered protein-based materials 

created using recombinant DNA technology.
132–134

  

Putnam et al. reported a new class of synthetic hydrogels using DHA-based 

polymers.
78,135

 They found that diblock copolymers comprised of pDHA, a water-insoluble 

 
Figure 1.6 (a) Fluorescent imaging of poly(lysine) surface conjugation onto glass microscope 

slides coated with A: pDHA, B: p(MeO2DHAC) and pDHA, C: p(MeO2DHAC) (b) 
13

C NMR 

spectra of a small molecular weight analog of pDHA both (I) before and (II) after reaction with 

phenylethylamine and a reducing agent. Reprinted with permission from reference
49

. Copyright 

(2006) American Chemical Society.   



 

18 

 

polymer, and the highly hydrophilic polymer PEG afford biocompatible hydrogels with tunable 

properties (MPEG-pDHA, Figure 1.7a). Studies performed on diblock copolymers with fixed-

length MPEG segments (5 kDa) and variable pDHA segments showed that as the pDHA chain 

increases, hydrogel pore size, swelling, and hydrolytic degradation rates decrease, whereas 

entanglement density and viscosity increases. Physical cross-linking in MPEG-pDHA hydrogels 

is hypothesized to occur due to charge interactions arising from the dipole moment of the 

carbonyl groups on dihydroxyacetone. It is hypothesized that the transient nature of such 

attractions contribute to the ability to extrude MPEG-pDHA through a 26-gauge needle (Figure 

1.7b).
135

  

 
Figure 1.7 (a) SEM image of lyophilized MPEG-pDHA (5000-3000) hydrogel. (b) MPEG-

pDHA (5000-5000) hydrogel extrusion through a 26-gauge needle. (c) Seroma volumes 

measured using a rat mastectomy model following treatment with various MPEG-pDHA 

formulations and a saline control. Figures are reprinted with permission from reference.
135
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A unique property of DHA-based hydrogels is the relatively rapid degradation rate 

compared to other polycarbonates [e.g., poly(trimethylene carbonate), (PTMC)]. In vitro, under 

conditions mimicking the physiological media, MPEG-DHA hydrogels degrade within a 24 hour 

period.
135

 The rapid degradation rate of DHA hydrogels, in combination with the ease of 

extrusion through a needle, is advantageous in the prevention of seromas, accumulation of serous 

fluid resulting from surgical complications. In an in vivo rat model of lymphandenctomy, the 

polymers with molecular weights ~ 3 kDa in pDHA and ~ 5 kDa in MPEG are highly effective at 

preventing seroma formation (Figure 1.7c).
135

 Three days after treatment, no polymer is observed 

at the surgical site, indicating that MPEG-pDHA hydrogels are capable of serving a transient 

distinct function before being eliminated from the body.  

 The rapid degradation of MPEG-pDHA polymers along with the ability to prevent 

seroma provides a rationale for investigation of other potential uses, including one as a 

biodegradable hemostatic agent.
136

 With the use of an in vivo liver resection rat model, 

application of the MPEG-pDHA reduced the bleeding time to 97 seconds compared to a saline 

control (464 seconds) and Instat
TM

, an industry standard (165 seconds).
136

 The total blood loss is 

not statistically different between MPEG-pDHA and Instat trials, indicating that MPEG-pDHA 

hydrogels are adequate hemostatic agents with the added bonus of a rapid in vivo resorption rate. 

Histological studies performed 3 weeks postoperation showed a similar inflammatory response 

of MPEG-pDHA samples to saline controls.
136

 The combination of biocompatibility, reduced 

bleeding time, synthetic origin of the material, and rapid degradation of MPEG-pDHA hydrogels 

suggest that MPEG-pDHA hemostatic agents would lead to minimized risk of infection and 

long-term inflammation.  
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The reactive carbonyl functionality present within DHA hydrogels provides opportunities 

for chemical cross-linking, drug attachments, or surface modifications, thereby opening doors to 

additional applications. Furthermore, chemical alterations, such as the introduction of small 

hydrophobic regions or the use of urethane polymer linkages, may lead to enhanced control in 

hydrogel swelling and degradation, expanding the potential for DHA-based hydrogels in 

biomedical applications.  

1.5.3. Controlled Drug Delivery 

 

 Polymeric materials are of significant interest in the field of controlled drug delivery 

owing to the vast opportunities in synthetic design leading to various tunable features as well as 

their ability to form macro, micro, or nanostructures. Several review articles cover polymers used 

for controlled drug delivery that describe their unique advantages and specific applications in 

detail, and the reader is referred to these articles.
137–141

 DHA-based polymers contain several 

desirable characteristics for controlled drug release systems. First, the degradation of DHA-based 

polymers into biocompatible compounds reduces risks of inflammation and toxicity, while also 

eliminating concerns over invasive post-treatment device removal. Second, through ROP, DHA 

can be easily copolymerized in a controlled manner with other biocompatible materials such as 

lactide
79

 and caprolactone.
75

 By altering initial monomer, comonomer, initiator, and catalyst 

ratios, the final product composition can be predicted, creating a reliable parameter by which 

drug release rates are controlled. Overall, there is a large realm of possibilities for DHA-based 

polymers with regard to hydrophilicity, rigidity, glass-transition temperatures, melting 

temperatures, rheological properties, and pH sensitivity, depending on the chosen comonomer 

and reaction conditions. Furthermore, variations in these properties yield opportunities for 
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different 3D structures. Diblock copolymers of DHA and MPEG afford hydrogels
135

 and 

nanoparticles,
78

 whereas random copolymers of DHA and LA give powders that can be 

compressed into solid tablets.
79

 Putnam and Yazdi showed that DHA-based microparticles are 

also feasible; however, these materials employ a separate synthetic technique, as previously 

discussed.
87

 A third attractive feature of DHA-based materials is the reactive ketone 

functionality. Although this has yet to be specifically explored, it is an extension of the research 

and opens up possibilities for the attachment of active agents or affinity-ligands.   

 Putnam et al. showed that random copolymers of DHA and LA, synthesized via ROP 

with stannous octoate catalysts, are promising candidates for controlled release of protein 

therapeutics.
142

 Cylindrical tablets, for subsequent drug release studies, are prepared by mixing 

the powdered polymers containing approximately 50 to 85% DHA with dry powders of model 

proteins, bovine serum albumin (BSA) or lysozyme, and compressed. Copolymers containing 

less than 50% DHA are too tough to process into tablets and therefore were not investigated. 

Thermal studies revealed that for all LA:DHA ratios, glass transition temperature (53 - 68 
o
C) 

and degradation temperatures (Td, 50 wt%: 230 - 330 
o
C) are above physiological temperature, 

indicating that the tablets will retain structural integrity when subject to in vivo 

temperatures.
79,142

  

In vitro controlled release experiments showed a first order release of BSA and lysozyme 

over 2.5-70 days, depending on the percent drug loading and percent DHA in the polymer 

backbone.
142

 Lysozyme activity tests following release indicated that the protein retained 

significant activity throughout release and was not highly inactivated due to the environment of 

the delivery device. For any copolymer composition, at least 50% of the protein activity is 

retained after one month of release. Protein release rates increased with increasing pDHA 
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content.
142

 This result is not surprising given the results of in vitro degradation studies, which 

showed that polymer erosion occurs more rapidly with increasing DHA content within the 

polymer backbone. In addition to tablet erosion studies visualized by scanning electron 

microscopy, degradation of the polymer backbone can be tracked utilizing the bicinchoninic acid 

assay, which Putnam et al. discovered to be a valuable tool in quantitatively measuring α-

hydroxy ketones, such as DHA, in solution.
143

 Zhuo et al. report that upon deprotection of the 

pDHA homopolymer, hydrolytic degradation of the associated carbonate bonds drastically 

increases.
73

 The results suggest that percent deprotection of pDHA in DHA-based materials is a 

potential control parameter in drug release technologies.  

Zhuo and co-workers performed release studies on polymers containing EOPDC (Figure 

1.2), a cyclic-acetal protected form of DHA, using the chemotherapeutic agent Tegafur.
81–83

 

Results from EOPDC:1,4-dioxane-2-one copolymers and EOPDC:caprolactone copolymers 

show a decreased drug release rate with increasing EOPDC content, resulting in release of less 

than 4% in 350 hours in any formulation.
82,83

   

Diblock copolymers of pDHA and MPEG (Figure 1.4b) are also proposed for controlled 

release applications; however, no formal testing is reported. Putnam et al. showed that in 

addition to hydrogels, MPEG-pDHA polymers can be formulated into nanoparticles that take on 

a micellar shape with a pDHA core and PEG corona.
78

 Nanoparticles, prepared by control 

precipitation (via stirring) from DMSO/polymer solutions in water, ethanol, or dichloromethane, 

afforded average particle diameters of 45 ± 1nm, 70 ± 1nm, and 94 ± 1nm, respectively, from 

polymers with molecular weights of 1.8 kDa for pDHA and 4.5 kDa PEG.  
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1.5.4. Green Thermoplastics 

 

 Today, concerns over landfill sizes, depletion of scarce resources, and greenhouse gas 

production are significant given the increasing world population. These issues spurred the 

investigation, development, and use of biodegradable plastics from renewable resources, as 

opposed to traditional petroleum-based materials such as polyethylene or polypropylene. 

Examples of “green” plastics include those composed of starch, soy protein, cellulose, PLA, and 

poly(hydroxyalkanoate)s.
8,144–147

 Waymouth et al. noticed that the structure of pDHA is similar 

to Carilon, a polyketone thermoplastic derived from ethylene (E) and carbon monoxide (CO).
75

 

Since DHA can be synthesized from glycerol,
148,149

 a byproduct in the production of biodiesel, 

the authors investigated the potential use of DHA-based polymers in the field of renewable and 

biodegradable thermoplastic materials.
75

 Similar to E/CO polymers, pDHA possesses a melting 

temperature, Tm of 246 
o
C, close to the thermal degradation temperature, Td = 273 

o
C, which is 

difficult for processing due the high Tm and close Tm and Td values.
75

 As a solution, Waymouth 

et al. copolymerized DHA with ε-CL, which lowered the Tm of the polymer, with the extent of 

Tm lowering depending on the percent of caprolactone added to the composition.
75

 These results 

indicate that pDHA-CL copolymers are thermoplastic materials with tunable thermal properties.  

 Guillaume et al., also interested in creating thermoplastic materials from biorenewable 

resources, synthesized diblock and triblock copolymers of dimethoxy-acetal protected DHA with 

the well-known polycarbonate PTMC.
80

 It was found that much like PLA, a popular “green” 

choice for polymers,” segments of protected DHA added rigidity to PTMC polymers which is a 

control parameter for the generation of well performing thermoplastic materials. The results from 

the Guillaume and Waymouth laboratories, show that DHA-based polymers are not limited to 
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biomedical applications. The features that make these polymers appeal to biomedical research, 

their biocompatibility and biodegradability, also open doors to the possibility of producing 

materials with improved environmental preservation capabilities. 

 

1.6. Research Goals 

 Several polymeric materials have been synthesized with the natural metabolite 

dihydroxyacetone including hydrogels, microparticles, powders, nanoparticles, and 

thermoplastics. Of these DHA-based macromolecules, a subset has successfully demonstrated 

use in controlled drug delivery, hemostasis, seroma prevention, and tissue engineering. Although 

a diverse set of DHA-based materials are known and effective in several applications, a number 

of opportunities remain. The main goal of the study was to gain insight into two characteristic 

properties of DHA-based materials: degradation in aqueous environments and Schiff base 

formation with amine containing compounds.  

 Biodegradable polymers are highly advantageous in biomedical applications owing to the 

wide variety of functions they can serve in vivo while maintaining the ability to be eliminated 

from the body non-invasively once they are no longer needed. Although previous studies have 

highlighted the rapid degradation of one specific DHA-based hydrogel, the focal point in the 

literature has been on the intended applications, rather than the underlying mechanism of action. 

To highlight the utility of DHA in the development of novel rapidly degrading biomaterials, we 

conducted a study to shed light on the underlying mechanism.  

As described in Chapter 2, we synthesized a new class of DHA-based polycarbonates: 

chemically crosslinked hydrogels comprised of a glycerol ethoxylate (GE) backbone and 

tri(ethylene glycol) bis(chloroformate) (TEGBC) cross-linker. Chemically cross-linked 
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hydrogels were selected due to facile visualization and testing of hydrogel degradation. 

Hydrogels swell in aqueous solutions, thereby enabling significant contact of polymer chains 

with water, while also remaining insoluble, which allows separation from degradation products 

through basic filtration methods. Degradation rates were compared to those of similarly designed 

hydrogels that differed in the presence and location of a ketone functional group within the 

polymer backbone. The results shed light on the structural features of DHA that contribute to the 

observed rapid degradation rates and suggest that such properties are translatable to additional 

hydrophilic DHA-based systems.  

Following the analysis of degradation rates and products, the chemically crosslinked 

hydrogels were fabricated into disks and tested for use as a rapidly degradable surgical device to 

prevent accidental bowel injury during abdominal closure after a laparotomy. Using a mouse 

model, it was confirmed that the DHA-based hydrogels degrade on a rapid timescale in vivo and 

do not appear to induce an inflammatory response. The work, as detailed in Chapter 3, provides 

just one example of how insight into the mechanism by which DHA promotes rapid degradation 

of polycarbonates can stimulate the innovation of novel medical devices.   

In additional to biodegradability, the amine reactive functionality of DHA-based 

polymers is highly advantageous.  A long term goal is to explore the use of DHA-based 

polymers as amine reactive surfaces for use both inside and outside the realm of biomaterials; 

however, the present work focuses solely on aqueous solutions. As a first step, we studied the 

rate at which ethanolamine, a highly water soluble molecule containing a primary amine, can 

react with free DHA in solution. Our goal in studying this simplified reaction was to eliminate 

the complications associated with diffusion limitations, etc. of large macromolecules in order to 

assess what the formation rate of a Schiff base is between a primary amine and DHA in solution. 
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By measuring the formation rate, we can assess the future feasibility of DHA-based materials in 

amine reactive surface applications.  

Our efforts to measure the degradation rates of DHA hydrogels and the DHA-amine 

reaction rate are the just the beginning of an improved framework that would be used to develop 

novel DHA-based biomaterials according to a predict-build-assess approach. In the initial stages 

of using unexplored monomer units, a blind build-test-refine cycle of polymer synthesis is highly 

advantageous for gaining information on the capabilities and limitations of the proposed 

monomer. Transition from pilot studies to wide spread acceptance, however, requires an 

enhanced ability to predict the behavior of a desired polymer prior to synthesis, with specific 

goals in mind for a particular application. The work presented herein serves to highlight key 

features of DHA-based materials to facilitate the wide spread use of DHA in macromolecular 

materials.  
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CHAPTER 2 

 

INSIGHT INTO THE UNEXPECTEDLY RAPID DEGRADATION OF 

DIHYDROXYACETONE-BASED HYDROGELS 

 

(Contributors: Jonathan Mares and
 
Daniel Petralia) 

 

2.1. Abstract 

Biodegradable hydrogels are an important class of biomaterials with a diverse range of 

applications. In some cases, a rapid hydrogel degradation rate is advantageous, for example, in 

wound healing dressings or chemoembolization technologies. Polycarbonate hydrogels based on 

dihydroxyacetone (DHA), a natural metabolite, have been reported to undergo surprisingly fast 

hydrolytic degradation. In the present work, insight into the key features of DHA that contribute 

to the observed degradation rates is gained. In vitro degradation (mass loss) of three different 

chemically cross-linked polycarbonate hydrogels is investigated to shed light on the role of the 

ketone functional group, as well as the carbon-chain length between the ketone and carbonate 

bonds. The ketone is found to be the main cause for rapid degradation. Hydrogels containing 

DHA degrade 96.3±3.4% in less than 4 hours, under physiological conditions, whereas similar 

non-ketone containing hydrogels only degrade 27.7±6.1% over 14 days. A one-unit increase in 

carbon-chain length decreases the degradation rate, with full degradation in 22.5 hours. DHA-

hydrogel mass loss is accelerated by increased temperature and pH, offering insight into potential 

tuning parameters and storage conditions. The results show that DHA is a promising monomeric 

unit for the design of rapidly degrading, biocompatible, and functional biomaterials. 

 

 

_______________________ 

*Chapter 2 is reprinted with permission from Ricapito, N. G.; Mares, J.; Petralia, D.; Putnam, D. 

Insight into the Unexpectedly Rapid Degradation of Dihydroxyacetone-Based Hydrogels. Macromol. 

Chem. Phys. 2016.  DOI: 10.1002/macp.201600170. Copyright (2016) Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 



 

41 

 

2.2. Introduction 

Hydrogels are highly versatile polymeric systems used in the development of tissue 

engineering  scaffolds,
1–3

 drug delivery devices,
4–7

 embolic agents,
8–10

 and various additional 

biomedical materials.
11–13

 In some applications, the presence of hydrogel is desirable for only 

short time periods.  For example, degradable starch microparticles are used clinically for 

chemoembolization in the localized treatment of cancers.
14,15

 Other examples of rapidly 

degradable hydrogel applications include template structures to fabricate specialized tissue 

architectures,
16

 and to facilitate insertion of cortical neural probes into the brain by providing 

short-lived structural integrity to the otherwise flexible probes.
17,18

 

Different mechanisms have been used to modulate the rate of hydrogel degradation.  For 

example, starch microparticles are used for temporary vessel embolization owing to their rapid 

hydrolysis by α-amylase in blood.
19

 Polymers bearing pendant nucleophilic groups can undergo 

intramolecular reactions with the polymer backbone leading to chain cleavage.
20

 Adjustment of 

cross-linking density, as well as the size and quantity of hydrophilic units relative to hydrophobic 

units, can lead to differences in water uptake and offer valuable control parameters for hydrolytic 

degradation.
21

 Additionally, titration of hydrolytically unstable monomers is also used to fine 

tune the rate of polymer degradation.
22

  

Our group has worked with the synthesis of biomaterials using the biomolecule 

dihydroxyacetone (DHA, Figure 2.1).
23–25

 DHA is an attractive molecule for use in 

biodegradable biomaterials as it is a natural product in human metabolism and therefore offers 

reduced probability of toxicity and inflammation upon polymer degradation in the body.
26

 One 

intriguing characteristic of these materials is their unexpectedly rapid degradation rate under 

aqueous conditions.
27–29

 Zawaneh et al. reported 100% degradation of monomethoxy 
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poly(ethylene glycol)-poly(DHA) diblock copolymers within 24 hours, in vitro.
27

 Weiser et al. 

found that the degradation rate of random copolymers of lactic acid and DHA increased with 

increasing DHA content.
28

  

In this work, we explore the direct synthesis of hydrogel-forming polycarbonate networks, 

chemically cross-linked with DHA, and probe the mechanism through which these materials 

degrade in water.  Three polycarbonate networks were synthesized using glycerol ethoxylate 

(GE, I, Figure 2.2), a tri(ethylene glycol) bis(chloroformate) (TEGBC, II, Figure 2.2) cross-

linker, and one of three diols: (i) DHA (ii) 1,5 dihydroxy-pentan-3-one (15DH), a molecule 

similar in structure to DHA but contains two additional carbon atoms, and (iii) tri(ethylene 

glycol) (TEG), a small hydrophilic compound devoid of a ketone group (Figure 2.1). The results 

indicate that both the presence of the ketone on DHA, and the carbon chain length between the 

ketone and carbonate bonds, are contributing factors to the observed degradation rates of DHA-

based hydrogels.  The effect of DHA on the rapid breakdown of hydrogel in aqueous solution 

was further confirmed via 
1
H and diffusion-ordered nuclear magnetic resonance spectroscopy of 

polymer degradation products. Furthermore, degradation rates were found to increase with 

increasing pH and temperature, providing insight into potential degradation tuning parameters, 

polymer processing, sample preparation, and storage conditions for DHA-based materials.  

 To date, the fast resorption rates of DHA-based hydrogels have proven useful in the 

prevention of post-operative seromas and also in the development of hemostatic agents.
27,30

 The 

current results illuminate the potential for DHA as a tool in the design of rapidly degrading 

biomaterials for a broader range of applications. In combination with the amine-reactive 

functionality of the ketone group, DHA is a promising building block for the development of 

functional biomaterials.  
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Figure 2.1 Three diols selected for the synthesis of chemically cross-linked hydrogels.   

 

 

 
 

 

Figure 2.2 CC-DHA polycarbonate network synthesis. (I) glycerol ethoxylate, (II) tri(ethylene 

glycol) bis(chloroformate), (III) DHA, (IV) CC-DHA polymer network. (~): The symbol serves 

to indicate continuous cross-linking of the polymer matrix.   
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2.3. Materials and Methods 

 

2.3.1. Materials 

DHA dimer, tri(ethylene glycol) bis(chloroformate), glycerol ethoxylate (Mn ~1,000, 

n=6-7), anhydrous pyridine, and anhydrous chloroform were purchased from Sigma Aldrich. 

Chloroform (BDH Chemicals) was purchased from VWR international and 2-propanol (J.T. 

Baker) was purchased from Avantor Performance Materials (Center Valley, PA). Triethylene 

glycol was purchased from Alfa Aesar and used as received. 1,5-dihydroxypentan-3-one was 

purchased from Chem-Impex International, Inc (Wood Dale, IL). Dulbecco’s phosphate buffered 

saline (PBS, 1X, pH 7.4, without calcium or magnesium, Corning Cellgro) and disc filters 

(0.45µm, Pall Corporation) were purchased from VWR international. Deuterium oxide and 

dimethyl sulfoxide-d6 (DMSO-d6) are produced by Cambridge Isotope Laboratories, Inc. 

(Andover, MA). Elemental analysis was performed by Intertek Pharmaceutical Services 

(Whitehouse, NJ) and Midwest Microlab, Inc. (Indianapolis, IN).  

Solid state NMR spectra were acquired on a Varian INOVA spectrometer operating at 

100.53 MHz for 
13

C observation with a Varian 7 mm MAS probehead. The samples were packed 

in silicon nitride rotors and spun at approximately 6000 Hz. Single pulse, direct polarization 

experiments were performed with a 90 degree excitation pulse of 5 µs duration. Continuous 

wave 
1
H decoupling was used with 78 kHz γ B1. DOSY experiments were acquired at 600 MHz 

using the convection compensated, double bipolar-pulse stimulated echo sequence (Dbppste_cc) 

provided in VnmrJ. Diffusion gradients were 3.0 ms long and their strength was varied between 

1.9 and 46.8 G-cm
-1

 in 64 increments. Diffusion delay was 150 ms. For each gradient value, 8 

scans were acquired with a 1.7 s acquisition time. NMR datasets were processed using 

MestReNova software. Infrared spectroscopy was performed on a Bruker Tensor 27 FTIR 

spectrometer using a pike MIRacle ATR with ZnSe crystal.   
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2.3.2. Preparation of DHA Monomer  

DHA dimer was converted to the monomeric form by recrystallization from 2-propanol. 

2-Propanol (400 mL) was added to DHA dimer (4 g) and stirred, while partially submerged in a 

60
o
C oil bath, for 40min to ensure complete dissolution. The resulting solution was filtered and 

approximately 225-275 mL of 2-propanol was removed by rotoevaporation at 50-55
o
C over a 

period of 95 minutes or less. The remaining solution was placed at -20
o
C overnight, after which 

the crystallized DHA was filtered and dried at room temperature to yield 1.46±0.26 g 

(36.5±6.5%, n=21). The initial concentration can be increased for greater efficiency: DHA dimer 

(12 g) is suspended in 2-propanol (400 mL), stirred at 60
o
C for 1.17hr, followed by filtration and 

removal of approximately 100 mL of 2-propanol by rotoevaporation, to yield 5.46g (45.5%). 
1
H 

NMR spectra were recorded with a 25 s relaxation delay and 90
o
 pulse angle.  

1
H NMR (400 

MHz, DMSO-d6, δ): 5.02 (t, 2H, OH), 4.16 (d, 4H, CH2). 
13

C NMR (100 MHz, DMSO-d6, δ):  

211.46 (C=O), 65.65 (CH2). Anal. calcd for C3H6O3: C 40.00, H 6.71; found (n=22): C 

39.93±0.62,  H 6.72±0.12. Due to the hygroscopic nature of DHA, elemental analysis was 

sometimes performed after a period of drying at 80
o
C.  

 

2.3.3. Polymer Network Synthesis 

Chemically cross-linked polycarbonates containing dihydroxyacetone (CC-DHA, Figure 

2.3a) were synthesized as follows: tri(ethylene glycol) bis(chloroformate) (TEGBC, 1.8 mL, 

0.0088 mol) was added dropwise over 6 min to a stirring mixture of dihydroxyacetone monomer 

(0.394 g, .00438 mol) and glycerol ethoxylate (GE, 2.919 g, 0.00292 mol) in 6 mL anhydrous 

chloroform, under N2, on ice. Next, pyridine (1.62 mL, 0.02 mol) was added over 5.4 min to the 

bottom of the stirring solution using two 6-inch syringe needles, consecutively. The reaction 
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begins to form a gel during the final stages of pyridine addition and, with adequate mixing, will 

fully form a gel in less than 10 minutes of reaction time (Figure A.1). The reaction was 

completed in a 50mL round-bottom flask with a 15 mm x 6 mm egg-shaped, Teflon-coated, stir 

bar. Stirring is assisted by movement of the reaction flask across the stir plate during pyridine 

addition, such that the stir bar can access multiple points of the mixture. The gel was held at 4
o
C 

for 3 hours and then cut into 3-4 pieces using a standard weighing spatula. Purification was 

performed by extraction through gel placement into 400 mL chloroform which was removed and 

replaced with fresh chloroform six times over a 4 day period. The gel was further purified 

through 10 minute incubation steps in 25:75, 50:50, and 75:25 volume-to-volume solutions of 

diethyl ether and chloroform, respectively, followed by 20 minutes in 100% diethyl ether. Lastly, 

the gel was dried over two nights in vacuo, briefly washed with MilliQ water, lyophilized, and 

stored under N2 at 4
o
C. Yield: 3.720g ± 0.234g, n=4 

CC-Control gels (Figure 2.3b, yield: 4.183 g) and CC-15Dihydroxy gel (Figure 2.3c, 

yield: 2.918 g) were synthesized using the same protocol; however, triethylene glycol (0.584 mL, 

.00438 mol) and 1,5-dihydroxypentan-3-one (0.432 mL, 0.00417 mol), were used, respectively, 

in place of dihydroxyacetone. Chemical structures and solid state 
13

C NMR spectra for all three 

polymer networks are shown in Figure 2.3.  

 

2.3.4. In Vitro Degradation  

The degradation rate of CC-DHA, CC-15Dihydroxy, and CC-Control gels were tested 

under physiologically relevant conditions. Known weights of each gel (19.9-20.5 mg) were cut 

using a standard razor blade, placed in PBS (1.0 mL, pH=7.4), and rotated at 37
 o

C. At specified 

time points, each sample was removed, poured over a pre-weighed 0.45µm membrane disc filter, 
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and washed with DI water. The filter and hydrogel were lyophilized and re-weighed to determine 

the remaining mass of hydrogel.    

The degradation behavior dependence of CC-DHA gels on pH and temperature was 

evaluated using the same methodology. For temperature dependence, samples were incubated at 

4
o
C, room temperature, and 37

o
C in PBS, pH=7.4. To study the effect of pH, samples were 

incubated at 37
o
C in 0.1 M sodium phosphate buffer adjusted to pH=6, pH=7, and pH=8.   

To study the degradation products of CC-DHA hydrogels, 20 mg samples were rotated 

for 7 hours in a D2O/PBS solution (1.0 mL each) at 37
o
C. D2O/PBS was prepared by 

lyophilization of 1x PBS (5mL, pH=7.4) followed by resuspension in D2O (5mL). The final 

solution was evaluated by 
1
H NMR, diffusion-ordered 

1
H NMR, and 

1
H-

13
C heteronuclear 

multiple-bond correlation (HMBC) NMR spectroscopy.  

 

Figure 2.3 Chemical structures and solid state 
13

C NMR spectra of (a) CC-DHA, (b) CC-Control 

and (c) CC-15Dihydroxy polycarbonate networks. *Spinning side band.  
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2.3.5. Hydrogel Swelling Analysis 

Three samples (19.9-20 mg) of each hydrogel were cut using a razor blade and then 

rotated in 1.0 mL of PBS at 37
 o

C. At 10 minute intervals, the gels were removed, drained of 

excess liquid, gently dried with filter paper, and weighed. Once weighed, the gels were placed in 

1.0 mL of fresh PBS (pre-warmed to 37
 o

C) and placed back under rotation at 37
o
C. Percent 

swelling was calculated according to Equation 2.1.                                                                                              

% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =
𝑊𝑒𝑡 𝑚𝑎𝑠𝑠 (𝑚𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 (𝑚𝑔)
𝑥100       (𝐸𝑞.  2.1) 

2.4. Results and Discussion 

2.4.1. Preparation of DHA Monomer 

 The monomeric form of dihydroxyacetone (Figure 2.1) is obtained by stirring a heated 

mixture of DHA dimer and 2-propanol, followed by partial solvent removal and recrystallization. 

The results were confirmed via NMR spectroscopy and elemental analysis. 
1
H NMR performed 

in DMSO-d6 shows coupling between the α-hydroxy hydrogen atoms and -CH2- protons, as 

reported previously by Davis using a separate lyophilization-based protocol to achieve the solid 

monomer.
31

 In many cases, additional very low intensity peaks arise in both the carbon and 

hydrogen NMR spectra, which may be due to small quantities of equilibrium structures.
32

 To 

further support the formation of monomeric DHA, FT-IR spectroscopy was performed on the 

solid product to confirm the presence of ketone groups, which are not present in dimeric DHA 

(Figure A.2). Yields for the monomer formation were low (36.5±6.5%, n=21), which is possibly 

a result of prolonged exposure to 50-60
o
C temperatures as DHA has reduced stability when 

heated.
33,34
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2.4.2. Network Synthesis and Characterization 

Dihydroxyacetone-based polycarbonate networks were synthesized utilizing the synthetic 

scheme shown in Figure 2.2. Glycerol ethoxylate (I, GE, Figure 2.2) is the key contributor to gel 

hydrophilicity and tri(ethylene glycol) bis(chloroformate) (II, TEGBC, Figure 2.2) offers a facile 

synthetic method to create DHA cross-links in the polymer matrix. Chloroformate-containing 

compounds, such as TEGBC, react readily with primary alcohols like those in DHA, in the 

presence of a base, without interfering with the ketone functional group.
23,35

  

Since the chloroformate groups of TEGBC are reactive with the primary alcohol groups on 

GE as well as DHA, the exact polymerization and crosslinking pattern is not predictable, which 

is characteristic of networks formed in this way. To maximize the likelihood of creating the 

desired polymers (Figure 2.3a) and to preserve consistency between batches, a molar ratio of GE 

(1): TEGBC (3): DHA (1.5) was employed. With adequate mixing, all reaction components 

appear as a gel in less than 10 minutes of reaction time.  

To investigate the effect of the ketone functional group on the rapid degradation of DHA-

based hydrogels, two similar hydrogels were synthesized, and their degradation rates were 

determined for comparison. In one case, DHA is replaced by TEG (Figure 2.1), a small non-

ketone containing crosslinker. Hydrogels made with TEG are referred to as CC-Control gels 

(Figure 2.3b). In the other case, DHA is replaced by 15DH (Figure 2.1), a crosslinker similar to 

DHA, but with an additional carbon between the ketone and hydroxyl groups. Hydrogels 

containing 15DH are referred to as CC-15Dihydroxy gels (Figure 2.3c).  

Solid state 
13

C NMR was used to verify the successful synthesis of each polymer network. 

It is important to note that precise shift values (and expected values) differ slightly between each 

spectrum due to the absence of an internal reference. The spectra show that all three polymers 
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contain carbonate bonds (~143-151ppm) and glycerol ethoxylate peaks (~55-70ppm), while only 

CC-DHA and CC-15Dihydroxy gels contain ketone peaks (186ppm and 195ppm, respectively). 

The ketone group in DHA-based polycarbonates has been shown to appear at 199ppm and 

205ppm in previously reported DHA carbonates.
23

 Therefore, a downfield correction of 10-

15ppm, which is reasonable due to the carbonate peak appearance at 143ppm,
36

 yields an 

expected ketone shift for a DHA-based polycarbonate. Lastly, the carbon chain between the 

ketone and carbonate bonds of CC-15Dihydroxy gels is evident through the peaks appearing at 

31ppm and 52ppm in Figure 2.3c.  

 

2.4.3. Hydrogel Degradation and Swelling 

 To study hydrogel degradation, samples of each gel were incubated in PBS (pH=7.4) at 

37
o
C and evaluated for mass loss at pre-determined incubation times. The results are shown in 

Figure 2.4. It was found that CC-DHA gels are 96.3±3.4% degraded in 3.8 hours, whereas CC-

Control gels are only 27.7±6.1% degraded after 14 days of incubation. It is evident that DHA 

drastically increases the rate of degradation compared to TEG. CC-15Dihydroxy gels were found 

to degrade more slowly than CC-DHA gels, but on a similar timescale, with full degradation 

occurring in approximately one day of incubation. The CC-15Dihydroxy results further suggest 

that the ketone group plays a primary role in the observed rapid degradation, and also indicates 

that the ketone’s neighboring carbon chain length plays an important role in the measured rates. 

 All gels were swollen to at least twice their original mass within 20 minutes of incubation 

(Figure 2.5). Due to the random nature of the reaction, CC-DHA gels were tested for batch-to-

batch variance (Figure 2.5a). Swelling variance is observed between batches, however, all gels 

show the same trend; a rapid decline in mass within the early stages of incubation due to the 
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competing rate of degradation over the observed timeframe. Despite the variance in swelling, all 

DHA-based gels degrade on a similarly rapid timescale, as expected. The four CC-DHA batches 

are included in the CC-DHA degradation curve shown in Figure 2.4, and are displayed 

individually in Appendix A (Figure A.3). 
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Figure 2.4. Degradation profiles of 20 mg samples of CC-DHA (n=12 per time point, 4 batches), 

CC-15Dihydroxy (n=3 per time point, 1 batch), and CC-Control gels (n=3 per time point, 1 

batch) in PBS at 37
o
C. 
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Figure 2.5. Percent swelling vs. time in PBS, pH=7.4, at 37
o
C.  (a)  Four batches of CC-DHA 

hydrogels where n=3 for each batch. () Batch 1, () Batch 2, () Batch 3, and () Batch 4 (b) 

Percent swelling of () CC-Control (n=3, 1 batch), and () CC-15Dihydroxy (n=3, 1 batch) 

hydrogels.  

 

The data shown in Figure 2.4 provide evidence that both the presence of the ketone on 

DHA, as well as the short carbon chain length between the ketone and neighboring carbonate 

bonds, contribute to the rapid rate of degradation of DHA-based materials. To provide further 

mechanistic insight into the breakdown of CC-DHA gels, the water-soluble polymer degradation 

products after 7 hours of incubation in D2O/PBS, at 37
o
C, were studied. The CC-DHA hydrogels 
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contain two types of carbonate linkages, each with unique neighboring groups; those that connect 

GE and TEGBC, and those that connect DHA and TEGBC (Figure 2.6). The degradation profiles 

reported in Figure 2.4 show the percent of hydrogel mass that is breaking down into soluble 

components, but do not indicate which carbonate bonds were cleaved. Since both types of 

carbonate bonds contribute to cross-linking, cleavage of either, or both types, could yield the 

observed degradation of the gel. NMR analysis of the degradation products reveals that 

carbonate bonds linking GE and TEGBC remain intact after the 7 hour incubation period, 

whereas the bonds between DHA and the polymer backbone are cleaved (Figure 2.7a). A 
1
H-

13
C 

HMBC NMR spectrum is included in Appendix A (Figure A.4).  

 Diffusion-ordered NMR (DOSY) was used to show that DHA is not bound to the large 

molecular weight polymer backbone after the allotted degradation time. DOSY is used to 

distinguish peaks that belong to slow-moving, large molecules from those that belong to fast-

moving, small molecules.
37,38

 A normalized signal attenuation plot (based on peak integration) 

provides strong evidence that DHA is not covalently bound to the GE backbone (Figure 2.7b). 

The methylene proton peaks of DHA attenuate more rapidly than the protons of GE, with 

increasing gradient, which corresponds to faster diffusion in solution, indicating that the 

respective compounds are not attached.  

 

 

Figure 2.6. Sample structure of CC-DHA polymer networks containing (1) carbonate bonds 

formed by DHA and TEGBC, and (2) carbonate bonds formed between GE and TEGBC. 
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Figure 2.7. Analysis of CC-DHA degradation products following incubation in D2O/PBS at 

37
o
C, for 7 hours. (a) 

1
H NMR spectrum. The (~) symbol serves to represent different extension 

possibilities, for example, a terminating hydroxyl group, or a carbonate bond followed by further 

polymerization with TEGBC.  (b) Normalized signal attenuation data collected via diffusion-

ordered 
1
H NMR. [] peaks C,D,E, and F, [] Peak B, [] Peak A, [] D2O (c) Possible 

hydrogel degradation products include, but are not limited to, the structures shown. For each 

structure, the theoretical integration ratio of peak B to the combined integration of peaks C,D,E, 

and F, is calculated For these values, the repeat unit of GE is n=6. The ratio decreases with 

decreasing carbonate linkages between GE and TEG. Species D1, M1, and D2 are nearest the 

measured ratio of 0.12 (Figure 2.7a). Since the measured ratio is comparable to species of GE 

that are highly conjugated to TEG, it is concluded that minimal hydrolysis, if any, of GE-TEG 

carbonate linkages occurs in the 7 hour incubation time.  

 

The integration ratio of peak B (Figure 2.7a) to all other polymer backbone peaks (peaks 

C,D,E, and F, Figure 2.7a) was studied to gain insight into the proportion of GE-TEGBC 

carbonate bonds (2, Figure 2.6) that were cleaved in the 7 hour incubation time. The integration 
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ratio was found to be 0.12 to 1.00 (n=3), respectively, as shown in Figure 2.7a. Due to the 

random nature of the reaction, there exists a mixture of GE-TEGBC combinations in the final 

products. A few example possibilities of remaining monomeric and dimeric GE species are 

illustrated in Figure 2.7c. Note that of the pictured structures, the theoretical integration ratio is 

nearest the measured value of 0.12 for compounds with high, or maximal, conjugation of 

TEGBC (D1,M1,D2, Figure 2.7c). Overall, while the precise makeup of final structures is 

challenging to characterize, it is clear that minimal hydrolysis, if any, occurred between GE and 

TEGBC in the first 7 hours of incubation. It can be concluded that the broken bonds, causing a 

once insoluble hydrogel to break apart and dissolve into solution, were the carbonate bonds 

formed between TEGBC and DHA.  

The results indicate that the rapid degradation rates of DHA-based materials observed by 

Zawaneh et al.,
27

 Weiser et al.,
28

 and Wang et al.
29

 are not limited to the specific systems studied. 

In hydrophilic environments, there appears to be an underlying mechanism for the observed 

rapid degradation rates in all systems.  

Wang et al. studied the degradation of dimethoxy ketone-protected DHA homopolymers 

versus that of 42% deprotected (i.e. ketone-containing) DHA homopolymers.
29

 Ketone-

containing films were found to degrade much faster; 100% degradation was observed in 5 days, 

whereas the non-ketone containing films degraded less than 5% in 10 days. The difference in 

degradation rates was attributed to the increased hydrophilicity of the ketone-containing 

polymers. It is true that hydrophilicity of hydrolytically degradable polymer backbones plays a 

significant role in hydrolysis rates owing to increased water access to susceptible bonds. 

However, in the present study, CC-DHA gels were compared against similar hydrophilic 

materials, indicating that hydrophilicity does not fully account for the observed trends.  
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  Neighboring group participation of carbonyl groups is known to significantly increase 

hydrolysis rates in several compounds.
39,40

 One possible degradation mechanism in DHA-based 

systems that involves the ketone is an initial hydration step to form a gem-diol, followed by an 

intramolecular nucleophilic attack on neighboring carbonate bonds.
41–44

 DHA is known to 

hydrate in aqueous solution and has an equilibrium ketone to hydrate ratio of 4:1, respectively, in 

D2O at room temperature.
31

 Other investigators have demonstrated that nearby hydroxyl groups 

can facilitate polycarbonate degradation. For example, Zhang and Grinstaff synthesized 

poly(1,2-glycerol carbonate)s, which contain pendant primary hydroxyl groups that react with 

neighboring carbonate bonds and promote polymer degradation. The polymers were shown to 

have a half-life of 2-3 days in DMF at 37
o
C.

45
 Acemoglu et al. also observed polycarbonate 

cleavage via intramolecular attack from pendant hydroxyl groups  in poly(hydroxyalkylene 

carbonate)s.
46

  

         

2.4.4. pH and Temperature Dependence 

CC-DHA hydrogels were further studied for temperature and pH dependence. 

Degradation in sodium phosphate buffer was measured at pH 6, 7, and 8 for physiological 

relevance (Figure 2.8). The gels showed a clear trend for increasing degradation rate with 

increasing pH. While the underlying mechanism remains unknown, the fractional dry mass 

remaining over time can be fit to pseudo-first order kinetics for comparison of rates. Details on 

fitting are included in Appendix A (Figure A.5) and observed rate constants (min
-1

) are 

kobs=0.0014 ± 0.0002, kobs= 0.023 ± 0.002, and kobs = 0.028 ± 0.002, for pH=6, pH=7, and pH=8, 

respectively. The results suggest that pH is a potential tuning parameter for use in biomedical 

applications. Another interesting characteristic is hydrogel swelling at neutral pH.  Similarly to 
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the aforementioned PBS trials (Figure 2.5a), swelling data show an increase in mass, followed by 

a rapid decline. One particular application where such behavior may be useful is 

chemoembolization, where temporary vascular embolization is used to locally target 

chemotherapeutics to specific organ locales (ex: reperfusion 26-39min).
14

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Degradation (n=3 per time point, at each pH) and swelling rates (n=3 for each pH) of 

20 mg samples of CC-DHA in sodium phosphate buffer at () pH=8, () pH=7, and () pH=6. 
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Figure 2.9. Degradation rate of CC-DHA (20 mg, n=3 per time point, at each temperature) in 

PBS at () 4
o
C () room temperature and () 37

o
C. 

 

Rapidly degrading hydrogels have significant use in various biomedical applications; 

therefore, polymer stability is desired during material preparation and storage. Consequently, we 

studied the effect of temperature on hydrogel stability (Figure 2.9). It was found that CC-DHA 

hydrogels are significantly more stable at 4
o
C than 37

o
C, suggesting that DHA-based polymers 

could be sufficiently stable when handled and stored in cold and dehumidified environments. A 

pseudo-first order fit (Figure A.6) of fractional dry mass remaining over time yields observed 

rate constants (hr
-1

) of kobs = 0.039 ± 0.004 (at 4
o
C), kobs = 0.15 ± 0.02 (at 23

o
C), and kobs = 0.87 ± 

0.08 (at 37
o
C), with associated pseudo-first order calculated half-lives of 18 ± 2.0 hr, 4.6 ± 0.5 

hr, and 0.80 ± 0.07 hr, for temperatures at 4
o
C, room temperature, and 37

o
C, respectively.  

 

2.5. Conclusions 

Dihydroxyacetone-based materials have been shown to degrade rapidly under aqueous 

conditions. The precise degradation mechanism remains unknown; however, insight into the key 
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contributing factors has been gained from the investigation of the hydrogels reported herein. The 

present study confirms that the ketone present on DHA is a principle factor leading to the 

observed trends. Degradation rates also appear to be affected by the one-carbon chain length 

between ketone and carbonate bonds. Extension to two carbon units leads to retardation of 

hydrogel degradation rate. Additionally, CC-DHA hydrogels showed a trend for increasing 

degradation with increasing pH and temperature, which are potential tuning parameters for the 

application of DHA-based materials. Overall, DHA is a promising candidate for the synthesis of 

rapidly degrading hydrophilic biomaterials. 
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CHAPTER 3 

 

A BIODEGRADABLE INTRAPERITONEAL SHIELD WITH SHORT RESIDENCE 

TIME TO FACILITATE ABDOMINAL CLOSURE AFTER LAPAROTOMY 

 

The research presented in this chapter was performed in collaboration with Dr. Jason A. 

Spector and his research team at the Laboratory for Bioregenerative Medicine and Surgery, in 

the Department of Surgery, Division of Plastic Surgery, at Weill Cornell Medical College, New 

York, NY. Contributors: Kerry A. Morrison and Dr. Omer Kaymakcalan, See 

Acknowledgements for additional detail.  

 

3.1. Abstract 

 After abdominal surgery, the suturing of incised fascia within the abdominal wall must be 

performed in a careful and controlled manner to avoid injury to the bowel such as accidental 

needle puncture.  The primary method to protect the bowel involves coverage by a firm shield 

that is removed prior to placement of the final sutures. In the present work, a rapidly 

biodegradable intraperitoneal shield is developed and studied in a mouse model. A firm yet 

rapidly hydrolyzable device would enable greater bowel protection during the complete closure 

of the abdominal wall and also remove the potential risk of a retained surgical instrument. 

Chemically crosslinked polycarbonate hydrogels (CC-DHA) containing the biomolecule 

dihydroxyacetone were previously shown to undergo rapid degradation in vitro. The results 

presented herein show that CC-DHA hydrogels also undergo rapid degradation in vivo and can 

be fabricated into thin disks or sheets that demonstrate resistance to inadvertent needle puncture. 

Twelve hours after implantation, sheets with approximate dimensions of 5mm x 5mm x 1.5-2mm 

were found to have a mass (swollen with natural abdominal fluid) that is only 1.5 ± 2.6% of the 
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originally implanted dry mass. Disks of 20mm and 8mm diameter, each of approximately 2mm 

thickness, were completely degraded in 9 hours and 3 hours, respectively. Mortality occurred 

with the use of 20-mm disks which may be due to disk size or dehydration. In the case of 8mm 

disks, mice received intra and post operatory saline and appeared healthy 8 days post 

implantation. Overall, CC-DHA hydrogels are promising biomaterials for the prevention of 

bowel injuries during abdominal closure after a laparotomy.   

 

3.2. Introduction 

  A laparotomy is a widely used medical procedure in which an abdominal incision is 

made to provide access to the peritoneal cavity for abdominal surgery.
1
 Post-operatory closure 

requires suturing of the incised fascia (fibrous connective tissue) located within the abdominal 

wall. Failure to appropriately secure the fascia can lead to incisional hernia;
2–4

 the protrusion of 

an organ (such as the bowel) or tissue through the weakened wound region. Suturing, however, 

poses a risk of bowel injury due to inadvertent needle puncture or entanglement within a stitch 

loop as it is tightened. A common technique to avoid bowel impairment is to use a removable 

firm object as a barrier between the abdominal organs and incised fascia.
5–7

  

 

 

 

 

 

 

Figure 3.1. FISH® Glassman Visceral Retainer: a removable device for use as a protective 

barrier to prevent bowel injury during abdominal closure 
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The object distances the bowel from the wound site and prevents stitching from causing 

accidental damage. Once a significant portion of the fascia is sutured, the device is removed, and 

the procedure is completed with minimal visualization of the internal abdomen. Such devices are 

beneficial for the initial suturing process, however, they leave the intestines susceptible to 

puncture or suture entanglement during the final stages of completion.  

One such device is a thin metal sheet known as a malleable retractor. To enable facile 

removal, the metal retractor contains a small width, particularly in comparison to the bowel, 

which offers limited protection during closure. Another popular object used for bowel 

displacement and coverage is the FISH® Glassman Visceral Retainer (Figure 3.1) which is made 

of a flexible material and is available in a variety of sizes. Similarly, the FISH® must be 

removed from the wound site prior to completion, limiting the effective coverage that is possible 

while still remaining removable, and also providing no protection during the final stitches. A 

major drawback of both devices is their potential risk as retained surgical instruments. Although 

avoidable in principle, retained instruments continue to be a problem in the medical community 

and can lead to significant postoperative morbidities as well as severe legal consequences.
8–13

 

Precise incident rates are unknown; however, an estimation of 1 retained foreign body in every 

1000-1500 intraabdominal operations is commonly cited.
10,11,13,14

 Incidents of retained metal 

malleable retractors or “fish” type viscera retainers have been reported by Gayer et al., 

Alexandrov et al., and Ariz et al.
15–17

                

A potential solution to the risk of retained instruments as well as incomplete protection 

throughout a full abdominal closure is the development of a shield that is degradable within the 

peritoneal cavity. Previously, a rapidly degrading chemically cross-linked hydrogel (CC-DHA, 

Figure 3.2) based on dihydroxyacetone (DHA), a natural metabolite, and glycerol ethoxylate, a 
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3-arm poly(ethylene glycol) polymer, was described (Chapter 2). In the present work, CC-DHA 

was fabricated into disks and sheets of varying size and tested for its potential as a biodegradable 

intraperitoneal shield to facilitate post-laparotomy closure with reduced risk of bowel injury. In 

vivo degradation was studied in a mouse model. Hydrogels degraded on a rapid timescale 

(approximately 12 hours or less), however, large disks (20 mm diameter and approximately 2mm 

thickness) were found to cause mortality. It is possible that the large hydrogel sample mass 

combined with hydrophilic nature of the material led to severe dehydration. Follow up 

experiments with reduced-diameter disks (8-mm diameter, approximately 2mm thickness) 

combined with intra and post-operative hydration led to rapid hydrogel degradation, absence of 

visible inflammation in the abdominal cavity, and mice that appeared in good health eight days 

post-implantation. 

 

 

 
 

Figure 3.2. Synthetic scheme to CC-DHA hydrogels. (a) chloroform, pyridine, on ice, 1 hour. 

Nomenclature: GE: glycerol ethoxylate, TEGBC: tri(ethylene glycol) bis(chloroformate), DHA: 

dihydroxyacetone, CC-DHA: chemically crosslinked dihydroxyacetone-based hydrogel 
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3.3. Materials and Methods 

 

3.3.1. Materials  

The CC-DHA reaction flask (Appendix Figure B.1) was custom made from the Cornell 

Chemistry Glass Shop. Biopsy punches (20mm) were custom made from the Cornell Machine 

Shop. The Progressive Prep Solutions Multi Slicer was purchased from Walmart (Appendix 

Figure B.1). DHA dimer was purchased from Sigma Aldrich and 2-propanol (J.T. Baker) was 

purchased from Avantor Performance Materials (Center Valley, PA). C57BL/6N mice were 

purchased from Charles River Laboratories.  

 

3.3.2. Preparation of DHA Monomer 

DHA dimer was converted to the monomeric form according to a protocol previously 

described in Chapter 2. 2-Propanol (400 mL) was combined with DHA dimer (12 g) and stirred, 

while partially immersed in a 60
o
C oil bath for 1 hour and 10 minutes. The resulting solution was 

filtered and rotoevaporation at 50-55
o
C was performed, over a period of 95 minutes or less, to 

remove approximately 100 mL of 2-propanol. The remaining solution was held at -20
o
C 

overnight, after which the crystallized DHA was recovered by filtration and dried at room 

temperature to yield  6.15 ± 0.62 g (51.2 ± 5.18%, n=3). Characterization and discussion are 

provided in Chapter 2.  

 

3.3.3. CC-DHA Hydrogel synthesis 

Square CC-DHA hydrogel samples measuring approximately 5mm x 5mm, with ~1.5-

2mm thickness (Figure 3.3a), were prepared from CC-DHA hydrogels that were synthesized 

according to the previously described protocol in Chapter 2. Samples were cut using a standard 

razor blade and stored in a dry environment, under N2 at -20
o
C.  
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Figure 3.3. Examples of CC-DHA hydrogel samples of the following sizes: (a) approximately 

5mm x 5mm with 1.5-2mm thickness; (b) and (c) 20mm and 8mm in diameter, respectively, with 

approximately 2mm thickness.  

 

To create cylindrical disks (Figure 3.3b and 3.3c), the previously reported CC-DHA 

hydrogel synthesis protocol was modified. A custom-made cylindrical flask (OD: 41mm, ID: 

36.7mm, height: 90mm, Figure B.1) and a 15 mm x 6 mm egg-shaped, Teflon-coated, stir bar 

were flame-dried and then cooled under a nitrogen gas stream. Next, a solution of glycerol  

ethoxylate (GE, 2.919 g, 0.00292 mol) and anhydrous chloroform (6 mL) were added. Solid 

DHA monomer (0.394 g, .00438 mol) was carefully poured into the GE/chloroform solution, 

resulting in a suspension due to the insolubility of DHA in chloroform. Next, the flask was 

lowered into an ice bath and stirred magnetically. Tri(ethylene glycol) bis(chloroformate) 

(TEGBC, 1.8 mL, 0.0088 mol) was added dropwise over 6 min, followed by addition of pyridine 

(1.62 mL, 0.02 mol) over approximately 5.4 min. Pyridine was added to the bottom and sides of 

the reaction mixture, in an alternating fashion, using a 6 inch syringe needle. A gel began to form 

during the final stages of pyridine addition and, with sufficient mixing, a fully formed gel was 

obtained in 10 minutes. To avoid “plugging” of the needles, pyridine was added using two 
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separate 1 mL syringes, each containing half of the total quantity to be added. Movement of the 

reaction flask across the stir plate during pyridine addition enables the stir bar to access multiple 

points of the mixture and provides enhanced mixing of reagents. The final gel was held for 1 

hour, on ice, and then approximately 30 mL of diethyl ether was poured into the reaction flask. 

In ~30 min, once the top layer of the gel appeared white due to the insolubility of GE chains, the 

gel was slowly peeled from the glass edges using a weighing spatula, and then allowed to sit 

within the diethyl ether overnight at room temperature.  

 Next, the gel was sliced and purified. Diethyl ether was decanted from the reaction flask 

and the gel was removed. If the top, non-rounded, portion of the gel was highly uneven, a razor 

was used to create a level surface. To further flatten the top of the gel, a light “sanding” 

procedure was performed by applying pressure in a circular motion on a mildly rough surface. 

Once the top layer was appropriately flat, the gel was sliced using a Progressive Prep Solutions 

Multi Slicer with the “thin slices” insert. The stir bar was removed when accessible, and slicing 

continued until gel thickness was no longer sufficient for cutting. All slices from each batch were 

placed into 400 mL of chloroform for purification by extraction. Impurities were extracted by 

repeated removal and replacement of fresh chloroform which occurs six times over a minimum 

of 4 days. The gel was further purified through incubation in 25:75, 50:50, and 75:25 volume-to-

volume solutions of diethyl ether and chloroform, respectively, for 10 minutes each, followed by 

20 minutes in diethyl ether. Lastly, the gel was dried in vacuo for two nights, washed briefly with 

MilliQ water, and lyophilized. 8-mm and 20-mm diameter cylindrical slices were prepared using 

8-mm and 20 mm biopsy punches. Gels were stored in a dry environment, under N2 at -20
o
C.   
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3.3.4. In vivo Degradation 

 The in vivo degradation of rectangular CC-DHA samples and 20mm cylindrical disks 

(Figure 3.3a and 3.3b) was tested in 8 week old wild type C57BL/6N mice. An abdominal 

incision was made and a CC-DHA polymer sample was inserted onto the bowel. A taper cutting 

needle was used to tag polymer samples with long-tail 6-0 polypropylene sutures to facilitate 

identification and removal of remaining hydrogel at specified time points. Peritoneum and fascia 

were closed using a running stitch with polypropylene suture. Tegaderm dressing was placed 

over the incision area with mastisol adhesive. Animals were sacrificed and re-opened at specified 

time points. The final mass and size of polymer samples were recorded as received after removal 

(i.e. without washing and drying).   

 Due to the fluid uptake of the hydrogel, the in vivo degradation kinetics of CC-DHA were 

also studied with the use of intra and post-operatory saline injection. 8-mm diameter disks of 

approximately 2mm thickness were tested in 9 week old C57BL/6N mice. The procedure was 

performed as follows: Mice received a 200µL intraperitoneal injection of a Ketamine/Xylazine 

solution followed by a 1mL subcutaneous injection of pre-warmed saline through the dorsal skin. 

Abdominal hair was removed using a razor and Nair product, after which the skin was prepped 

with Betadine and 70% ethanol. A 2.5 cm midline incision was made and the 8-mm CC-DHA 

disk was sewn to the inner right abdominal wall using a 7-0 polypropylene suture. CC-DHA 

polymer disks were bound to the abdominal wall through a single stitch. Peritoneum and 

abdominal musculature were closed by a running stitch of 7-0 polypropylene suture followed by 

skin closure with a 5-0 nylon suture. The wound was covered with a Tegaderm dressing after 

which animals were placed under a heat lamp and temporarily removed to receive 20mg 

Atipamezole followed by 1mL warmed saline injected subcutaneously. Incision, implantation, 
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and suturing took place over 12 minutes. A total of 17 mice were utilized. At 3, 6, and 9 hours 

after implantation (n=4 per time point), mice were sacrificed and re-opened to examine the 

remaining CC-DHA hydrogel and abdominal fluid levels. At 24 hours post implantation (n=4), 

mice were anesthetized, examined, sutured, and retained for 1 week post operation in group 

housing. Additionally, a separate, single mouse was examined at 8 days following the procedure 

and also kept in group housing.  

 

3.4. Results and Discussion 

 

3.4.1. CC-DHA Hydrogel Synthesis 

 Hydrogels have profound use in biomedical engineering with various applications such as 

tissue engineering,
18

 drug delivery,
19

 and wound healing.
20

 Biodegradable hydrogels, in 

particular, are advantageous owing to their ability to serve a distinct function and subsequently 

be eliminated from the body without requiring surgical removal. Hydrolyzable bonds such as 

polycarbonates are frequently used in the development of biodegradable materials.
21,22

 

Dihydroxyacetone (DHA), a three carbon sugar, was recently found to induce rapid degradation 

of neighboring carbonate bonds in aqueous solutions (Chapter 2). Degradation of DHA-based 

polymers releases free DHA monomer which can be safely eliminated from the body via natural 

metabolic pathways, making DHA a promising molecule for biocompatible biomaterials.
23

 

Zawaneh et al. showed that diblock copolymers of DHA and monomethoxy poly(ethylene 

glycol) (MPEG-pDHA) create rapidly degradable and injectable hydrogels that have use in post-

operative seroma prevention.
24

 Recent studies show that the mechanism of rapid degradation in 

DHA-based materials involves the ketone present on DHA (Chapter 2). Therefore, more 

advanced DHA-based hydrogels can be synthesized that exhibit unique mechanical properties 
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while retaining the characteristic of rapid degradation rates under physiological conditions. CC-

DHA is a flexible and non-injectable chemically cross-linked polycarbonate hydrogel consisting 

of DHA and glycerol ethoxylate (GE). 

CC-DHA is synthesized according to the scheme shown in Figure 3.2. Polymer samples 

were prepared in three different sizes for in vivo testing in a C57BL/6N mouse model (Figure 

3.3). Rectangular samples (Figure 3.3a) were prepared from CC-DHA hydrogels that were 

synthesized in an anhydrous environment, as previously described in Chapter 2. Due to the water 

sensitivity of the reaction (i.e. the chloroformate groups of TEGBC are susceptible to reaction 

with atmospheric water molecules, which decreases the degree of polymerization with DHA), an 

anhydrous environment is preferred. Therefore, the reaction is conducted in a round-bottom flask 

equipped with an enclosable 24/40 joint neck. At the end of the reaction, the hydrogel exists as a 

single mass. A drawback of the reaction vessel is the requirement to slice the hydrogel such that 

it can be removed through the narrow neck.  

To retain the large diameter of the gel that occurs during synthesis, CC-DHA hydrogel 

disks (Figure 3.3b and 3.3c) were synthesized using a modified procedure; a test-tube shaped 

flask containing a wide open neck was utilized such that the gel could be removed without 

impairment (Appendix Figure B.1). CC-DHA hydrogels are subject to variability in degradation 

and swelling rates due to the random nature of the reaction, as discussed in Chapter 2. The non-

anhydrous nature of the modified reaction will increase structural and performance variability, 

however, all samples were found to degrade in vivo on the desired rapid timescale, as will be 

discussed in the following sections. The presumed major cause of variance is the manual 

addition of pyridine and non-uniform mixing rates during synthesis. For commercialization, an 

air-tight reactor with controlled reagent flow rates and stirring would be ideal to enhance the 
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uniformity of CC-DHA polymer disks.      

For increased efficiency of purification, hydrogel disks are purified in sliced form, cut 

using a Progressive Prep Solutions Multi Slicer (PPSMS, Appendix Figure B.1). Ultimately, the 

PPSMS yields samples that are approximately 2 mm thick, with minor differences due to the 

applied pressure during slicing. It is important to note that the hydrogel swells during 

purification. When fully swollen with chloroform, the gel is sensitive to fractures and tears, and 

therefore should be handled with care.  

Following purification and drying, polymer samples were found to have sufficient 

flexibility for facile handling and implantation. In addition, the hydrogel showed resistance to 

inadvertent needle puncture (Figure 3.4a), indicating its potential as a barrier for accidental 

bowel injury during fascial closure.  

  

3.4.2. In Vivo Degradation  

  Previously, CC-DHA polymers were shown to undergo rapid in vitro degradation under 

physiological conditions. Samples (20mg) submerged in phosphate buffered saline (pH=7.4) and 

rotated at 37
o
C were found to degrade 96.3±3.4% in less than 4 hours (Chapter 2). In the present 

study, the in vivo degradation of CC-DHA was determined in a mouse model. Rectangular CC-

DHA samples (Figure 3.3a) were implanted into the intraperitoneal cavity of C57BL/6N mice 

and tested for percent degradation at 3, 6, and 12 hours. Separate mice were analyzed for each 

time point and animals were sacrificed immediately before examination. Hydrogels were tagged 

with a suture for facile explantation. Results are shown in Table 3.1a.  
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Figure 3.4. (a) A rectangular CC-DHA hydrogel sample demonstrates resistance to inadvertent 

needle puncture. (b) CC-DHA hydrogel disk that was removed following 6 hours of implantation 

into the mouse abdomen and contains a mass that is 177.8% of its original size due to swelling. 

At initial implantation, the disk was cylindrical with a 20 mm diameter; the non-circular shape of 

the explanted hydrogel is due to degradation of the CC-DHA polymer network. (c) 20 mm CC-

DHA hydrogel disks before and (d) after implantation into the intraperitoneal cavity.  
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Table 3.1. Analysis of CC-DHA hydrogels at specified time points before and after implantation 

in a mouse model. Final mass consists of non-degraded CC-DHA polymer as well as liquid 

absorbed into the gel from the abdominal cavity. Absorbed fluid is the cause for >100% CC-

DHA mass at extraction. (a) Approximate dimensions of the initial dry implanted hydrogel were 

5mm x 5mm x 1.5-2mm. (b) Initial dry implanted hydrogels were cylindrical disks of 20 mm 

diameter and approximately 2mm thickness. 

 

(a) 

 

Evaluation 

Time (hr) 

Mouse 

(g) 

CC-DHA 

Initial 

mass (mg) 

CC-DHA 

Mass at 

Extraction 

(mg) 

% CC-

DHA Mass 

at 

Extraction 

CC-DHA 

Width at 

Extraction 

(mm) 

CC-DHA 

Height at 

Extraction 

(mm) 

3 29 48.4 38.4 79.3 6 2.5 

  34 46.9 102.7 219 8 4 

  25.5 49.5 12.2 24.6 4 1.5 

6 35.5 *102.7 0.3 0.3 1 0.4 

  35.5 48.1 0 0 0 0 

  **28 50.0 0 0 0 0 

  28.5 45.4 0.3 0.7 1.6 0.35 

12 24 41.8 0 0 0 0 

  20.5 42.7 1.9 4.4 0.07 0.15 

  20.1 47.4 0 0 0 0 
     *Test sample, unknown dimensions **Intraabdominal bleeding encountered 

 

(b) 

 

Evaluation 

Time (hr) 

CC-DHA 

Initial mass 

(mg) 

CC-DHA 

Mass at 

Extraction 

(mg) 

% CC-DHA 

Mass at 

Extraction 

6 559.2 0 0 

  601.0 26.9 4.5 

  621.3 1104.7 177.8 

9 569.8 0 0 

  602.6 0 0 

  634.8 0 0 

  593.3 0 0 

  603.3 0 0 

  639.7 0 0 
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“% CC-DHA Mass at Extraction” (Table 3.1) was calculated according to Equation 3.1, 

where “CC-DHA Mass at Extraction” includes fluid that has been absorbed into the hydrogel 

from the abdominal cavity. 

 

[
𝐶𝐶 − 𝐷𝐻𝐴 𝑀𝑎𝑠𝑠 𝑎𝑡 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐶𝐶 − 𝐷𝐻𝐴 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠
] 𝑥100        (𝑒𝑞. 3.1) 

 

Three hours after implantation, the CC-DHA hydrogels were still present in all mice with 

varying degrees of degradation. Two samples show a decrease in mass between implantation and 

extraction (79.3% and 24.6% mass at extraction), while one sample shows a large increase 

(219% mass at extraction). The increase is mass is due to fluid absorption into the hydrogel. CC-

DHA hydrogels contain highly hydrophilic poly(ethylene glycol) chains within the polymer 

network that promote the uptake of water into the polymer matrix (Chapter 2). It is important to 

note that swelling and degradation occur simultaneously, and therefore the observed mass 

increase is not an indication of a non-degraded hydrogel disk. At both the 6 and 12 hour time 

points, CC-DHA hydrogels are significantly degraded and have an average mass percent at 

extraction of 0.2 ± 0.3% and 1.5 ± 2.6%, respectively. Therefore, despite the random nature of 

the polymer matrix, all CC-DHA hydrogels degrade on a rapid timescale in vivo as expected.  

Similar results occur in the testing of large cylindrical disks of 20-mm diameter (Table 

3.1b). Due to the increased size of the hydrogel sample, degradation occurs over a longer 

timescale than for the small rectangular disks. Six hours after implantation, high variance in the 

% CC-DHA mass at extraction is observed. Two samples are substantially degraded with 100% 

degradation in one sample and 4.5% mass at extraction for the second. The third trial measuring 

degradation 6 hours post-implantation was found to have 177.8% mass at extraction, however, 
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clear signs of degradation are present (Figure 3.4b). At 9 hours, all 20-mm disks are 100% 

degraded. As previously mentioned, CC-DHA hydrogels experience variability in swelling and 

degradation rates due to the random nature of reaction and manual control of reagent addition 

and stirring. It is expected that appropriate reactor design would significantly reduce the 

observed variability.   

The hydrophilic nature of the polymer network contributes to the rapid degradation of the 

hydrogel, however, can also lead to patient dehydration due to absorption of bodily fluid into the 

disk. Larger CC-DHA disks will absorb more fluid from the abdominal cavity and increase the 

potential risk for dehydration. Unlike the small rectangular CC-DHA samples, 20 mm diameter 

disks were found to cause mortality in all mice observed 9 hours after implantation. It is believed 

that the quantity of hydrogel used in these studies exceeded the limits of the mouse model. A 20-

mm disk sufficiently covers the mouse abdominal organs as desired (Figure 3.4c and 3.4d). In 

translation to a human, however, only the diameter of the CC-DHA disks would need to be 

increased proportionally to patient size. Hydrogel thickness is a function of needle shape and 

force, rather than abdominal cavity depth. It is not expected that the mass ratio of 

hydrogel:mouse used in the 20 mm disk study would be analogous to the hydrogel:human mass 

ratio for an equal abdominal surface coverage. An additional important factor to consider is the 

maximal tolerable level of degradation products per patient size. Degradation products include 

DHA, various GE-tri(ethylene glycol) combinations as previously discussed in detail in Chapter 

2, and presumably CO2 due to the breakdown of polycarbonate bonds.
25,26

 DHA is a natural 

metabolite, which reduces risk of toxicity, and GE is a type of 3-arm poly(ethylene glycol) 

polymer; Poly(ethylene glycol)s are known biocompatible polymers and are commonly utilized 

in both linear and branched forms in biomedical applications.
27

 Overall, the current study 
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highlights the rapid degradation of CC-DHA hydrogel disks, while also suggesting that patient 

hydration may be necessary to prevent discomfort or morbidity. Future work involves the 

determination of size constraints for various species and their translation to the human abdomen.  

In a subsequent study, smaller cylindrical disks (Figure 3.3c) were tested for in vivo 

degradation with the use of intra and post implantation hydration in a mouse model. In practice, 

fluid administration and monitoring is normal for patients undergoing abdominal surgery.
28

 

Therefore, it’s possible that the hydrophilic nature of CC-DHA would not require substantial 

additional consideration with regard to intraoperative hydration. Mice received a 1 mL injection 

of warm saline subcutaneously both at the beginning and after hydrogel disk implantation and 

were found to be ambulating 15-60 min from completion of the procedure. In this study, CC-

DHA disks were tagged to the inner right abdominal wall using a single stitch (Figure 3.5). Three 

hours after insertion, the hydrogel disks appeared completely dissolved. Accordingly, mice tested 

at 6, 9, and 24 hours also showed full degradation of the 8 mm-diameter CC-DHA disks.  

 

 
 

Figure 3.5.  Example of cylindrical CC-DHA hydrogel disk of 8mm diameter bound to the inner 

right abdominal wall of a mouse.  
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Figure 3.6.  Abdominal fluid measured at specified time points following implantation of CC-

DHA hydrogel disks of 8-mm diameter, and approximately 2 mm thickness, into a mouse model. 

For each time point, n=4 mice.   

 

The mass of the hydrogel disks used in this study were an average of 81.4 ± 13.9 mg. The 

large standard deviation in hydrogel mass is partially due to minor variations in hydrogel 

thickness, however, can be largely attributed to the random nature of the synthesis as previously 

mentioned. Despite the deviation in hydrogel mass, all disks degraded on a rapid timescale and 

abdominal fluid demonstrated low variability at each time point. Figure 3.6 shows the volume of 

fluid within the abdomen for each mouse at each time point. Fluid is retained at 3 and 6 hours 

post implantation, however, all excess fluids appear to be absorbed within 9 hours. Excess 

abdominal fluid can lead to complications such as increased intraabdominal pressure,
29

 however, 

the observed rapid resorption rates suggests minimal risk for excess fluid related morbidities. 

Raw data for each mouse is included in Appendix B (Table B.1).  

At time points of 3, 6, and 9 hours, mice were sacrificed prior to abdominal examination; 

however, mice evaluated at 24 hours post-implantation were anesthetized, examined, and 
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retained for an additional week. All mice were ambulating, grooming, drinking, and eating 

normally as well as passing regular stools. One additional mouse was not evaluated until 8 days 

post implantation and also appeared to be in good health. Furthermore, no signs of inflammation, 

adhesion formation, or fibrosis were observed by visual inspection of any mouse upon evaluation 

at each time point.  

 

3.5. Conclusions 

The results indicate that CC-DHA hydrogels are flexible, capable of resisting inadvertent 

needle puncture and rapidly degrade in vivo. High variance in swelling and degradation at early 

time points pose a clinical issue. Therefore, future work should be performed to develop more 

uniform polymer disks. Due to the hydrophilic nature of CC-DHA, patient hydration should be 

taken into consideration for large samples with high abdominal coverage. Overall, the hydrogels 

show promising biocompatibility and are potential biodegradable intraperitoneal shields for the 

facilitation of post-laparotomy closure. 
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CHAPTER 4 

KINETIC ANALYSIS OF THE REACTION BETWEEN                                        

DIHYDROXYACETONE AND ETHANOLAMINE 

 

4.1. Abstract 

The ability to control chemistries at the surface of macromolecular structures has enabled 

the development of a wide range of valuable technologies (ex: protein immobilization platforms, 

scavenger resins, drug delivery vehicles, etc.).  Amine reactive surfaces, in particular, are of high 

interest owing to the vast population of natural and synthetic compounds bearing amine 

functional groups. Dihydroxyacetone is well known to react with primary and secondary amines 

and can be formulated into a variety of macromolecular structures. To predict the binding 

capability of DHA-based polymers with various proteins or synthetic chemicals, a model 

reaction of free DHA and ethanolamine was studied.  Reactions were performed in aqueous 

solutions, over a temperature range of 4
o
C to 55

o
C, using real-time infrared spectroscopy. The 

method of initial rates was employed to minimize the effect of downstream Maillard reaction 

products.  Reaction progress was measured by the decrease in carbonyl absorption (1714-1755 

cm
-1

) during the initial 3-5 minutes of reaction and kinetic parameters were calculated according 

to a bimolecular kinetic model. The work presented herein is the first step in a broad goal to 

explore the feasibility of DHA-based materials in amine reactive surface applications.   

 

4.2. Introduction 

Surface-based chemistries play a role in several fields including drug delivery
1
, 

proteomics,
2
 bioreactor design,

3
 and polymer-assisted solution phase synthesis.

4
 Surfaces that 
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covalently bind amine functional groups are of considerable interest in biomedical engineering 

due to the multitude of biomolecules and drugs that contain amine functional groups, as well as 

the range of macromolecular structures that can be formulated from functional materials. One 

strategy to develop an amine-reactive surface is to create a bulk material containing carbonyl 

groups. The reaction between an amine and a carbonyl group forms a Schiff base (-C=N-, a, 

Figure 4.1). Schiff base formation is a facile and pH sensitive reaction that is reversible, except 

in the presence of a reducing agent (b, Figure 4.1).  

  Schiff base chemistry has enabled the development of controlled release drug delivery 

devices,
5
 platforms for high throughput protein activity assays,

6
 scavenger resins for facile 

purification in chemical synthesis,
7
 and other technologies.

8
 For example, Langowska et al. 

demonstrated that aldehyde-coated polymersomes could be permanently attached to amine 

coated silicon surfaces via reductive amination of Schiff base linkages, and locally release 

antibiotics, to prevent infection over an extended period.
1
 Hillebrenner et al. developed amine-

functionalized silica nano-tubes that could be “corked” with aldehyde functionalized polystyrene 

nanoparticles via Schiff base bonds, and potentially be utilized as a drug carrier.
9
  Saito et al. and 

Dai et al. showed that Schiff base chemistry can be used to develop pH-responsive delivery 

systems.
5,10

 Pioneering work in the field of protein microarrays was performed by Macbeth and 

Schreiber who demonstrated that 10,800 proteins could be immobilized onto an aldehyde-coated 

slide through Schiff-base interactions.
6
   

 

 

 

 

 

Figure 4.1. (a)  Formation of a Schiff base. R”≠H. (b) Reducing agent, ex: NaBH4 
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  As previously mentioned in Chapter 1, dihydroxyacetone (DHA) contains a ketone group 

that is known to react with primary and secondary amines. Additionally, DHA can be 

polymerized into polyesters and polycarbonates with various morphologies such as 

microparticles or hydrogels. To date, however, the reactive functionality and utility of each DHA 

biomaterial has yet to be explored. As a first step in understanding the capabilities of amine-

reactive DHA-based materials, this chapter examines a model reaction between free DHA and 

ethanolamine (EA) along with an analysis of several kinetic parameters. Knowledge of the 

reaction kinetics between DHA and primary amines will shed light on potential future 

applications of DHA polymers and can also assist in the mathematical modeling of some 

applications, such as drug release rates.  The reaction of DHA and EA was monitored using real-

time FT-IR spectroscopy; DHA concentration profiles in time were calculated by tracking the 

decrease in carbonyl absorbance (1714-1755 cm
-1

) during the initial stages of reaction. The 

method of initial rates was employed to gather rate constants at various temperatures and to 

determine reaction orders, as well as the activation energy, according to a bimolecular kinetic 

model. 

 

4.3. Materials and Methods 

 

4.3.1. Materials 

IR spectra were recorded on a ReactIR 4000 (Mettler Toledo) equipped with a 30-

bounce, silicon tipped probe (tested for chemical compatibility, Table C.1). Phosphate buffered 

saline (pH=7.4, Corning Cellgro) was purchased from VWR international. Ethanolamine and 

dihydroxyacetone dimer were purchased from Sigma Aldrich. Curve fitting was performed using 
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SigmaPlot software. For temperature compensated pH acquisition, the pH meter was calibrated 

at 25
o
C. Manual compensation was performed by adjusting the pH meter to the appropriate 

temperature and testing the pH=10.01 (25
o
C) standard solution for appropriate transition (pH = 

9.88 at 37
o
C). 

1
H NMR spectra were recorded on a 600MHz Varian INOVA spectrometer.  

 

4.3.2. Preparation of DHA Monomer for Kinetic Studies 

Dihydroxyacetone dimer was converted to monomeric form using the protocol described 

in Chapter 2. In brief, DHA dimer (4 g) is combined with 2-propanol (400 mL) and stirred, while 

partially submerged in a 60
o
C oil bath, for 40min. The solution is then filtered and approximately 

225-275 mL of 2-propanol are removed by rotoevaporation, over a period of 95 minutes or less, 

at 50-55
o
C. The resulting liquid is held at -20

o
C overnight, after which the white crystallized 

DHA is recovered and dried under vacuum at room temperature. Larger concentration 

crystallizations were also utilized: 2-propanol (400 mL) is added to DHA dimer (12 g), stirred at 

60
o
C for 1.17hr, followed by filtration and removal of approximately 100 mL of 2-propanol by 

rotoevaporation. Yield, characterization, and discussion are reported in Chapter 2.  

 

4.3.3. DHA Monomer Temperature Dependence  

The ketone to hydrate ratio of DHA in aqueous solutions, at equilibrium, is temperature 

dependent. 
1
H NMR was used to determine the concentration of the ketone-containing form at 

various temperatures.  In this study, DHA monomer was prepared by stirring DHA dimer (2g) in 

DI water (200 mL) at room temperature for 24 hours. The sample was then lyophilized to obtain 

DHA monomer as a white powder. 
1
H NMR (400 MHz, DMSO-d6, 25

o
C, δ): 5.02 (t, 2H, OH), 

4.16 (d, 4H, CH2). 
13

C NMR (100 MHz, DMSO-d6, 25
o
C, δ):  211.49 (C=O), 65.68 (CH2).  
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A 5 mg/mL solution of DHA monomer in D2O was cooled to 4
o
C within the NMR 

chamber, allowed to stand for 10 minutes, and a 
1
H NMR spectrum was recorded (25 s relaxation 

delay, 90 degree pulse). The chamber was heated to 15
o
C, 22

o
C, 37

o
C, 45

o
C, and 55

o
C, 

respectively, and allowed to stand for 10minutes at each temperature before a 
1
H NMR spectrum 

was acquired. The solvent peak shifted with temperature (a normal observation for atoms capable 

of hydrogen bonding) and spectra were referenced according to Equation 4.1 by Gottlieb et al., 

where T is the temperature in Celsius, and δ is the chemical shift in ppm.
11

 
1
H NMR (600 MHz, 

D2O, δ): 4.40 (s, 4H, CH2, ketone monomer), 3.56 (s, 4H, CH2, hydrate).      

                                    

𝛿 = 5.060 − 0.0122𝑇 + (2.11𝑥10−5)𝑇2         (𝑒𝑞. 4.1) 

 

4.3.4. Kinetic Analysis 

  Real-time infrared spectroscopy was used to determine kinetic parameters. The reaction 

between DHA monomer and ethanolamine was monitored using various initial concentrations of 

each reagent (Table 4.1). A sample reaction is described as follows: The probe was inserted into 

a cylindrical flask with stirring phosphate buffered saline (pH=7.4, 5.0mL). The flask was placed 

into a 37
o
C water bath, allowed 10 minutes to reach 37

o
C, and then a background spectrum was 

recorded. Next, the flask was charged with a concentrated solution of DHA monomer (200µL, 

Table C.2) in PBS using a 6 inch syringe needle. Details on DHA injection-sample preparation 

are included in Appendix C (Table C.2). Lastly, a concentrated solution of ethanolamine (150µL, 

Table C.3) in PBS was injected into solution. The carbonyl band (1714-1755 cm
-1

) was 

monitored over 15 minutes, scans were recorded at 15 second intervals, and all reactions were 

measured in duplicate. Absorbance was found to be directly proportional to concentration 

(Figure C.1).  
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Table 4.1: Initial concentration of DHA (total; both ketone and hydrate forms) and EA in each 

reaction.  

Reaction Temp. (
o
C) Total DHA 

(mM) 

EA (mM) 

1 37 158 50 

2 37 158 100 

3 37 158 200 

4 37 158 300 

5 37 158 400 

6 37 158 465 

7 37 50 200 

8 37 100 200 

9 37 200 200 

10 37 296 200 

11 37 400 200 

12 37 505 200 

13 4 200 200 

14 15 200 200 

15 22 200 200 

16 45 200 200 

17 55 200 200 

 

 

 

The temperature dependence of the reaction was studied using the same methodology. 

Reactions were monitored at 4
o
C, 15

o
C, 22

o
C, 37

o
C, 45

o
C, and 55

o
C using a 200mM initial 

concentration of total DHA monomer and a 200mM concentration of ethanolamine.  

 

4.3.5. pH Determination 

 The initial pH of reaction was determined for reactions 1-12 (Table 4.1). The reaction 

procedure used for infrared spectroscopy studies was implemented; however, a slightly different 

platform was utilized. In brief, the pH probe was inserted into a 10 mL beaker with stirring 

phosphate buffered saline (5.0mL), in a 37
o
C water bath. The system was allowed 10 minutes to 

reach the appropriate temperature and then DHA monomer (200µL, Table C.2) was injected. 
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Next, ethanolamine (150µL, Table C.3) was injected into solution and the resulting pH was 

recorded.  

 

4.4. Results and Discussion 

 

4.4.1. DHA Monomer Temperature Dependence  

In aqueous solutions, DHA exists partially in a hydrated form (I, Figure 4.2). The 

percentage of DHA monomer in ketone and hydrate forms, in D2O, was determined using 
1
H 

NMR spectroscopy and the results are shown in Table 4.2. The percentage of ketone-containing 

DHA in aqueous solution was found to increase with increasing temperature. This trend was also 

observed by Reynolds et al. in the case of dihydroxyacetone phosphate.
12

 The data is further 

supported by the measurement of a 4:1 ratio of ketone to hydrate at room temperature, which 

was previously reported by Davis using 
1
H NMR spectroscopy at 25

o
C.

13
  

 

 

Table 4.2. Percent of DHA monomer in ketone and hydrate forms in D2O calculated using 
1
H 

NMR peak integration ratios of each component. *Minor NMR tuning difficulties were 

encountered prior to recording the 
1
H spectrum at 55

o
C; however, the signal was highly resolved.  

 

Temp 

(
o
C) 

Integration Ratio of 

DHA Methylene 

Units in Ketone 

Form (4.40 ppm) to 

Hydrate Form (3.56 

ppm) 

% DHA 

Monomer 

(Ketone 

Form) 

% 

Hydrate 

4 1:0.37 73 27 

15 1:0.31 76 24 

22 1:0.25 80 20 

37 1:0.17 85 15 

45 1:0.14 88 12 

55* 1:0.11 90 10 
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Figure 4.2. Generalized reaction scheme between DHA monomer and ethanolamine. (a) 

Equilibrium reaction between DHA monomer and DHA hydrate in aqueous solution (b) Schiff 

base formation (c) Heyns rearrangement. Nomenclature: (I) DHA hydrate (II) DHA monomer 

(DHA) (III) Ethanolamine (EA) (IV) Schiff base (V) Heyns rearrangement product (HRP). 

 

 

4.4.2. Kinetic Analysis 

 The reaction between DHA and amine compounds results in the formation of 

melanoidins, or “browning”, through a Maillard reaction type pathway.
14–16

  The Maillard 

reaction occurs between reducing sugars and primary amines and is largely investigated for its 

relevance to the food industry as the reaction can lead to various flavor, color and aroma 

compounds in food products.
17–19

 The mechanism is incredibly complex; the reaction is initiated 

by condensation of an amino group and a sugar, and then a series of rearrangements and further 

reactions occur that form a complicated network of processes resulting in many different 

products.
17,20

  Kinetic analyses are therefore very difficult to perform and it is for this reason that 

Maillard kinetics are still not completely understood.
21,22

 

The most traditionally accepted mechanistic outline of the Maillard reaction was 

developed by Hodge and describes the reaction as occurring in three stages: the initial stage, the 

intermediate stage, and the final stage.
20

 The initial stage involves the condensation of sugar and 

amine compounds to form a Schiff base, followed by rearrangement into Amadori compounds 

(for aldoses) or Heyns products (for ketoses, such as DHA).
23

 The goal of the current study was 
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to determine Schiff base reaction rate parameters and provide a basis of understanding for how 

DHA polymers might perform in amine-reactive surface applications. The model system chosen 

for analysis is the reaction between DHA monomer and ethanolamine (EA). EA was selected as 

the model amine for its structural simplicity and high water solubility. The reaction scheme is 

shown in Figure 4.2. In the case of DHA-based polymers, the hydroxyl groups on the C1 and C3 

carbons of DHA are transformed into polyesters or polycarbonates. For the Heyns rearrangement 

to occur, as well as advanced Maillard reaction products, the reactive carbonyl group must 

possess a free α-hydroxy group.
17,24

 Therefore, for the purpose of this study, we analyze only the 

initial stage of the reaction, using the method of initial rates, to gain information on Schiff base 

formation. It is important to note that Maillard reactions are highly dependent on parameters 

such as temperature, pH, amine/sugar starting reagents, and buffer. In the current study, the 

effect of temperature is evaluated as a starting point; a nonlinear Arrhenius plot may indicate 

different temperature sensitivities of underlying reactions and provide insight into the limitations 

of the current model in future studies.    

 A variety of models have been used to analyze Maillard kinetics ranging from simple to 

complex.
21,22

 Complex approaches, such as multi-response modeling, are superior for gaining 

reaction mechanistic insight; however, a more simplistic model is employed herein as a first step 

in understanding the behavior of DHA and EA in solution. In a critical review of Maillard kinetic 

models, the approach of simplifying the initial stage of reaction to Equation 4.2 is discussed, 

where A represents unprotonated amino groups, S’ is the reducing sugar in open chain form, and 

ARP is the Amadori rearrangement product.
22

  

 

                                               (𝑒𝑞. 4.2)                                                                   
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In the case of measuring the decrease in concentration of reactants in the absence of 

interfering reactions, it is noted that kobs would reflect the formation of the Schiff’s base.
22

 In the 

present work, the DHA and EA model system is simplified to Equation 4.3 where HRP is the 

Heyns rearrangement product.  

                       (𝑒𝑞. 4.3)                                      

Assuming a rapid equilibrium of DHA with DHA hydrate, a bimolecular kinetic model is 

utilized and shown in Equation 4.4, for t=0 seconds, where vt=0 is the initial reaction rate and kobs 

is the observed rate constant for Schiff base formation. The method of initial rates was used to 

determine reaction orders X and Y, kobs, and an activation energy for the simplified reaction 

scheme. 

                       𝑣𝑡=0 = − [
𝑑[𝐷𝐻𝐴]

𝑑𝑡
]

0
=  𝑘𝑜𝑏𝑠[𝐷𝐻𝐴]0

𝑋[𝐸𝐴]0
𝑌

      (𝑒𝑞. 4.4)                                               

The decrease in DHA concentration during a series of reactions was monitored using 

various initial concentrations of DHA and EA as described in Table 4.1. The reaction was 

monitored by recording the decrease in carbonyl absorbance over time. In each curve, 

absorbance was converted to concentration by applying a directly proportional relationship using 

the known initial molarity of DHA in solution (average of five consecutive absorbance readings 

prior to the start of reaction). DHA concentration profiles for each reaction performed at 37
o
C 

are shown in Figure 4.3. It is important to note that all reported initial DHA concentrations are 

85% of the total DHA monomer administered into the reaction due to the 15% conversion to 

hydrate upon dissolution at 37
o
C. 
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Figure 4.3. Concentration profiles of the ketone form of DHA during reaction with 

ethanolamine, at 37
o
C, as determined by carbonyl absorbance readings using real-time infrared 

spectroscopy. (a) Initial ketone-containing DHA concentration in all trials is 135 mM (total DHA 

concentration: 158mM). (b) Initial EA concentration in all trials is 200mM. For all trials, n=2.  
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For each individual reaction, a second order polynomial was fit to the initial 3-5 minutes 

of the DHA reaction profile. The resulting Equation (4.5) shows DHA concentration as a 

function of time:  

                                                     [𝐷𝐻𝐴] = 𝑎𝑡2 + 𝑏𝑡 + 𝑐            (𝑒𝑞. 4.5)                                                                         

 The rate of reaction can be found by taking the derivative of Equation 4.5. The initial rate was 

determined by computing the derivative at t=0 seconds as described by Equations 4.6 and 4.7. 

Initial rate data for all trials are shown in Figure 4.4.   

 

                                                        𝑣 = −
𝑑[𝐷𝐻𝐴]

𝑑𝑡
= −2𝑎𝑡 − 𝑏     (𝑒𝑞. 4.6)                                                                  

                                                                   𝑣𝑡=0 = −𝑏                     (𝑒𝑞. 4.7)                                                                                        

 

Reaction order Y is determined by fitting a power function to the initial rate (vt=0) vs. [EA]0 

graph in Figure 4.4a according to the following relationships:  

                                                        𝑣𝑡=0 = 𝑘𝑜𝑏𝑠[𝐷𝐻𝐴]0
𝑋[𝐸𝐴]0

𝑌
 

         For [DHA]0 = 0.135M, we define 𝑘𝑌𝑜𝑏𝑠 = 0.135𝑋𝑘𝑜𝑏𝑠  

                                                             𝑣𝑡=0 = 𝑘𝑌𝑜𝑏𝑠[𝐸𝐴]0
𝑌
     

  Similarly, reaction order X can be determined:  

                                                           𝑣𝑡=0 = 𝑘𝑋𝑜𝑏𝑠[𝐷𝐻𝐴]0
𝑋

 

                                                                where,   𝑘𝑋𝑜𝑏𝑠 = 0.2𝑌𝑘𝑜𝑏𝑠 
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Figure 4.4. (a) Initial rate of reaction for 0.135M DHA (ketone form) reacted with various initial 

concentrations of EA, at 37
o
C. Power fit: y=Ax

B
 where A = 2.81x10

-3
; standard error (A) = 

1.73x10
-4

 and B=0.969; standard error (B) = 0.058. Standard error of estimate (SEE) =  5.91x10
-5

 

(b) Initial rate of reaction for 0.2M EA reacted with various initial concentrations of DHA, at 

37
o
C. Power fit: y=A’x

B’
 where A’ = 4.32x10

-3
; standard error (A’) = 2.77x10

-4
 and B’=0.976; 

standard error (B’) = 0.053. Standard error of estimate (SEE) = 8.57x10
-5

. Error bars indicate the 

standard error of the initial rate (i.e. of the “b” term in each polynomial fit) for each trial.  
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Table 4.3. Kinetic parameters for a bimolecular model of the initial reaction between DHA and 

EA at 37
o
C. Parameters were determined by the method of initial rates using infrared 

spectroscopy to monitor the DHA-ketone consumption in time.  

 

 

Rate=kobs[DHA]
X
[EA]

Y 

kobs 20.2x10
-3

 ± 2.4x10
-3

 1/M-s 

X 0.976 ± 0.053 

Y 0.969 ± 0.058 

 

 

Once X and Y are determined, kobs can be extracted from kXobs and kYobs. A summary of 

kinetic parameters are shown in Table 4.3. Values of X and Y were close to one, indicating the 

reaction is likely first order in both reactants. A linear fit of initial rate vs. [DHA]0 yields an R
2
 

value of 0.981 and a linear fit of initial rate vs. [EA]0 yields R
2
=0.985 indicating that the data fits 

well to a first order rate dependence on each reactant.  

 

4.4.3. Temperature Effect on Reaction Rate 

While physiological temperature is the most relevant condition to current applications of 

DHA polymers, a study of reactivity at various temperatures is of equal importance. For 

example, in drug delivery applications, protein loading and storage need not occur at 

physiological temperature. Also, in future applications such as protein immobilizing platforms, 

room temperature or lower may be of higher importance due to enhanced stability of both 

polymers and proteins at these temperatures. Therefore, the behavior of reaction in the range of 

4
o
C-55

o
C was determined. The upper limit was determined based on the reduced stability of 

DHA monomer at high temperatures.
25
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Figure 4.5. DHA reaction profiles with EA at various temperatures. For all trials, total initial 

DHA monomer (hydrate and ketone) concentration is 200mM and initial EA concentration is 

also 200mM. Reactions at each temperature were performed in duplicate.  
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Figure 4.6. Arrhenius plot of rate constants obtained from the reaction of EA and DHA at 

various temperatures. (a) Two trials were performed at each temperature (4
 o

C, 15
 o

C, 22
 o

C, 37
 

o
C, 45

 o
C, and 55

 o
C) and are plotted individually, each with their associated error. Error bars are 

generated from the propagated standard error of initial rate (i.e. of the “b” term in each 

polynomial fit) calculated from each trial. (b) Linear fit, excluding the 4
o
C data point: y=mx+b. 

m=-3439.7, standard error (m): 202.5; b=7.21, standard error (b): 0.66. R
2
 of fit: 0.973.  
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All experiments were performed with an initial 1:1 molar ratio of total dihydroxyacetone 

(200mM) and ethanolamine (200mM). Figure 4.5 shows the DHA concentration vs. time curves 

for each temperature tested. Due the varying percentage of ketone-containing DHA at each 

temperature, reaction rates are difficult to visually compare based on concentration profiles. 

Instead, rate constants were extracted and an Arrhenius plot is shown in Figure 4.6a. At 4
o
C, a 

rapid initial drop in DHA concentration is observed followed by a slow progression of reaction. 

The results indicate a shift in the relative reaction rates of multiple underlying processes and 

therefore the point was excluded from the calculation of an overall Ea (Figure 4.6b). A linear 

trend is observed which yields an activation energy (Ea) of 28.6 ± 1.7 kJ/mol. The general trend 

for increasing rate of Schiff base formation with increasing temperature has been observed in 

different systems,
26–28

 however, a direct comparison of kinetic information is challenging due to 

the dependence on specific sugar, amine, pH, temperature range, kinetic model, and solvent.  

 

4.4.4. pH Determination 

The initial pH of reaction for all 37
o
C trials is shown in Figure 4.7. The concentration of 

ethanolamine in solution was found to exceed the buffering capacity of 1X PBS; therefore, 

reactions were performed under basic conditions. The initial pH range of each reaction is 10.43 

to 11.03. The rate of Schiff base formation is affected by the concentration of unprotonated 

amine as well as protonated carbonyl group, which are favored in opposing pH conditions.
21

 

Investigations of the Maillard reaction often report increased rate of browning under basic 

conditions,
29–32

 however, Namiki claims that the initial stage of reaction should reach a peak rate 

at weakly acidic pH.
33

 Echevarría et al. showed that as pH increased, the overall rate constant for 

Schiff   base   formation   between   pyridoxal 5’-phosphate   and  L-tryptophan,  at  temperatures  
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Figure 4.7. (a) Initial pH of reaction for 0.135M DHA (ketone form) reacted with various initial 

concentrations of EA, at 37
o
C (b) Initial pH of reaction for 0.2M EA reacted with various initial 

concentrations of DHA, at 37
o
C. For all trials, n=2. 
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between 10
o
C and 37

o
C, increased to a maximum and then decreased.

34
 Further studies should be 

performed to measure the effect of pH on Schiff base formation in DHA systems as 

physiological conditions are most relevant to DHA-based biomaterials.  

 

4.5. Model limitations 

 A factor to be considered is the possible structural change in DHA monomer due to the 

pH change at the start of reaction. The ketone to hydrate ratio was calculated based on a solution 

of DHA monomer in D2O. Further information is needed to determine the equilibrium structures 

at the pH range tested in these studies to ensure that pH-based structural transformations do not 

affect the calculated kinetic parameters. Another important consideration is the assumption that 

the Heyns rearrangement product and further Maillard products are at low concentrations within 

the first few minutes of reaction, or convert rapidly to non-carbonyl containing compounds, such 

that the moiety does not significantly interfere with the ketone absorbance reading. Overall, the 

model mentioned herein is based on a simplified view of the initial stage of the Maillard 

reaction; a multiresponse model would be advantageous for gaining enhanced mechanistic 

information of the system.   

 

4.6. Conclusions 

 The reaction between DHA monomer and ethanolamine (EA) is studied. The rate of 

DHA loss, as measured by the change in infrared carbonyl absorption in time, is taken to reflect 

the rate of Schiff base formation during the initial stages of reaction. Using a simple bimolecular 

kinetic model and the method of initial rates, the reaction was found to have a first order rate 

dependence on each reactant, which is reasonable as the concentration of both reactants were 
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shown to significantly contribute to the reaction rate. Observed rate constants for various 

temperatures are reported and an activation energy is tabulated based on the Arrhenius equation. 

The work provides a starting point for analyzing the potential of DHA based materials in amine-

reactive surface applications. In the present study, reactions were performed under basic 

conditions and further work is needed to determine the effect of pH on reaction rate. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1. Conclusions 

 Metabolic synthons are highly advantageous building blocks for the design of 

biodegradable and biocompatible materials. Dihydroxyacetone, a three carbon sugar, has been 

previously used in the synthesis of a variety of biomaterials including hydrogels, strong solids, 

tablets, and microparticles.
1–5

 To date, DHA-based polymers have proven to be promising 

candidates for drug delivery devices, hemostatic agents, and seroma prevention tools.
2,4,6

 

Interestingly, previously reported hydrogels based on monomethoxy poly(ethylene glycol) and 

DHA (MPEG-pDHA) were shown to undergo rapid degradation in aqueous environments.
2
 To 

gain mechanistic insight into the rapid hydrolysis rates, a chemically cross-linked polycarbonate 

hydrogel containing DHA was synthesized using a glycerol ethoxylate backbone and tri(ethylene 

glycol) bis(chloroformate) cross-linker. Degradation rates under physiological conditions were 

studied in comparison to similar hydrogels that differed only in the presence and location of a 

ketone functional group. It was found that the presence of the ketone on DHA is a major 

contributor to the observed rapid degradation rates and the short carbon chain length between the 

ketone and carbonate bonds also plays a significant role. The findings were additionally 

supported by analysis of degradation products using diffusion-ordered nuclear magnetic 

resonance spectroscopy. The spectra provided evidence that only carbonate bonds adjacent to the 

ketone group of DHA degrade on the observed rapid timescale. The results provide valuable 

insight into the future design of novel DHA-based polymers.  

One example of how enhanced mechanistic understanding of degradation rates can shed 
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light on potential future applications is the current progress toward a biodegradable 

intraperitoneal shield to facilitate post laparotomy closure. Following abdominal surgery, incised 

fascia must be carefully sutured to avoid damage to the bowel. Solid objects such as malleable 

metal sheets or flexible visceral retainers are currently used to protect the bowel up until the final 

stages of suturing.
7–9

 To complete the closure, the device must be removed and therefore leaves 

the bowel susceptible to accidental damage during the final stitches. Also, such devices increase 

the risk of a retained surgical instrument which can have severe consequences.
10–15

 A 

biodegradable device would be advantageous in the prevention of such medical errors. The 

DHA-based hydrogels developed in this study (CC-DHA) are flexible, unlike the previously 

published DHA-based hydrogels (MPEG-pDHA) which are extrudable through a standard 

syringe needle.
2
 The present work in a mouse model shows that rapid degradation rates of CC-

DHA are observed in vivo, as expected, and the gels demonstrate promising biocompatibility and 

resistance to inadvertent needle puncture. Overall, the development of a biodegradable 

intraperitoneal shield for post laparotomy closure provides just one example of how mechanistic 

insight of DHA-based hydrogel degradation can lead to advanced materials for biomedical 

applications.   

 An additional advantageous feature of dihydroxyacetone that has yet to be fully exploited 

is the reactivity of the carbonyl group with amines to form Schiff bases.
16

 Zelikin et al. showed 

that when the alpha hydroxy groups of DHA are used to form polycarbonates, the ketone remains 

reactive with primary amines.
3
  The reactive functionality of DHA-based polymers offers 

possibilities for drug attachment, chemical cross-linking, and various surface modifications. To 

gain insight into the timescale of reaction, a model reaction between DHA and ethanolamine was 

studied using real-time infrared spectroscopy. A simple bimolecular model was evaluated and 
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progression of the reaction was monitored by measuring the decrease in absorbance of the 

carbonyl peak. To best avoid the influence of downstream Maillard reaction products, the 

method of initial rates was employed. Rate constants were determined at various temperatures 

under basic conditions. Future work should be performed to determine kinetics under 

physiological conditions. 

 

5.2. Future Directions 

5.2.1. DHA-Based Poly(urethane)s 

 A number of polymeric materials based on DHA have been reported in the literature.
1,3,17–

19
 Ring opening polymerization (ROP) is the main synthetic route employed, which has thus far 

enabled the synthesis of polycarbonates and poly(carbonate-ester)s of DHA and various 

compounds. Recently, polyesters were reported through the use of a Schötten-Baumann type 

reaction with acyl chloride compounds.
20

 Poly(urethane)s, however, have yet to be extensively 

studied. Poly(urethane) materials haven proven useful in biomedical applications such as tissue 

engineering scaffolds, drug delivery devices, catheters, and various additional medical 

devices.
21–24

 The extension of DHA-based materials to poly(urethane) linkages may lead to 

additional polymer properties, for example, a broader array of hydrolytic degradation rates, 

thereby expanding the potential applications of DHA-based macromolecular structures.  

 A proposed synthetic route to a urethane linkage between DHA and MPEG is shown in 

Figure 5.1. Dimethoxy-acetal protected DHA (MeO2DHA, Figure 5.1) can be synthesized 

according to a previously established protocol as described in Chapter 1.
3
 The resulting polymer 

is a DHA molecule end-capped with MPEG via urethane bonds. One possible method to gain 

information on hydrolytic degradation rate is through time course 
1
H NMR experiments. Peak 
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integration ratios over time in buffered deuterium oxide solution (using the methoxy group of 

MPEG as a reference) can shed light on the rate at which DHA is removed from the polymer 

backbone. Additionally, degradation may be measured by gel permeation chromatography 

(GPC). Polymer degradation will result in a ~50% decrease in molecular weight. If the molecular 

weight of MPEG is sufficiently large, the growth of a shoulder or separate viewable peak may be 

visible in a GPC curve. Overall, the exploration of DHA-based urethanes may lead to interesting 

new findings for DHA-based polymers and increase the potential for future applications.   

 

 

 

Figure 5.1. Proposed generalized synthetic scheme to urethane linkage between DHA and 

MPEG. I: organotin catalyst (ex: stannous octoate, dibutyltin dilaurate), 1,2-dichloroethane, 

elevated temperature range and reaction times should be explored.
25,26

 II: triphenylcarbenium 

tetrafluoroborate, H2O, DCM.
18

  

 

 

5.2.2. Intraperitoneal Shield 

 Tissue adhesions are a common complication after abdominal surgery in which tissues 

that are not naturally connected become bound by fibrous bands, which can lead to chronic pain, 

bowel obstruction, and infertility.
27

 A study conducted during the mid to late 1980s found that 

93% of 210 patients that were undergoing a laparotomy had adhesions from one of their previous 

abdominal surgeries.
28

 Prevention products such as Seprafilm®, a bioresorbable adhesion barrier, 

have shown success,
29,30

 however, there remains a clinical unmet need to develop optimal 
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adhesion prevention methods. CC-DHA is currently under investigation for use in the prevention 

of post-operative tissue adhesions in addition to its use as a protective shield to prevent 

inadvertent bowel injury. A dual-purpose device would be highly advantageous for more 

efficient and effective abdominal closures.  

The initial stages of evaluating CC-DHA as a rapidly degradable abdominal shield have 

shown promising results, however, several additional studies remain. First, mechanical testing 

would be important for the intended use of the device, particularly to provide a reader with an 

enhanced visualization of the material when it cannot be physically obtained. With regard to 

future development of CC-DHA hydrogels, elimination of the variability among early stage 

degradation rates, swelling, and sample densities is crucial as it would allow more facile clinical 

translation. Enhanced water-prevention measures may lead to improvements. A wide-neck flask 

with an enclosable lid that could be penetrated by a syringe needle would enable a more 

anhydrous environment while retaining simplistic gel removal post-polymerization. The use of 

an alternative solvent may also lead to improvements with regard to reagent mixing.  The 

reaction is currently performed as a suspension due to the insolubility of DHA in chloroform. 

When choosing a solvent, however, it is important to verify that DHA remains in monomeric 

form when solubilized; synthesizing a linear version of the polymer in a new solvent system 

would be a recommended starting point for this task. 

Lastly, alterations to the chemical composition of CC-DHA can be explored. A transition 

from the glycerol ethoxylate backbone to a branched PEG containing smaller molecular weight 

PEG chains can lead to decreased swelling capacity (and adversely, slower degradation rates). 

Decreased hydrogel swelling may reduce the risk for patient dehydration as well as undesired 

volume expansion of the device within the abdomen.   
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5.2.3. Reaction Kinetics 

 In the present work, a model reaction of DHA and ethanolamine was studied and the 

method of initial rates was employed to minimize the influence of downstream Maillard 

products. The present study provides interesting insight into reaction kinetics, but is only the 

beginning of a larger initiative to understand the potential for DHA-based materials in amine-

reactive surface applications. The following experiments are recommended for future progress: 

 

1. A 
1
H and 

13
C NMR analysis of the reaction between DHA and ethanolamine should be 

performed to determine which downstream Maillard reaction products can be observed 

during the initial stages of reaction. The study presented herein assumes that downstream 

reaction products are insignificant contributors to IR carbonyl peak changes during the 

first 3-5 minutes of reaction (Section 4.5). An NMR analysis may provide interesting 

insight into the assumption.   

2. A study across a wider pH range would provide valuable information for the use of 

DHA-based materials in functional biomedical products. Also, as mentioned in model 

limitations (Section 4.5), a study should be performed (using NMR spectroscopy in 

buffered D2O) to determine if DHA monomer undergoes a structural change at the pH 

range tested in the aforementioned analysis (pH = 10.43-11.03).  It is important to have a 

thorough understanding of how each pH tested effects the starting structure of DHA (ex: 

ketone to hydrate ratio).  

3. As previously mentioned in Chapter 1, aldehydes are more commonly utilized in Schiff 

base-forming technologies than ketones due to increased reactivity.
31

 A comparison of 

the reaction rate of DHA with an amine, to that of an aldehyde-containing compound 
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with the amine, under the same conditions, would be a useful addition to the field. A 

similar rate constant would provide a compelling argument for use of DHA in amine-

reactive surface applications. To avoid the complication of ketone and aldehyde 

hydration in aqueous solutions, a study performed in an organic solvent may provide a 

more facile comparison. For increased relevance to DHA-based polymeric materials, a 

small molecular weight analog of DHA-based polymers (reported by Zelikin et al.
3
, 

discussed in Section 1.5.1.) would be an appropriate compound for analysis. Rapid-Inject 

NMR
32

 is an interesting tool to explore, as opposed to real-time IR, for enhanced tracking 

of specific compounds as well as higher sensitivity (i.e. lower concentrations of reactants 

can be detected with high resolution). 

4.  In future work, it is recommended that the reaction between a polymerized version of 

DHA and various model amines be studied in aqueous solutions to reduce the concern for 

interfering structural rearrangements and Maillard reactions. A proposed water soluble 

linear ester of DHA is shown in Figure 5.2, whereby molecular weight can be adjusted 

based on PEG size. It is important to note that rapid degradation rates in aqueous 

environments may prevent the complete elimination of downstream Maillard products 

during kinetic analysis. 

 

 

 

Figure 5.2. Proposed generalized synthetic scheme to ester linkage between DHA and MPEG. I. 

Thionyl chloride, heat
33,34

 II. Chloroform, pyridine.
20
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APPENDIX A 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2: INSIGHT INTO THE 

UNEXPECTEDLY RAPID DEGRADATION OF DIHYDROXYACETONE-BASED 

HYDROGELS 

 

(Contributors: Jonathan Mares and
 
Daniel Petralia) 

 

 

 

 

 

Figure A.1. Image of CC-DHA polymer shortly after synthesis, prior to purification. The lower 

left panel shows the stirbar immobilized within the cross-linked gel.  

 

 

 

 

 

 

 

 

 

 

_______________________ 

*Appendix A is reprinted with permission from Ricapito, N. G.; Mares, J.; Petralia, D.; Putnam, D. 

Insight into the Unexpectedly Rapid Degradation of Dihydroxyacetone-Based Hydrogels. Macromol. 

Chem. Phys. 2016.  DOI: 10.1002/macp.201600170. Copyright (2016) Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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Figure A.2. FT-IR spectra of solid dihydroxyacetone monomer generated by recrystallization 

from 2-propanol (top) and dimer as purchased from Sigma-Aldrich (bottom). The peak at 1724 

cm
-1

 corresponds to the ketone group of DHA, which does not appear in the dimer spectrum. 
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Figure A.3. Percent degradation of four different batches of CC-DHA hydrogels. N=3 per time 

point, for each batch. () Batch 1 () Batch 2 () Batch 3 () Batch 4. 
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Figure A.4. 
1
H-

13
C HMBC NMR spectrum of hydrogel degradation products after 7 hours of 

rotation in D2O/PBS at 37
o
C. The symbol (~) symbol serves to indicate the random and unknown 

sequence of GE and TEGBC repeat units in the backbone. The 
1
H NMR trace is magnified 

(compared to Figure 7a) for more facile interpretation. The spectrum was recorded on a Varian 

INOVA spectrometer operating at 150 MHz for 
13

C observation and 600 MHz for 
1
H 

observation. The experiment was acquired with a 0.3 s acquisition time, 8 scans per increment, 

and 1.0 s relaxation delay. 
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Figure A.5. Determination of fitting parameters for the degradation profiles of CC-DHA 

hydrogels in solutions of varying pH, at 37
o
C. The fraction of hydrogel mass remaining (dry, 

lyophilized) in time was fit to first order kinetics. Time points were measured in triplicate and all 

three samples at each time point are included. Parameters are as follows: () pH = 6,                   

y = -0.0014x + 0.022, R
2
=0.814, Std. error on slope: 0.0002, () pH= 7, y = -0.023x + 0.23, 

R
2
=0.899, Std. error on slope: 0.002, () pH = 8, y = -0.028x + 0.063, R

2
=0.971, Std. error on 

slope: 0.002. At pH=8, a sample was observed to completely degrade in 85 minutes. Therefore, 

only the initial stages of degradation were evaluated for first order kinetics.   
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Figure A.6.  Determination of fitting parameters for the degradation profiles of CC-DHA 

hydrogels in PBS, pH=7.4, at various temperatures. The fraction of hydrogel mass remaining 

(dry, lyophilized) in time was fit to first order kinetics. Time points were measured in triplicate 

and all three samples at each time point are included. Parameters are as follows: () 4
o
C:            

y = -0.039x - 0.024, R
2
=0.836, Std. error on slope = .004 () Room temperature: y = -0.1477x – 

0.031, R
2
 = 0.856, Std. error on slope = 0.02, and () 37

o
C: y = -0.87x + 0.052, R

2
=0.883, std. 

error on slope = 0.08  
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APPENDIX B 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3: A BIODEGRADABLE 

INTRAPERITONEAL SHIELD WITH SHORT RESIDENCE TIME TO FACILITATE 

ABDOMINAL CLOSURE AFTER LAPAROTOMY 

 

The research presented in this appendix was performed in collaboration with Dr. Jason A. 

Spector and his research team at the Laboratory of Bioregenerative Medicine and Surgery, in the 

Department of Surgery, Division of Plastic Surgery, at Weill Cornell Medical College, New 

York, NY. Contributors: Kerry A. Morrison and Dr. Omer Kaymakcalan. 
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Figure B.1. (a) Reaction flask used for the synthesis of CC-DHA hydrogel disks of 20mm and 

8mm diameter. (b) Progressive Prep Solutions Multi Slicer with the “thin slices” insert used for 

slicing of CC-DHA hydrogels.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

127 

 

 

 

 

 

 

 

 

 

 

Table B.1. CC-DHA hydrogel disk (8 mm diameter, approximately 2mm thickness) degradation 

results at various time points following in vivo intraperitoneal implantation into a mouse model. 

Results also include fluid volume within the abdominal cavity at each time point.  

 

Evaluation 

Time (hr) 

CC-DHA 

Initial Mass 

(mg) 

CC-DHA 

Mass at 

Evaluation 

(mg) 

Fluid in 

Abdomen 

at 

Evaluation 

Time  (mL) 

3 88.4 0 0.5 

  82.6 0 0.5 

  95.1 0 0.5 

  101.6 0 0.5 

6 94.1 0 0.3 

  71.3 0 0.3 

  94.4 0 0.3 

  72.9 0 0.3 

9 82.3 0 0 

  62.6 0 0 

  63.6 0 0 

  90.1 0 0 

24 58.4 0 0 

  83.6 0 0 

  62.1 0 0 

  98.6 0 0 

8 (days) 82.9 0 0 
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APPENDIX C 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4: 

KINETIC ANALYSIS OF THE REACTION BETWEEN                                        

DIHYDROXYACETONE AND ETHANOLAMINE 

 

 

 

The ReactIR silicon-based sensor was tested for chemical compatibility using a silicon test chip 

provided by Mettler-Toledo AutoChem, Inc.  

 

Procedure: 

Phosphate buffered saline (5.0mL) was injected into a 10mL beaker, in a 37
o
C water 

bath, stirred, and allowed 10min to reach the appropriate temperature. A pH probe was then 

inserted into the solution. Next, 200µL of a DHA monomer solution (Table C.2, line 3) was 

injected such that the final reaction concentration was 0.158M DHA (total, both ketone and 

hydrate forms).  Next, ethanolamine (150µL) was injected to yield a final concentration of 

0.465M ethanolamine. The resulting pH was immediately recorded, after which the pH probe 

and stir bar were removed and the silicon test chip (initial mass: 0.1743 g) was inserted. After 30 

min, the chip was removed, washed with DI water, gently dried, and re-weighed. The process 

was repeated three times using the same chip to test for mass loss after repeated exposure. No 

mass loss was observed, as shown in table C.1.  
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Table C.1. Analysis of the chemical compatibility of the silicon-based ReactIR sensor with brief 

and repeated exposure (30 minutes per trial) to a solution of DHA (0.158M, total) and 

ethanolamine (0.465M), at 37
o
C. Initial chip mass: 0.1743 g. No mass loss was observed in the 

allotted time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trial pH Final Mass (g) 

1 11.02 0.1746 

2 11.03 0.1744 

3 11.06 0.1745 
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Table C.2. Preparation of concentrated DHA solutions in PBS (pH=7.4) for injection into IR-

reaction vessel. Each preparation yields a different initial concentration of DHA for reaction with 

ethanolamine. Total volume (column C) was measured using a volumetric pipet. *The highest 

initial concentration of DHA (0.505M) was not obtainable at an injection volume of 200µL due 

to solubility, therefore 250µL was injected instead. In this case, the EA injection volume was 

reduced from 150µL to 100µL.  

 

 

 

 

 
Column A Column B Column C Column D 

Total 

Initial 

DHA 

(M) 

DHA (g) added to 

an empty 4mL 

glass scintillation 

vial 

PBS (µL) 

added to DHA 

in column A 

Total volume 

(µL) of DHA 

and PBS, when 

mixed (Column 

A + Column B) 

Volume of 

column C 

solution 

injected into 

reaction (µL) 

0.050 0.0482 380 400 200 

0.100 0.0964 352 400 200 

0.158 0.1928 400 505 200 

0.200 0.1928 284 400 200 

0.296 0.2892 236 405 200 

0.400 0.3856 190 400 200 

0.505 0.4820 190 495 *250 
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Table C.3. Preparation of concentrated EA solutions in PBS (pH=7.4) for injection into IR-

reaction vessel. Each preparation yields a different initial concentration of EA for reaction with 

DHA. To achieve the desired injection concentration, an arbitrary mass of EA was measured, 

volume was calculated according to density (EA density = 1.012g/mL), and remaining PBS 

needed was determined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Initial EA 

in Reaction 

(M) 

Concentration of 

EA in 0.15 mL 

injection-sample 

(g/mL) 

0.050 0.109 

0.100 0.218 

0.200 0.436 

0.300 0.653 

0.400 0.871 

0.465  1.012 (Pure EM) 
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Figure C.1. Change in IR ketone absorbance vs. the concentration of DHA in monomeric ketone 

form, at 37
o
C, in PBS, pH=7.4. Data was collected using a ReactIR 4000. The concentration of 

DHA in ketone form was taken to be 85% of the total concentration of DHA monomer injected 

into solution. For DHA= 163mM (total), n=48 total individual measurements: 12 separate trials, 

where each trial has 4 data points collected. For all other DHA concentrations, n=8 data points: 2 

trials with 4 points each. Linear fit: y=2.85x10
-4

x+0.0025, R
2
=0.998.  

 

 

 


