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ABSTRACT 

 
 

 Supervising Professor:  Ronald A. Smaldone 
 
 
 
 
Additive manufacturing, also known as 3D printing, is a process of materials fabrication assisted 

by computer aided design (CAD) to form three-dimensional objects with complex geometry. Many 

3D printing techniques have been developed since the inception of the process, with three of the 

most popular and affordable being Fused Deposition Modeling (FDM), Stereolithography (SLA) 

and Direct-Ink Writing (DIW). While 3D printing has many advantages, it is plagued with 

limitations such as poor interlayer adhesion, limited resolution, rough surface finish, limited 

mechanical properties of printed parts, and limited compatible materials. For these reasons, 3D 

printing has been mainly limited to prototyping and has not been adapted for mass production 

manufacturing. To address the limitations associated with 3D printed objects, we have developed 

several techniques and formulations to improve the performance and broaden the applications of 

3D printed materials. To address the poor resolution associated with FDM printing, we have 

employed a base hydrolysis reaction of the common 3D printing filament polylactic acid. We 

demonstrated how printed microneedle arrays could be “chemically etched” with a potassium 

hydroxide solution to the appropriate dimensions for applications as transdermal drug delivery 



 

viii 

devices. To address mechanical strength, we introduced a cost effective, biopolymer-based 

hydrogel for applications in water purification fabricated via DIW. It was demonstrated that the 

addition of chitosan to a commercially available shear-thinning polymer resulted in an increase in 

Young’s modulus as well as functionality capable of chelating toxic heavy metals, which was 

enhanced by increased surface area only achievable through 3D printing. We have also shown how 

post-fabrication of hydrogels can be achieved through base catalyzed thiol-Michael click 

chemistry, which in contrast to traditional radical crosslinking methods, allowed for tuning the of 

mechanical properties through the use of various crosslinkers and also enhanced degradation, a 

feature of the thiol/acrylate Michael addition adduct. Lastly, we aimed to address limitations in 

available materials by developing a facile method of synthesizing slide-ring gel materials through 

a catalyst-free thiol-Michael addition, which resulted in a stretchable gel material. We hope to 

further characterize and adapt this method to be compatible with the EMB3D 3D printing process.  

 

Chapter 1 provides and introduction to available 3D printing techniques, previous methods of 

addressing limitations associated with 3D printing, and a background on new materials and 

potential materials for 3D printing.  

 

Chapter 2 describes our advances in 3D printing through the development of chemical etching 

methods for the fabrication of biodegradable 3D printed microneedles for transdermal drug 

delivery, and the formulation and fabrication of a biopolymer-based hydrogel for toxic heavy metal 

absorption from water.  

 



 

ix 

Chapter 3 describes chemical methods for 3D printing through a radical free post-fabrication 

method of crosslinking hydrogels in solution through a based catalyzed thiol-Michael addition.  

 

Chapter 4 describes potential new materials for 3D printing through the fabrication of slide-ring 

gel materials using a “one-pot” synthetic approach, with the end goal of adapting the system for 

EMB3D 3D printing.   
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CHAPTER 1 

INTRODUCTION TO CHEMISTRY IN 3D PRINTING 
 
 
1.1 Background 

 
3D printing, also known as additive manufacturing (AM) is a fabrication process that 

deposits polymeric materials layer by layer to form three-dimensional objects. The first 3D printer 

was developed in the 1980’s by Charles W. Hull.1 This printer formed structures via 

stereolithography (SLA), which uses UV light directed at specific angles into a polymer bath to 

initiate radical polymerization curing the object in a layer by layer fashion, the defining 

characteristic of AM. Since its inception, 3D printing has been used in many industries including 

automotive,2 aerospace,3 architecture,4 and consumer goods5 due its rapid prototyping and ability 

to create complex customizable parts. However, 3D printing currently is not used for mass 

production like traditional manufacturing methods,6 which include plastic forming (injection 

molding, extrusion molding, vacuum forming, compression molding) and subtractive 

manufacturing.  

Injection molding is a very common plastic forming method where a thermoplastic material 

is heated/melted and forced into a mold where it is allowed to cool into the final object. While 

popular and widely used for mass-production, injection molding requires the use of master molds 

developed by trained engineers. In general, plastic forming methods are typically associated with 

a high start-up cost to fabricate the molds7 and is limited in the complexity of objects that can be 

formed in one step. Subtractive manufacturing, in contrast to the additive process, forms final 

objects by selectively removing material until the desired object is obtained. Similar to AM, 

subtractive manufacturing can achieve complex geometries that cannot be formed by injection 



 

2 

molding, and often uses a computer aided process known as Computer Numerical Control (CNC) 

where a computer directs tools to cut away material at the desired points. Although it possesses 

many attractive features, the subtractive process can generate unnecessary waste and therefore is 

not the most cost-effective or environmentally friendly manufacturing method.8  

AM as a whole is revolutionary because it bypasses the need for creating master molds 

(which are necessary for traditional methods) and instead creates objects using computer aided 

design (CAD) software. Additionally, AM only uses a necessary amount of material, in turn 

generating far less waste than the subtractive process. However, the technique is still mainly 

limited to prototyping for a number of reasons including high cost of materials and systems, 

limitations in materials, and potentially poor product quality according to EY’s 2019 global 3D 

printing survey.6 For this reason, we have chosen to investigate methods of improving 3D printed 

parts from low-cost systems through the application of fundamental chemical principles. 

 

1.2 Available 3D Printing Technologies 

Since the development of the first system, 3D printing techniques have evolved to fit an 

array of applications and materials. Some of the most common AM techniques are fused deposition 

modeling (FDM) which typically uses thermoset plastics,9 direct-ink writing (DIW) which uses 

soft inks/composites and ceramics,10, 11 selective laser sintering (SLS) which uses powder resins,12 

and SLA which uses photo-reactive based resins,13-15 to name a few.16 Because of its versatility 

and potential for growth, AM has become a frequently used technique in many fields of research. 

With all of these available AM techniques, users are often faced with the decision of which printing 

method will best suit their needs.  
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When choosing an AM apparatus, several factors must be considered, for example, FDM 

printers are affordable but are limited in compatible materials to thermoplastic polymers. SLA 

printers offer higher resolution compared to FDM, but they tend to be more expensive and are also 

restricted to photocurable polymers. SLS printing machines require more user expertise compared 

to FDM and SLA, also they can be expensive and are generally not available to the average 

consumer, making both FDM and SLA the popular choice amongst AM researchers and 

hobbyists.17  

Although each of the aforementioned printing methods have their advantages, these 

techniques share the common limitation of their respective compatible materials. For the field of 

3D printing to progress and potentially move into the manufacturing sector, new polymers, blends, 

and methods of post-fabrication treatment need to be investigated to expand the list of compatible 

materials, and ultimately improve the performance and broaden the applications of 3D printed 

structures. 

 

1.3 FDM Materials and Methods of Improvement 

Fused Deposition Modeling (FDM), is one of the most common and cost-effective forms 

of additive manufacturing. This technique commonly uses thermoplastic materials to create rigid, 

custom 3D objects. These structures are formed by melting the plastic past its glass transition (Tg) 

point and extruding the melted filament through a nozzle, forming objects through layer-by-layer 

deposition (Figure 1.1).  
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Figure 1.1: Schematic of FDM process. Adapted and reprinted from Ning, F.; Cong, W.; Qiu, J.; 
Wei, J.; Wang, S. Additive manufacturing of carbon fiber reinforced thermoplastic composites 
using fused deposition modeling. Compos. B. Eng. 2015, 80, 369-378., Copyright (2015), with 

permission from Elsevier. 
 

 Because this technique relies on heat, amorphous or semi-crystalline polymers with low 

melting temperatures (< 290 oC) are easily processible, while crystalline materials or polymers 

(such as Kevlar) cannot be processed due to their high melting temperature. Current FDM 

filaments include polylactic acid (PLA), acrylonitrile-butadiene-styrene (ABS), high impact 

polystyrene (HIPS), and polyvinyl alcohol (PVA). While these commodity polymers are generally 

affordable, objects formed through the FDM process suffer defects and anisotropic mechanical 

performance perpendicular to the print direction (Figure 1.2) due to poor interlayer adhesion. 

Formation of objects using this method relies solely on the cooling of layers together to form the 

final part. However, because each printed layer cools rapidly, diffusion time across the polymer 

interface is limited resulting in reduced chain entanglement or chemical interactions between 

layers. 
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Figure 1.2: Illustration of anisotropic mechanical properties in FDM printed parts. 

 

One strategy to improve the anisotropy in this printing method was leveraging the furan-

maleimide reversible Diels-Alder reaction by incorporating it into PLA through “mending 

agents”.18 Because the retro Diels-Alder reaction occurs at elevated temperatures, the FDM 

deposition process breaks the Diels-Alder adduct, resulting in depolymerization, allowing the PLA 

blend to flow freely. Upon cooling, the adduct reforms as the object solidifies, drastically 

improving interactions between layers. Another approach has been the use of low molecular 

weight (LMW) additives, which are polymers of the same chemical composition as the parent 

filament, but shorter length. The Dadmun group demonstrated that incorporating the LMW 

additives improved interlayer adhesion in PLA and ABS through chain entanglement due to the 

diffusion of the additives to the surface of each deposited layer.19, 20 Another common approach of 

enhancing mechanical properties is through composite materials, which are a combination of 

multiple materials with different physical properties. Often the thermoplastic filament acts as a 

binder for a load bearing additive to improve strength and ductility of the final composite. An 

example of this strategy is the addition of carbon nanofibers to ABS and PLA.21, 22  

Building on work done with nanofibers, a post-fabrication method directed at fusing 

printed layers of a PLA composite with carbon nanotubes together has been developed by 

maintaining 3D printed objects at their Tg through microwave irradiation.23 Holding PLA at its Tg 
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for an extended period of time gives the successive layers the opportunity to diffuse and cool 

together, ultimately increasing isotropy. However, this may subject the final object to deformation 

if uneven heating occurs. Due to the conductivity of carbon nanotubes, the Green group 

demonstrated they could locally heat the PLA at the location of the tubes, allowing diffusion of 

the PLA while minimizing deformation of the overall structure and improving isotropy. 

Addressing anisotropy through post-fabrication diffusion has also been achieved by treating 3D 

printed ABS parts with a dimethylketone/water solution, softening the polymer and essentially 

melting the outer deposited layers together. Although the main point of this treatment was to 

address the poor surface finish in FDM printed parts, this work demonstrated that tensile tests were 

no longer influenced by print direction, meaning isotropy was improved.24 These examples 

demonstrate how chemists are able to use fundamental principles and chemical reactions to build 

on the 3D printing techniques, address major limitations, and expand the field. 

Another major limitation of objects formed through FDM is resolution. From an 

engineering standpoint, this limitation is addressed by improvements in the printers themselves, 

such as the development of hybrid printers,25 smaller nozzles,26 and fine-tuning printing 

parameters,27 however few examples of chemical methods have been implemented to address this 

limitation. In the second chapter, we build on the post-fabrication methods of improving 3D 

printed parts by chemically etching PLA utilizing a basic hydrolysis reaction to enhance resolution 

for a directed application of micron sized FDM parts as drug delivery devices.  

The last limitation, that plagues all forms of 3D printing, is limited materials. One 

modification of FDM printers that has expanded the compatible materials is the replacement of the 
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traditional nozzle with a syringe attachment, which allows for the deposition of soft materials, also 

known as direct-ink writing (DIW).  

 

1.4 DIW Materials and Methods 

The first DIW printer was first introduced in the USA in 1996 at Sandia National 

Laboratory and has since been widely used in the food and ceramics industries. These types of 

printers feature syringe attachments and rely on applied force to extrude soft materials through a 

needle/nozzle facilitating the deposition process (Figure 1.3). Not only must the materials be soft 

enough to be extruded under force, they must also hold their shape after extrusion, in other words, 

they should exhibit shear-thinning rheological properties.28 Hydrogels, which are water swollen 

materials made up of synthetic or naturally occurring polymer matrices, are an example of soft 

materials that can be processed through DIW.29 However, unless they have been formulated to be 

shear-thinning, they tend to lack the mechanical strength to form free standing 3D structures with 

adequate resolution after extrusion. 

 

Figure 1.3: Comparison of nozzle‐based extrusion strategies commonly utilized in DIW. 
The strategies differ in the mechanism by which the material is forced through the nozzle either 
by air (pneumatic), a piston, or a screw gear (auger). Adapted and reprinted from Jordan, R. S.; 
Wang, Y. 3D printing of conjugated polymers. J. Polym. Sci., Part B: Polym. Phys. 2019, 57, 

1592-1605., Copyright (2019), with permission from John Wiley and Sons. 
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Some strategies that have been used to impart shear-thinning behavior is the incorporation 

of dynamic guest-host interactions,30-32 metal chelation,33, 34 and thickeners/fillers.35, 36 One class 

of polymers that are inherently shear-thinning in water are pluronics, which are ABA type triblock 

copolymers consisting of two outer hydrophilic polyethylene oxide units and a hydrophobic 

polypropylene oxide center unit. Pluronics, when solvated organic solvents adopt a linear 

conformation and show no shear-thinning behavior.37 However, when solvated with water, they 

are shear-thinning due to their dynamic micelle formation which is driven by hydrophobic 

interactions of polypropylene oxide center units.38 Pluronic are widely used in DIW because of 

their rheological properties and their relatively low toxicity,39 and in many examples are used in 

conjunction with other more functional chemicals for directed applications. Some examples of this 

include their use as an injectable drug carrier along with hyaluronic acid for sustained drug 

release,40 copper-based pluronic/chitosan nanocomposites for antimicrobial applications,41 and an 

aniline tetramer‐grafted‐polyethylenimine nanoparticle composite for electroactive tissue 

engineering scaffolds.42 Following this trend, in chapter two, we describe a pluronic and chitosan 

based formulation capable of removing toxic heavy metals from water sources. The metal removal 

efficiency of these objects is not only due to chelation introduced through the primary amine 

groups of deacetylated chitosan, but also an increased surface area only achievable though AM. 

This work highlights the synergy between material formulation and 3D printing to maximize the 

efficacy and directed applications of 3D printed materials.   

In the case of non-shear-thinning gels, a technique called embedded 3D printing (EMB3D), 

also referred to as omnidirectional printing, has been developed and aids in processing of materials 

lacking adequate mechanical properties by printing directly into a bath containing a shear-thinning 
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support material.43 The deposited material can then be mechanically stabilized, and the support 

bath material can then be removed from the final object. In many cases, gels fabricated through 

both the EMB3D and DIW processes require post fabrication crosslinking, usually achieved 

through photo-induced radical polymerization.44-48 This method is advantageous because it is not 

invasive and will not deform the printed structures before they are chemically crosslinked. 

However, the radical crosslinking process generates random covalent bonds, limiting control over 

the molecular architecture of the object and in turn, limits the tunability of their mechanical 

performance. Furthermore, the radical pathway is not the most ideal choice for objects intended 

for biomedical applications due to the use of toxic photoinitiators and damaging UV-light.49 

Finding alternative methods of curing could eliminate the use of photoinitators and expand the 

biological applications of DIW fabricated structures. In the third chapter, we present a radical free 

method of mechanically stabilizing DIW processed gels by exploiting supramolecular interactions 

while triggering a thiol-Michael addition. Not only are the mechanical properties tunable with this 

approach through use of various crosslinkers, but degradation is also enhanced, increasing the 

biodegradability of the material and providing a potential framework for processing cell containing 

gels for biomedical applications.   

 

1.5 Towards New Polymer Designs in 3D Printing 

Thus far, the methods presented for improving the limited materials available for 3D 

printing have been based on modifying pre-existing polymers through additives and formulations, 

or modification of printers to accommodate existing materials. However, many efforts have been 

made to design novel polymers to address the mechanical performance of 3D printed structures. 
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Some of these efforts include the development of a completely Diels-Alder based isotropic self-

healing polymer for FDM printing,50 the use of a double-network approach to enhance the 

mechanical properties of a shear-thinning DIW gel,51 and the SLA printing of polyamic acids 

followed by post-fabrication aromatization to form mechanically tough and thermally stable 

structures.52 One interesting architecture that stands out is the mechanical bond, which is defined 

as two or more molecules that are mechanically interlocked and is exhibited in a class of materials 

known as mechanically interlocked molecules (MIMs).53 Examples of molecules belonging to this 

class are knots (molecular Borromean rings and Solomon knots), catenanes, pseudorotaxanes, and 

rotaxanes. Pseudorotaxanes and rotaxanes have been of particular interest in materials research as 

they both consist of polymeric axis and a macrocycle that can freely move about the axis, with the 

only distinction between the two being that rotaxanes are capped with bulky end groups, 

permanently locking the macrocycle on the axis (Figure 1.4).  

 

Figure 1.4: Illustration of a pseudo-, polyspeudo-, and polyrotaxane. 

 

 The Ke group at Dartmouth College demonstrated how these MIMs could be incorporated 

into 3D printing by processing polyspeudorotaxanes followed by UV curing, locking the 

macrocycles on the axes of a crosslinked polymer network.54 This group showed the drastic range 

PolyrotaxanePolypseudorotaxane

Pseudorotaxane
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mechanical properties that can be achieved through solvent switchable hydrogen bonding of the 

threaded macrocycles, a property that is easily achieved through rotaxanes. A very similar 

architecture containing mechanical bonds is the slide-ring gel (SRG). Slide-ring gels are unique in 

that they are based on rotaxanes, however, in a SRG all covalent crosslinks are comprised of 

mechanical bonds. This difference in the nature of covalent bonding in the system results in highly 

elastic materials with rapid recovery. To date, very few examples of MIMs in 3D printing have 

been reported, and only a limited number of SRGs have been fabricated. To fill this gap in the 

literature and expand on the field of SRGs, in the fourth chapter we describe advances we have 

made in synthesizing a new SRG based on thiol-Michael chemistry that has the potential to be 

fabricated through the EMB3D 3D printing process. 
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2.1 Abstract 
 

Biodegradable polymer microneedle (MN) arrays are an emerging class of transdermal 

drug delivery devices that promise a painless and sanitary alternative to syringes; however, 

prototyping bespoke needle architectures is expensive and requires production of new master 

templates. Here, we present a new microfabrication technique for MNs using fused deposition 

modeling (FDM) 3D printing using polylactic acid, an FDA approved, renewable, biodegradable, 

thermoplastic material. We show how this natural degradability can be exploited to overcome a 

key challenge of FDM 3D printing, in particular the low resolution of these printers. We improved 

the feature size of the printed parts significantly by developing a post fabrication chemical etching 

protocol, which allowed us to access tip sizes as small as 1 μm. With 3D modeling software, 

various MN shapes were designed and printed rapidly with custom needle density, length, and 

shape. Scanning electron microscopy confirmed that our method resulted in needle tip sizes in the 

range of 1 – 55 µm, which could successfully penetrate and break off into porcine skin. We have 

also shown that these MNs have comparable mechanical strengths to currently fabricated MNs and 

we further demonstrated how the swellability of PLA can be exploited to load small molecule 

drugs and how its degradability in skin can release those small molecules over time.  

 

2.2 Introduction  

Hypodermic needles have been used clinically for more than 150 years and are the most 

common drug delivery devices. Although effective, hypodermic needles cause pain, elicit phobias 

in patients, require training and generate biohazardous waste.1-2 Polymer microneedle (MN) arrays 

are flexible patterned grids of sharp micron-sized protrusions capable of delivering therapeutic 
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agents into the skin and are notably pain-free. MNs have gained attention in recent years as a 

minimally invasive and cost effective method to enhance drug delivery.3-5 In an array, polymer 

MNs can act as a passive drug delivery system with the potential to improve drug efficacy owing 

to several intrinsic advantages: namely they (i) can elicit a higher immunogenic response,6-10 (ii) 

inhibit microbial entrance at the injection site,11  (iii) can be administered at home by unskilled 

caregivers,12-13 (iv) have the capacity to improve the shelf life of drugs,14-16 (v) have the capability 

for high loading capacity,17-18  and (vi) have flexibility in material composition that permits smart 

drug delivery systems.19-21 This flexibility means polymer MN arrays can be tailored to the 

therapeutic used and the intended application using different MN architectures. At their most basic, 

microneedles are used to perforate skin to permit faster passive diffusion of a topically applied 

drug directly into the dermis. More complex architectures have been discussed in several excellent 

articles and reviews22-29 though the most common architectures in literature either involve coating 

drug onto the surface of the MNs to allow instant dosing upon tissue penetration or trapping small 

drug molecules within the polymeric matrix of the MNs. In these latter formulations, the MNs can 

be broken off into the skin and the gradual dissolution of the needle within the skin concomitantly 

releases drug.  

Fabrication of these polymeric MNs is typically accomplished with a micromolding 

process that enables the use of the mold several times.30 This process typically involves creation 

of a single master template, which is then used to cast all the subsequent MNs.31 Although template 

driven fabrication has precise control over shape and size, the startup costs associated with it are 

high. Template fabrication is generally complicated, needs a controlled environment of low 

particles, and requires expensive photolithography and etching equipment.32 Template fabrication 
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becomes problematic when any modification becomes necessary to the MN.  This is acceptable 

for designs that are ready for mass production but is expensive for screening new designs. 

Alternative methods to photolithography have been reported to add flexibility and productivity 

such as two photon polymerization33 and bulk micromachining.34  However, these methods are 

still considered to be time consuming and expensive in the production of prototype MNs.  

 

Figure 2.1: Schematic illustration of a) FDM 3D printer used for microneedle production b) 3D 
printed microneedles as fabricated c) chemically etched microneedles using an alkaline solution 

d) etched microneedles after washing with water e) microneedles after drug loading. 
 

Additive manufacturing, more commonly known as 3D printing, is a method of fabricating 

physical parts from a digital model generated using computer aided design (CAD) software by 

adding materials layer by layer.35 The 3D printer’s ability to allow users to produce objects on 

demand has proven useful in construction,36 automotive37 and aerospace manufuacturing,38 and 
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biomedical applications.39-40 Scientists are beginning to implement 3D printing in the research 

laboratory as a tool for rapid prototyping,41-42 device fabrication,43  self-healing polymers for 

improved mechanical strength,44-46 and developing scaffolds for tissue engineering.47-48 3D 

printers commonly used for printing plastic materials include fused deposition modeling (FDM),45, 

49-51 selective laser sintering (SLS),52-53 and stereolithography (SLA).52, 54 SLS and SLA printers 

are capable of producing features smaller than 100 µm, however, these printers can be costly and 

most materials are not biocompatible. For instance, the photo-initiators required in the SLA 

printing process are toxic and are incompatible for transdermal drug delivery.55-57 

FDM is versatile, cost effective, and can print renewable and biodegradable materials, such 

as polylactic acid (PLA) and polyvinyl alcohol, which are approved by the Food and Drug 

Administration (FDA) for use in dissolvable stitches.58 However, a major limitation is that the 

resolution of FDM is lower than other printing methods and generally incapable of making fine 

structures like MNs.  Studies comparing hypodermic needles and MNs have been conducted and 

the optimal  length, width, thickness, and the number of MN in an array that cause pain in humans 

have been determined.59-60 These studies concluded that MN with a length up to 1450 µm, width 

of 465 µm, thickness of 100 µm, and tip size of less than 75 µm cause less pain than a 26 gauge 

hypodermic needle and that the main factor in pain was the amount of MN in an array. Even under 

ideal conditions, extrusion from the print head of a commercially available FDM printer is unlikely 

to produce features this fine. Herein, we show a new method that combines FDM with a post-

fabrication etching step to yield ideally sized and shaped needles that are able to insert, break off, 

and deliver small molecules into skin without the need of a master template or mold (Figure 2.1). 
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2.3 Results and Discussion 
 
 

Table 2.1: Microneedle designs tested with the 3D printer. 
 

 

 

At a minimum, the 3D printed MN array should be expected to effectively penetrate skin, 

which would be sufficient to permit drug delivery by coating a therapeutic onto the surface of the 

needles. However, we sought to go further to maximize potential use and focused on a design that 

would satisfy an additional three objectives: (i) produce a break-away architecture such that the 

individual needles in the array break off with an applied transverse force leaving them embedded 

in the skin; (ii) it should be possible to “load” the needle with a small molecule drug-like indicator 

after printing; (iii) this drug should diffuse from the embedded broken needle over time within the 

skin. We thus narrowed our choice of thermoplastic polymer to PLA, a common filament choice 

for FDM printing.  With the filament choice in hand, over the course of our investigation, we tested 

seven MN shapes, which are schematically illustrated in Table 2.1, to print an array which meets 

the above criteria. Type 1 and Type 2 were tested to obtain sharp tips, but we found the sharp 
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features exceeded the resolution of even small diameter hot end (350 µm) and these designs were 

poorly replicated by the 3D printer. Even more gradual changes, illustrated as Type 3 and 4, were 

malformed after printing, owing to the filament deposition process. Overall, Types 1-4 showed 

that gradual changes could not be achieved because of poor adhesion between extruded layers, a 

common problem that occurs in FDM printing of small structures. Owing to this limitation, we 

modified our approach in needle Types 5–7 by using terraced layers rather than gradual sloping, 

which proved to be successful. With a 350 µm hot end, MNs ranging in lengths from 200 – 2,500 

µm, widths from 400 – 600 µm, thicknesses from 400 – 600 µm, and tip diameters from 170 – 220 

µm could be produced (Figure 2.2a, c, and A.1). All of which exceed the optimal dimensions for 

ideal MNs, an expected result given the known resolution limitations of FDM printing. 

PLA is a biocompatible polyester produced from renewable lactic acid and can be degraded 

into smaller fragments through hydrolysis.  The rate of degradation is proportional to the strength 

of the acidity or alkalinity of the surrounding media. Skin, for instance, is mildly acidic,61 which 

makes PLA an attractive material for use in dissolvable stitches. We thus wondered if we could 

etch our low resolution MNs to dimensions that would be appropriate for painless skin penetration. 

Aqueous potassium hydroxide (KOH) solutions were made at 1, 3, 5, 7, and 9M concentrations 

and the etching rate of the as fabricated MNs was evaluated via optical and scanning electron 

microscopy (SEM) to determine the change in size over time (Figure A.2 and A.3). After 9 hours 

with 5M KOH, the MNs remained approximately the same length; however, the thickness and 

width decreased to a range between 200 – 300 µm with a tip size between 1 – 55 µm (Figure 2.2b, 

d), which are within the optimal range for painless MNs. Intriguingly, we found the needles were 
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barbed shaped as a result of the layer-by-layer deposition process, which would help prevent the 

needles from falling out of the skin after insertion.  

Needle density is a parameter of MN array design. While closely packing microneedles 

increases the drug loading capacity, higher density designs tend to cause more pain.60 Additionally, 

higher density needle arrays are difficult to fabricate using FDM. To test these limits, a series of 

array designs, which varied the needle lengths and densities, were printed on a 1 cm2 base. The 

lengths chosen for Types 1-3 were the upper and lower limit of currently produced MNs, which 

are 0.6 and 1.4 mm.  We found we could make 6×6 MN arrays reproducibly on a 1 cm2 base 

(Figure A.4). Lithographically producing all the templates required to make comparable MN 

arrays would have taken days; whereas, we were able to produce custom designed MNs in only a 

few hours. 

 

Figure 2.2: Optical images of microneedles a) as fabricated and b) after etching. SEM images of 
microneedles c) as fabricated and d) after etching. 

 

Axial and transverse fracture tests and a bend baseplate test were conducted following 

modified procedures of Woolfson et al.62 The axial fracture test applies a force perpendicular to 

the MN until a dip occurs, which is called the fracture failure point (Figure A.5a,b and A.6a,b). 
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The rate of the moving arm was 300 µm/s to obtain a force of 0.23 N at the point of fracture, which 

is above the 0.058 N that is required to pierce through the top layer of skin, a 10 –  20 μm thickness 

known as the stratum corneum.63 The transverse fracture test applies a force parallel to the MN 

until the fracture failure point (Figure A.5c,d). This shows the amount of force the needles can 

withstand before breaking sideways (Figure A.7a,b). At a rate of 300 µm/s, we obtained 0.64 N 

for our etched MNs, which is similar to currently fabricated MNs. All needles fractured in each 

test were verified optically and these results are tabulated in Table A.1. Because FDM prints layers 

of plastic, we can easily adjust the thickness—and presumably the flexibility—of the base by 

changing the number of printed layers (Figure A.8). To that end, a base plate test was conducted 

for bases produced with two, three, and four layers of PLA (Table A.2). We obtained 15.6º for the 

four layers before the base broke in half (Figure A.9). This is far more flexible than reported62  

values of bases made from poly(lactic-co-glycolic) acid using conventional molds, which break at 

1.28º. The flexibility allows the MN array to easily deform when applied to any surface on the 

body. The performance of the etched MNs in transdermal drug delivery was evaluated via 

penetration and staining test. We initially tested penetration on a 1.8 mm thick sheet of parafilm, 

which has been shown to mimic the mechanical properties of skin.64 Etched MN arrays 1.4 mm in 

length were inserted perpendicular into the parafilm and were broken off by applying transverse 

force after insertion with a success rate of 92% (Figure 2.3a). In other words, 92% of the needles 

on the array successfully pierced the parafilm and remained imbedded in the film following 

transverse pressure to break them off. This was further tested with MNs with lengths of 0.6, 1.0, 

and 1.2 mm. Similar results were obtained for 1.2 mm needles, however, 0.6 mm and 1.0 mm 

failed to break off. 
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Figure 2.3: Fracture test of MNs a) in parafilm, b) in porcine skin, c) zoomed in image of porcine 
skin, and d) cross section image indicating needle penetration depth in porcine skin. The solid 
line represents the end of the stratum corneum. Penetration test of MNs e) to demonstrate the 

diffusion of methylene blue in the porcine skin and f) close up image of a single puncture 
showing delivery in the surrounding tissue. 

 

While useful for mechanical testing, parafilm does not mimic the physiological 

environment of skin and not adequate to measure drug diffusion. 

Porcine skin was used as a physiological mimic of human skin and was cut into 3 × 3 cm 

slabs. The insertion of MNs 1.4 mm in length into porcine skin, followed by application of 

transverse force resulted in 84% of the needles breaking away from the array and remaining 

embedded in the tissue. This was also tested with the shorter length MNs, which demonstrated 

penetration but again did not break-off with transverse force. These results are in line with 

published dissolvable MNs made via photolithography (Figure 2.3b,c).65-66 Cross sectional 

measurements at the location of insertion of the 1.4 mm MN confirmed insertion and showed 

depths up to 250 µm (Figure 2.3d).  
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A key quality of these needles is that they can be used as solid, coated, or dissolvable MNs. 

Drugs can be loaded by coating the needles or encapsulation within the polymer matrix. To assess 

our etched MNs for drug delivery by coating we used methylene blue, followed by insertion into 

porcine skin. The MNs remained in the skin to allow the absorption of methylene blue to diffuse 

into the tissue and were removed after 30 s. The tissue was then optically imaged (Figure 2.3e,f) 

and the expected transfer of methylene blue was seen in the perforated tissue.  

 

 

 

Figure 2.4: The release of MNs containing fluorescein in a solution of buffer at pH 4 a) 
monitored over 36 h b) fluorescent MN under UV light (365 nm) c) Loaded MN after solvent 

removal. 
 

While coated MNs are easy to prepare, drug loading is limited and release rates are difficult 

to control. A more sophisticated architecture to control drug release and improve loading is to 

absorb drugs into the polymeric matrix of a dissolvable MN array. Previous results58 have shown 

that PLA sutures degrade in physiological environments. It stands to reason that small molecules 

embedded in polymer matrix should be released as the PLA MNs dissolve. To load our drug-like 
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molecule—we used fluorescein in these tests—we identified solvents capable of swelling, but not 

dissolving PLA. To load our needles, arrays were soaked in an acetone solution containing 2 

mg/mL of fluorescein for 1 h. Acetone was then removed from the MN arrays by evaporation for 

30 min under dynamic vacuum (Figure A.10). We tested drug release under pH conditions 

representative of those found in the skin. Our general procedure involved submerging 100 

individual MNs (equivalent to four MN arrays) in sodium acetate / acetic acid buffer solution (pH 

4.0) to simulate needles broken off into the skin. The release of fluorescein was monitored by UV-

Vis spectroscopy (Figure 2.4a) for 36 hours and the drug concentrations per MN array were 

calculated using the Beer-Lambert Law (Figure A.11).  We have demonstrated that 3.23 µg of the 

model drug can be delivered from 25 needles (a single MN array, Figure 2.4b,c and A.12), with 

50% drug release occurring after approximately 4 h.  

 

Figure 2.5: Images of porcine samples inserted with loaded microneedles a) after initial insertion, 
b) 4 h, c) 12 h, and d) 36 h. Images of cross sections of porcine samples e) after initial insertion, 

f) 4 h, g) 12 h, and h) 36 h. All images were illuminated by a 15 W UV (365 nm) light. 
 
 

Fluorescent MN arrays were inserted into porcine skin samples to visualize release and 

diffusion over time (Figure 2.5). Shortly after insertion, fluorescein was localized at the site of 

penetration (Figure 2.5a) and over time the fluorescein began to diffuse as seen in Figure 2.5b-d. 



 

29 

It should be noted that after 12 h further diffusion of fluorescein was minimal as approximately 

80% had been released. Cross-sections of porcine samples at the site of insertion were imaged to 

determine the extent of fluorescein diffusion over time (Figure 2.5e-h). As expected, the 

fluorescein diffused evenly throughout the porcine skin as time progressed. This diffusion behavior 

verifies the MNs ability to penetrate past the stratum corneum and facilitate passive drug delivery.  

 

2.4 Conclusion 

In summary, we have developed a new chemical etching method that improves the feature 

size resolution of FDM printed materials allowing for the fabrication of biocompatible MNs 

capable of penetrating the outer layers of skin and delivering a model therapeutic agent. We have 

shown that printing parameters can easily be tuned to develop MNs of varying shapes, lengths, 

and array densities without the need of a master template. While PLA, a polyester derived from 

renewable monomers, is a common filament choice for FDM printing, other polyesters have been 

investigated for uses in tissue engineering,67 blends to enhance properties,68-70 and other medical 

applications.71   Furthermore, FDM is compatible with other bio-renewable thermoplastic materials 

that are FDA approved such as polyglycolic acid, polycaprolactone, and poly(lactic-co-glycolic) 

acid.  Using our etching method, all of these biocompatible polyesters—which currently cannot be 

used with higher resolution printing techniques such as SLA—could now be applied in MN 

fabrication. This novel fabrication method has demonstrated the potential of rapid prototyping 

MNs at low costs, bridging the gap between additive manufacturing and passive drug delivery.  
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3.1 Abstract 

Herein, we describe a 3D printable hydrogel that is capable of removing toxic metal 

pollutants from aqueous solution. To achieve this, shear‐thinning hydrogels were prepared by 

blending chitosan with diacrylated Pluronic F‐127 which allows for UV curing after printing. 

Several hydrogel compositions were tested for their ability to absorb common metal pollutants 

such as lead, copper, cadmium and mercury, as well as for their printability. These hydrogels 

displayed excellent metal adsorption with some examples capable of up to 95% metal removal 

within 30 min. We show that 3D printed hydrogel structures that would be difficult to fabricate by 

conventional manufacturing methods can adsorb metal ions significantly faster than solid objects, 

owing to their higher accessible surface areas. 

3.2 Introduction 

Fresh water is a basic human need, as well as a critical component for agricultural and 

commercial industries. However, population growth places strain on local sources of fresh water 

through increased usage and pollution originating from industrial waste and decaying urban 

infrastructure. The cost for cleanup can be prohibitively high or politically difficult, leaving few 

viable options for those in poor or remote locations. Water contaminants, often associated with 

industrial pollution, include toxic heavy metal ions such as lead, mercury, cadmium and copper. 

These metals can have severe and persistent effects on the neurological,1-4 reproductive,3,5 

gastrointestinal,3 endocrine,3,5 and immune,1-3,6 systems of those who have been exposed. 

Therefore, the efficient remediation of these toxins from drinking water is of great importance to 

the global community. 
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A wide variety of water purification techniques have been employed such as filtration, 

distillation and chemical purification. Many of these processes are optimized for large scale 

purification at water treatment plants, making them difficult to adapt for consumer use. 

Furthermore, when the infrastructure that carries the water to consumers is the source of the 

pollution, as is the case in Flint, Michigan, these industrial scale processes are ineffective. In low‐

income areas where this type of pollution often persists, not only cost but decrepit infrastructure 

is a major barrier to clean water. 

In order to address these challenges, we report a shear‐thinning hydrogel composition made 

from chitosan and diacrylated Pluronic F‐127 (DAP), a photo‐crosslinkable polyether that can be 

3D printed into custom shapes. Chitosan, a polysaccharide derived from chitin, is the main 

component found in crustacean shells and a known biocompatible, biodegradable and cost‐

effective material.6-9 Due to these appealing features, it has found applications in the 

biomedical,10,11 regenerative engineering,12,13 dental14 and pharmaceutical15 fields. Its structure 

contains lone electron pairs on the amine nitrogen atoms and hydroxyl groups, which can act as 

chelating sites for heavy metal ions.16 Previous work has used modified chitosan for the removal 

of dyes and metal ions from water sources;6,8,17-23 however, these previous examples suffered from 

poor processability, which also led to poor reusability.24 While chitosan possesses the functionality 

necessary for metal chelation, it is not easily processed into free standing objects on its own. By 

combining chitosan with DAP, we can render it compatible with inexpensive extrusion‐based 3D 

printing techniques (ca US$1000). Unlike injection molding, 3D printing allows for objects with 

complex internal structures to be produced that have increased surface area. Herein, we describe 

cost‐effective, reusable and 3D printable adsorbent materials which can be printed into objects 
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featuring greater surface areas that cannot be achieved through injection molding. We go further 

and demonstrate that the improved surface areas greatly aid the removal of toxic heavy metal ions 

from contaminated water. 

3.3 Experimental 

3.3.1 Materials 

All chemicals were used as received without further purification. Chitosan powder (85% 

deacetylated, viscosity average molecular weight ca 100–300 kDa), acryloyl chloride and sodium 

bicarbonate were purchased from Alfa Aesar, Ward Hill, MA, USA. Pluronic F‐127 (average 

molecular weight 12.5 kDa) was supplied by Spectrum Chemical Corporation, New Brunswick, 

NJ, USA. Irgacure‐754 was purchased from BASF Corporation, Kaisten, Switzerland. Inductively 

coupled plasma mass spectrometry (ICP‐MS) standards for Cu, Cd, Pb and Hg (1000 ppm in nitric 

acid), Cu(II) nitrate trihydrate, Pb(II) nitrate and Hg(II) nitrate monohydrate were purchased from 

Sigma‐Aldrich, St. Louis, MO, USA. Cd(II) nitrate tetrahydrate was supplied by Fisher Scientific, 

Waltham, MA, USA. Glacial acetic acid, dichloromethane, anhydrous diethyl ether and anhydrous 

sodium sulfate were supplied by Fisher Chemical, Hampton, NH, USA. Triethylamine was 

purchased from Acros Organics, Waltham, MA, USA. Ultrapure water (18.2 Ω) was obtained from 

an Elga PURELAB Flex2 water purification system. Metal concentrations were analyzed using an 

Agilent 7900 inductively coupled plasma mass spectrometer under helium mode. All ICP‐MS 

measurements were carried out using an aqueous solution containing 3% nitric acid and 2% 

hydrochloric acid as the matrix. Each measurement was calculated as an average of three 

measurements. 
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3.3.2 Synthesis of DAP25

Pluronic F‐127 (12.6 g, 1 mmol) was dissolved in anhydrous dichloromethane (50 mL). 

This solution was placed in an ice bath and triethylamine (0.99 mL, 6 mmol) was added followed 

by acryloyl chloride (0.48 mL, 6 mmol) dropwise over 30 min; the reaction was stirred for 24 h. 

The crude product was extracted using dichloromethane (450 mL) followed by washing with 

deionized water (50 mL), saturated sodium bicarbonate aqueous solution (50 mL) and again with 

deionized water (50 mL). Once the organic phase was collected and dried over anhydrous sodium 

sulfate, the solvent was removed under reduced pressure. The obtained crude product was re‐

dissolved in dichloromethane (50 mL), cooled in an ice bath and precipitated as a white solid by 

the addition of diethyl ether. The final product was collected by filtration as a white solid and dried 

at 40 °C under vacuum for 24 h. Yield 10.2 g, 80%. 1H NMR (Fig. S1) (600 MHz, deuterated 

dimethyl sulfoxide) δ 6.34 (d, J = 12 Hz, CH2), 6.2 (dd, J = 9, 12 Hz, CH), 5.97 (d, J = 9 Hz, CH2). 

3.3.3 Synthesis of Hydrogels 

Hydrogel compositions containing 1, 5 and 10 wt% chitosan with 9 wt% DAP (cDAP‐1, 

cDAP‐5, cDAP‐10 respectively) were prepared as follows. Chitosan powder was added to an acetic 

acid solution (0.06 mol L–1) in ultrapure water. The mixture was heated at 50 °C for 15 min to 

achieve a homogeneous solution. To this, DAP was added. After adding Irgacure‐754 (1 µL) the 

mixture was gently stirred at 4 °C for 5 h to obtain a homogeneous solution. This solution was 

then incubated at 37 °C for 5 h to promote gelation. The hydrogel containing 1 wt% chitosan with 

25 wt% DAP (cDAP‐1X) was prepared in a similar manner. The control, DAP (26 wt%), was 

prepared as follows. DAP powder was added to an acetic acid solution (0.06 mol L–1) in ultrapure 



 

42 

water. Irgacure‐754 (1 µL) was added and the mixture was gently stirred at 4 °C for 5 h to obtain 

a homogeneous solution. This was then incubated at 37 °C for 5 h to promote gelation (Figure 3.1). 

 

3.3.4 3D Printing 

For 3D printing of thin hydrogel sheets, the three hydrogels cDAP‐1, cDAP‐5 and cDAP‐

10 were used along with DAP. These were kept at 4 °C for 1 h to obtain the solution state. Each 

solution was then poured separately into a plastic syringe (60 mL) compatible with a direct‐write 

3D printer (Printrbot Simple Metal), equipped with a 0.9 mm diameter blunt tip needle. The gel 

state was obtained by incubating the solutions in the syringes at 37 °C for 1 h. After confirming a 

homogeneous hydrogel with no trapped air bubbles, the syringe was capped, loaded into the 3D 

printer, and the hydrogels were printed into sheets having dimensions (length l × width w × height 

h ) 15.0 mm × 15.0 mm × 1.0 mm with four inner circles each of 4.0 mm diameter (Figure 3.2(a)). 

For the 3D printing of hydrogel cups, cDAP‐1X and DAP were used. Cylindrical cups with 

dimensions (outer diameter d × height h × wall thickness t ) 25.0 mm × 20.0 mm × 2.0 mm and a 

base height of 1.5 mm were 3D printed as above (Figure 3.2(b)). Solid cubes and shapes with 

internal structure of the same weight but varying surface area were also 3D printed using cDAP‐

1X and DAP. Solid cubes with dimensions (l × w × h ) 14 mm × 14 mm × 14 mm, estimated 

surface area 1176 mm2; complex shape A having dimensions (l × w × h ) 25 mm × 10 mm × 10 

mm, cylindrical pore diameter (d ) 5 mm, estimated surface area 1554 mm2; and complex shape 

B with dimensions (l × w × h ) 17.5 mm × 10.1 mm × 17.5 mm, cylindrical pore diameter (d ) 5 

mm, estimated surface area 1791 mm2 were 3D printed (Figure 3.2(c)). The detailed printing 

conditions for all the structures are given in Tables B1–B3. 
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3.3.5 UV Curing 

Each 3D printed structure was subjected to UV curing at 365 nm under 4 W power for 1 h 

in a UV oven. 

3.4 Results and Discussion 

In shear‐thinning hydrogels, the viscosity of the gel decreases under shear strain, which is a 

property that can be exploited in extrusion‐based 3D printing applications to produce free standing 

objects without the need for heating or additional chemical reactions. For effective 3D printing, 

both consistent extrusion under pressure and inter‐layer adhesion to the previously printed layers 

are required. We observed that the extrudable, shear‐thinning hydrogels formed by chitosan and 

DAP fulfilled these criteria. In order to determine the optimal chitosan‐DAP (cDAP) mixture for 

good printability, we prepared the hydrogel compositions shown in Table 3.1.  

The hydrophilic chitosan molecules (colored red in Figure 3.1) embed themselves in the 

DAP matrix in contact with its hydrophilic poly(ethylene)oxide component (colored blue) 

resulting in stable hydrogels (Figure 3.1).27 The cDAP can then be loaded directly into a gel 

extrusion printer as a liquid when the temperature is below the critical micelle concentration (<4 

°C).  



 

44 

Table 3.1: Hydrogel compositions used in this study; each formulation also contains acetic acid 
(0.06 mol L–1). 

 

Hydrogel Chitosan (wt%) Diacrylated Pluronic (wt%) Ultrapure water (wt%) 

cDAP‐1 1 9 90 

cDAP‐5 5 9 86 

cDAP‐10 10 9 81 

cDAP‐1X 1 25 74 

cDAP‐5X 5 25 70 

cDAP‐10X 10 25 65 

DAP 0 26 74 

 
 
 

 
 

Figure 3.1: Schematic illustration of chitosan/Pluronic diacrylate hydrogels. At low temperatures 
(4 °C), chitosan and DAP molecules are evenly distributed forming a homogeneous solution, the 

‘sol’ state. When the temperature of the solution is increased to room temperature, the DAP 
molecules arrange into micelles trapping chitosan in the ‘gel’ state.26 
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The solution was allowed to warm to room temperature resulting in the gel state which could be 

used to form the various 3D printed shapes (illustrated in Figure 3.2) via direct‐write printing.28,29 

Direct‐write printing is a cheap and versatile layer‐by‐layer fabrication method similar to fused 

filament fabrication.30-33

Initially, we printed thin sheets consisting of single layers of gel deposition (Figure 3.2(a)). 

We observed increasing surface roughness and inhomogeneity as the amount of chitosan was 

increased in the blend. As we attempted to print more complex shapes, it became clear that the 

cDAP‐5 and cDAP‐10 mixtures could not be printed into shapes with more than one layer of height 

as they lacked sufficient mechanical strength to be free standing (cDAP‐1) or were not sufficiently 

shear thinning to flow smoothly (cDAP‐5, cDAP‐10). We increased the amount of DAP in the 

cDAP formulation in an attempt to create free standing structures during the printing process. 

While increasing the amount of DAP in each cDAP formulation improved the gel stiffness and 

printability (cDAP‐1X), we also observed poor hydrogel flow when the total chitosan content was 

increased (cDAP‐5X and cDAP‐10X), which led to poor print resolution and layer adhesion 

(Figure 3.2(b)). Based on these tests, cDAP‐1X was identified as the most printable formulation 

for filter fabrication. Using this cDAP‐1X formulation, we were also able to print several designs, 

including solid cubes, cups and objects with internal structure that could not be fabricated easily 

using conventional molding techniques (Figure 3.2(c)). 
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Figure 3.2: Images of 3D printed hydrogels: (a) thin sheets; (b) cups; note the reduced 
printability when the chitosan content is increased; (c) solid cubes, shapes A and B with internal 

structure, and their corresponding renderings. 

3.4.1 Evaluation of Hydrogel Mechanical Properties 

To quantify the effects that chitosan has on the gel blends, compression tests were carried 

out for the cured cups, using a universal testing machine (Instron 5848 MicroTester) at a 

compression rate of 5 mm min–1 and a temperature of 25 °C. Ultimate strength, toughness and 

Young's modulus values were each determined as averages from three measurements (Tables B4–

B5). All the resulting mechanical properties, ultimate strength, toughness and Young's modulus, 

had been improved in the cDAP‐1X compared with the control DAP cups (Figure 3.3). This could 

be attributed to the stabilization of cDAP‐1X via inter‐ and intra‐molecular hydrogen bonds. 
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Figure 3.3: Mechanical characterization of hydrogel cups. (a) Representative stress versus strain 
plots, (b) ultimate strength and (c) toughness values for cDAP‐1X and DAP. (d) Young's moduli 

tabulated along with an illustration of the two materials under compressive stress. t tests 
demonstrate a statistical significance of p < 0.05 for these measurements (Table B.18). 

 

3.4.2 Maximum Metal Adsorption Tests of DAP and cDAP Sheets 

Adsorption experiments were carried out in order to determine the maximum concentration of 

metal ion that can be removed from solution by each adsorbent hydrogel (Figure 3.4). 3000 ppb 

stock solutions (5 mL) were prepared using the nitrate salts of the heavy metals in ultrapure water. 

Polyethylene terephthalate scintillation vials (20 mL) were used as containers for all the 

experiments. The sheets (20 mg) were soaked in these solutions (5 mL) on an orbital shaker plate 

at a rate of 60 rpm, at pH 7, for 1, 3, 5, 7 and 9 h at room temperature to determine the maximum 

adsorption of each heavy metal. After each time interval, the used adsorbents were washed with 

aqueous acid (HNO3, 1 mol L–1) solution (5 mL) for 24 h to extract any adsorbed metal into 

solution. Each of these solutions were diluted 10× with ultrapure (18.2 MΩ) water. The metal 

concentrations were analyzed using ICP‐MS. The maximum adsorption of each heavy metal was 

plotted in parts per billion of metal ion adsorbed from solution per 20 mg of dry hydrogel by 
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measuring the amount of metal adsorbed in each hydrogel at different time points (Table B.6, 

Figure B.2). Each adsorption value was obtained as an average from three measurements. 

 

 
Figure 3.4: Maximum heavy metal adsorptions of the sheets cDAP‐1, cDAP‐5, cDAP‐10 and 
DAP. t tests demonstrate a statistical significance of p < 0.05 for these measurements. Metal 

adsorptions were shown in both mg of metal/g hydrogel and ppb/20 mg hydrogel (Tables B.19–
B.26). 

 

Using these isothermal adsorption plots, the maximum adsorption of each heavy metal was 

calculated as milligrams of metal per gram of dry hydrogel as shown in Figure 3.4. The sheets 

(cDAP‐1, cDAP‐5 and cDAP‐10) show a trend in total adsorption of Pb2+ > Cu2+ > Cd2+ > Hg2+. 

Intuitively, cDAP‐10 sheets have the highest metal ion adsorption (ca 0.6–0.5 mg metal (g of dry 

hydrogel)–1); however, cDAP‐1 was capable of absorbing ca 70% as much as cDAP‐10 while 

retaining its printability. 
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3.4.3 Metal Adsorption Tests of DAP and cDAP Cups 

The main goal in this work was to test the heavy metal chelation ability of 3D printed 

cDAP‐1X and evaluate the purity of treated water against the US Environmental Protection 

Agency (EPA) recommended action level,34 which is defined as the maximum level of pollutant 

concentration considered to be safe. 

We 3D printed cup‐shaped containers which were filled with aqueous solutions of each 

metal ion in concentrations that represent moderately polluted water bodies.35,36 For the detection 

of Cu2+ levels, a 1500 ppb Cu2+ stock solution (5 mL) was prepared using the nitrate salt in 

ultrapure water and added to the cups, each of which contained 3 g of dry hydrogel, followed by 

shaking as before at pH 7.0 and room temperature for 30, 60, 90 and 120 min. After each time 

period, the supernatant was analyzed via ICP‐MS (Figure 3.5). To detect Cd2+ and Pb2+ levels the 

same procedure was carried out but using 30 ppb stock solutions, Hg2+ levels with a 10 ppb stock 

solution, prepared using the corresponding metal nitrate salt. cDAP‐1X cups showed significantly 

larger adsorption compared to DAP, reducing the concentration of each metal below the EPA 

action level after only 30 min of contact time. 
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Figure 3.5: Comparison of remaining heavy metal ion concentrations in solution for cDAP‐1X 
and DAP. EPA action levels are shown as dotted lines. A contact time of 0 min represents the 

initial heavy metal ion concentration in the stock solution. cDAP‐1X data points for Pb, Cd and 
Hg after 30 min were below the detection limit of the ICP‐MS (Tables B7–B10). 

 

3.4.4 Metal Leaching Tests of DAP and cDAP Cups 

Leaching tests were also carried out to further evaluate the metal chelation efficiency of 

the hydrogel cups (Tables B11–B15). The cups that were used in the previous adsorption 

experiments were used here as well. Ultrapure water (5 mL) was added into the metal loaded cups 

and shaken as previously described for 10 h at room temperature. The supernatant was then 

analyzed for metal content by ICP‐MS (Fig. 6). The metal concentrations were obtained as 

averages from three measurements and were calculated as a percentage of the initially adsorbed 

amounts. As shown in Figure 3.6, cDAP‐1X cups showed significantly low leaching for all metal 

ions compared to the control DAP after a contact time of 10 h. 
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Figure 3.6: Concentrations of leached metals after 10 h versus initially adsorbed amounts for 
cDAP‐1X and DAP after 30 min initial contact time. Metal leaching as a percentage of the 

initially adsorbed amount is tabulated inside each plot. t tests demonstrate a statistical 
significance of p < 0.05 for these measurements (Table B.27). 

 

3.4.5 Pb2+ Adsorption Versus Hydrogel Surface Area 

One major advantage of using 3D printing is the ability to produce objects with complex 

internal geometry and higher surface area compared to traditional manufacturing techniques like 

injection molding or blow molding. A higher surface area in a filtration device allows for greater 

flux through the adsorbent requiring less pressure and energy during purification. Pb2+ can leach 

from plumbing systems of public water supplies34 and is the most common metal pollutant in 

drinking water of the four metals tested here. In order to evaluate the effects of surface area on the 

adsorption kinetics, we carried out tests using aqueous solutions of Pb2+ ions (Table B.16, Figure 

3.7(a)) using shapes consisting of cDAP‐1X with different amounts of accessible surface area 
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(Figure 3.7(b)). These shapes (2 g dry hydrogel) were submerged in 30 ppb Pb(NO3)2 stock 

solutions (5 mL) in ultrapure water and shaken for 10 min at room temperature. The remaining 

Pb2+ in each solution was measured with ICP‐MS (Figure 3.7(a)). 

 

 
Figure 3.7: (a) Pb adsorption tests on different shapes (2 g) after a 10 min contact time and their 
estimated surface areas. Initial Pb2+ concentration was 30 ppb. (b) Computer renderings of each 

shape. 
 

According to these results, Pb2+ removal efficiency is improved with increasing surface 

area. The cDAP‐1X shape B, which has the highest surface area (1791 mm2), is capable of 

removing ca 74% of the Pb2+ ions after 10 min, ca. four times more than that of its DAP 

counterpart. This is consistent with our hypothesis that greater surface area to volume ratio of the 

adsorbent material would improve the metal adsorption kinetics. 
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2.2.4.6 Reusability Tests 

We tested the cDAP‐1X shape B for its reusability (Table B.17, Figure 3.8(a)). The used 

adsorbent was first washed with an aqueous HCl (1 mol L–1) solution (5 mL) until no more Pb ions 

were detected, followed by neutralization with an aqueous NaOH (0.1 mol L–1) solution (5 mL) 

several times and ultrapure water until the pH of the filtrate was 7. The adsorbent was then 

subjected to Pb2+ adsorption again by soaking in 30 ppb stock solution (5 mL) in ultrapure water 

and placed on a shaker at room temperature for 10 min. The remaining Pb2+ level was measured 

using ICP‐MS. This procedure was repeated five times. 

 
Figure 3.8: (a) Pb2+ removal efficiency (%) for cDAP‐1X shape B hydrogel during five 

regeneration cycles with a contact time of 10 min in each. (b) Illustration of the adsorbent shape 
before use and after the fifth regeneration cycle. t tests demonstrate no statistical significance of 
p > 0.05 for these measurements (Table B.28) indicating a very high percentage recovery of the 

original Pb2+ removal efficiency in later cycles. 
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We observed that ca. 98% recovery of the original Pb2+ removal efficiency could be achieved even 

after five cycles. Figure 3.8(b) also illustrates how the cDAP‐1X shape B retains its structure after 

undergoing several washes in both acidic and basic solutions during the regeneration cycles. 

Previous literature reports25,27,37-39 have demonstrated the morphological stability of similar types 

of hydrogel materials with varying pH. These literature reports support our observations that the 

cDAP materials will be structurally stable throughout the pH changes experienced during the water 

purification process. 

 

3.5 Conclusion  

In conclusion, we have designed recyclable, 3D printable materials from a cheap, abundant 

biopolymer for the remediation of toxic heavy metal ions in water. Using these cDAP materials, 

we were able to successfully prepare 3D printed objects including sheets, cups and objects with 

more complex internal structures, which would be difficult to obtain via conventional molding 

techniques. Moreover, this novel and cost‐effective approach to remove health and environmental 

hazards could be useful for fabricating cheap and safe water filtration devices on site in polluted 

areas without the need for industrial scale manufacturing tools. 
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4.1 Abstract  

In this work we describe a method of fabricating 3D printed hydrogels which are 

mechanically stabilized without the use of potentially cytotoxic radical chemistry. To achieve this, 

we utilized a thiol-Michael reaction catalyzed by basic (pH 8.2) phosphate buffered saline (PBS) 

between diacrylated Pluronic F127 and multifunctional thiol crosslinkers. We showed that the print 

resolution could be conserved due to stabilization of Pluronic micelles as a result of the ionic 

strength of the buffer. These hydrogels exhibited high stretchability (∼750%) as well as tunable 

mechanical properties. We demonstrated that micelle-based free-standing 3D objects can be 

fabricated through non-radical pathways by stabilizing the micelles in solutions with increased 

ionic strength. 

 

4.2 Introduction  

Hydrogels are a class of materials comprised of physically or chemically crosslinked 

polymers that are capable of absorbing large amounts of water.1–4 Hydrogels are inherently soft 

materials, and various strategies have been employed to control their mechanical properties 

including the use of moveable crosslinks (slide-ring gels),5–8 dual crosslinking networks,9–11 the 

incorporation of nanocomposite fillers,12–14 metal coordination linkages,15,16 and micelle 

crosslinking.17–19 By incorporating dynamic interactions into the hydrogel network, energy from 

an external force can be more easily dissipated throughout the gel, ultimately enhancing the 

toughness of the material. Hydrogels have found applications in agriculture,20 sensors,21–23 and 

regenerative medicine.24–26 Hydrogels are excellent candidates for biomedical applications, 

specifically tissue engineering, given their biocompatiblity, ability to provide environments 
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facilitating cell proliferation, tunable mechanical properties, and 3D structure.27 Developing new 

techniques for hydrogel fabrication that are compatible with 3D printing has been a major source 

of research as the custom production of these materials is critical to their use in many medical and 

biological applications.28 Previous studies have demonstrated the fabrication of hydrogels with 

complex 3D structures via direct-write 3D printing from shear-thinning precursors.29–33 Pluronics, 

a class of ABA triblock co-polymers, are often chosen for this method of printing due to their 

shear-thinning behavior.34–36 3D printed Pluronics will readily hold their shape after printing, but 

can be easily deformed owing to the non-covalent nature of their assembly.37 To improve the 

mechanical strength and dimensional stability of the 3D printed shapes after curing, acrylate 

endgroups can be added to these polymers which allows for the polyether micelles to be 

crosslinked through radical polymerization. For example, a report by Wu et al. used diacrylated 

Pluronic F127 (DAP127) as a support gel along with a “fugitive ink” to allow for direct-write 

printing of 3D structures with internal vascularization.32 DAP127 has also been used to fabricate 

free-standing structures without the use of a support bath. In our recent work, we developed a 3D 

printed hydrogel whose shear-thinning properties could be mechanically stabilized through the 

addition of chitosan to the DAP127 formulation and covalently crosslinked using radical 

polymerization, for the removal of heavy metal pollutants from water.38 However, these examples, 

and many others utilize potentially toxic photo-initiators and exposure to UV light, both of which 

are harmful to cells.39,40 A previous study by Williams et al. demonstrated the cytotoxicity of three 

commonly used photoinitiators (Irgacure 2959, 184, and 651) against six cell lines.41 In this study, 

Irgacure 2959 was found to be the least toxic of the three initiators, and it has since been used for 

UV crosslinking of materials for biomedical applications.42,43 Although this photo-initiator is less 
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toxic in comparison, it still leads to cell death and limits the use of these materials in biomedical 

applications. For this reason, we have chosen to investigate non-radical methods of covalently 

crosslinking hydrogels after direct-write 3D printing. To improve the biocompatibility of 

mechanically stable 3D printed objects, we chose to investigate the thiol-Michael addition for the 

crosslinking of Pluronic based materials. Although the thiol-Michael addition has been widely 

employed in the formation of hydrogels due to its mild reaction conditions and “click chemistry” 

characteristics,44 it has found little use in direct-write 3D printing. One of the main challenges 

associated with direct-write printing is maintaining the resolution of the printed object while 

effectively crosslinking the deposited material. Radical polymerization has remained a prevalent 

curing technique for direct-write printed hydrogels because it occurs quickly and requires minimal 

disturbance of the uncured object. Here, we demonstrate a method of simultaneously crosslinking 

hydrogels in basic buffer solutions while maintaining the three-dimensional printed structure 

through enhanced micelle stability. The hydrogel structures are stabilized by the presence of 

sodium and potassium chloride in the buffer, which drastically limits the dissolution or 

deformation of the un-crosslinked polymers in solution during the curing process. We achieved 

this through a base catalyzed thiol-Michael reaction, which was used to cure formulations of 

DAP127 and a multi-arm thiol crosslinker to fabricate 3D printed hydrogels with minimal 

dissolution of the hydrogel in the appropriate conditions (Scheme 4.1). 
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Scheme 4.1: Illustration of thiol-Michael crosslinking in micellar hydrogels. 

4.3 Experimental  

4.3.1 General Experimental 

All chemicals were used as received without further purification. Pluronic F127 (Mw 

12 500) was purchased from Spectrum Chemical Corporation, New Brunswick, NJ, USA. Acryloyl 

chloride was purchased from Alfa Aesar, Haverhill, MA, USA. Trimethylolpropane tris(3-

mercaptopropionate) (TMTMP) and Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) 

were purchased from TCI America, Portland, OR, USA. Dichloromethane, diethyl ether, and 

triethylamine were purchased from Fisher Chemical, Hampton, NH, USA. 1H NMR spectra were 

obtained on a Bruker Avance III HD 600 MHz spectrometer. 
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4.3.2 Synthesis of Diacrylated Pluronic F127 (DAP127) 

DAP127 was synthesized according to our previous work.38 Pluronic F127 (12.5 g, 1 

mmol) was dissolved in anhydrous dichloromethane (50 mL) and cooled to 0 °C. Triethylamine 

(0.61 g, 6 mmol) was added and the solution was stirred for 10 min. Acryloyl chloride (0.54 g, 6 

mmol) was added dropwise, and the reaction was stirred for 24 h. The crude product was extracted 

using dichloromethane (200 mL) and washed with deionized water (50 mL), saturated aqueous 

sodium bicarbonate (50 mL), and again with deionized water (50 mL). The organic phase was 

collected and dried over anhydrous sodium sulfate, and the solvent was removed under reduced 

pressure. The resulting solid was dissolved in dichloromethane (50 mL), cooled in an ice bath, and 

precipitated by the addition of diethyl ether. The final product was collected by filtration as a white 

solid and dried at 40 °C under dynamic vacuum for 24 h. Yield 10.2 g, 81.6%. 1H NMR (600 

MHz, DMSO-d6) δ 6.34 (d, J = 12 Hz, –CH2), 6.2 (dd, J = 9, 12 Hz, –CH), 5.97 (d, J = 9 Hz, –

CH2), 3.56–3.44 (br, –OCHCH2O–, –OCH2CH2O–), 1.04 (s, –CH3). 

 

4.3.3 Preparation of Thiol-Michael Crosslinked Hydrogels 

Hydrogel compositions (Table C.1) were prepared as follows. DAP127 was dissolved in 

deionized water at 4 °C using a magnetic stir bar. After the polymer was completely dissolved, 

TMTMP or PETMP was added and the mixtures were stirred vigorously, resulting in opaque 

solutions due to the decreased solubility of the crosslinkers in water at low temperatures. After 5 

h, the solutions were kept at 4 °C without stirring to allow any bubbles to subside. The viscous 

hydrogel solutions were then transferred to a 60 mL syringe and kept at rt for 3 h over which time 

the solution became transparent. 
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3.3.4 Preparation of Control DAP Hydrogels 

DAP127 was dissolved in deionized water at 4 °C using a magnetic stir bar. After the 

polymer was completely dissolved, Irgacure 754 was added, and the solution was stirred 

vigorously resulting in a transparent solution. After 5 h, the solution was kept at 4 °C without 

stirring to allow any bubbles to subside. The viscous solution was then transferred to a 60 mL 

syringe and kept at rt for 3 h before printing. 

3.3.5 Direct-Write 3D Printing of Hydrogels 

All gel samples were prepared fresh before printing. The DAP127 formulations were 3D 

printed using a Printrbot 3D printer (Printrbot, Lincoln, CA, USA) modified with a paste extruder 

attachment and using the open source slicing software Cura (Ultimaker). Dogbones were printed 

according to the ISO 37-4 standard for tensile testing and cylinders with a diameter of 10 mm and 

thickness of 8 mm for compression testing. All samples were printed on a glass slide fixed to the 

printer bed for ease of transfer to curing solutions. The full printing parameters are outlined in the 

supporting information (Table C.2). 

3.3.6 Post-Curing of Thiol-Michael Crosslinked Hydrogels and Control DAP127 Hydrogels 

Printed hydrogels were incubated at 37 °C for 72 h or submerged in buffer solutions 

prepared with varying pH and molarity (Table C.3) for 24 h (Figure 4.1). Printed control DAP127 

hydrogels were cured in a UV oven at 365 nm for 6 h, removed, and equilibrated in 0.1 M PBS for 

24 h. 
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Figure 4.1: DAP127-TMTMP0.67, cured in 0.1 M potassium phosphate (KP) buffer (pH 
8.0), 0.05 M KP buffer, 0.1 M phosphate buffered saline (PBS, pH 8.2), and 0.05 M PBS, for 1 h 
(A–D) and 2 h (E–H). DAP127-TMTMP0.67, cured in 0.1 M KP buffer for 1 h (I), followed by 1 
h in 0.1 M PBS (J), and DAP127-TMTMP0.67 cured in 0.1 M PBS for 1 h (K) followed by 1 h in 

0.1 M KP buffer (L). 

4.3.7 Quantification on Hydrogel Swelling 

Printed hydrogel dogbone samples were submerged in deionized water for 24 h and 

allowed to dry at room temperature under ambient pressure for three days. The dry weight of each 

sample was measured, and the samples were then soaked in PBS solutions of varying concentration 

(Figure 4.3). Each sample was weighed after equilibration for 24 h and swelling was calculated as: 

"
𝑊$ −𝑊&

𝑊&
' × 	100	 = %	𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑏𝑦	𝑤𝑒𝑖𝑔ℎ𝑡 

where Ws is the swollen weight of the sample, and Wd is the dry weight of the sample. 
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4.3.8 Mechanical Testing 

All mechanical tests were performed on an Instron 5848 Micro Tester (Illinois Tool Works, 

Inc., Norwood, MA, USA). Tensile testing was performed on dogbone samples after curing for 24 

h in 0.1 M PBS with a 50 N load cell at a rate of 20 mm min−1. Sand paper was placed between 

the gel sample and clamps to avoid slippage of the sample. Compression samples were tested at 

24, 72, and 120 h with a 1 kN load cell at a rate of 2 mm min−1. Samples were tested in triplicate 

and error bars were calculated as the standard deviation of the three replicates. 

 

4.3.9 Dimensional Stability and Shape Recovery Tests 

To evaluate dimensional stability, dogbone samples were measured directly after printing and after 

soaking for 24 h in 0.1 M PBS. For shape recovery, the initial lengths of tensile samples of 

DAP127-TMTMP0.67 were measured. The samples were then elongated to 400% strain, measured, 

and recovered at room temperature, incubation at 37 °C, and in PBS (pH 8.2). After 22 h, the 

samples lengths were measured. The percent size increase for both tests was calculated as: 

"
𝐿: − 𝐿;
𝐿;

' × 	100	 = %	𝑠𝑖𝑧𝑒	𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 

where Lf is the final length of the sample and Li is the initial length. Samples were tested in 

triplicate and error bars were calculated as the standard deviation of the three replicates. 

 

4.4 Results and Discussion 

We mixed TMTMP with DAP127 in a 1 : 1 ratio by functional group (DAP127-

TMTMP0.67) and attempted to cure the thiol-Michael gels using various conditions including 

incubation, or under basic pH using potassium phosphate (KP) and PBS buffers (pH 8.0 and 8.2 
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respectively), two common buffers used in the cultivation of cells and tissues. Pluronic F127 

behaves as a thermoresponsive hydrogel due to micelle formation at concentrations greater than 

20 wt% at room temperature.45 A study by Su et al. reported the increased stability of Pluronic 

micelles in aqueous salt solutions compared to pure water.46 It was found that with respect to 

cations, Na+ has a greater improvement on micelle stability than K+, while anionic stabilization 

effects follow the Hofmeister series (Cl− > Br− > I−) in potassium halides. By exploiting these 

properties, we were able to limit dissolution of the printed DAP gels by using PBS (which contains 

both NaCl and KCl, thereby aiding in micelle stabilization), while simultaneously crosslinking the 

DAP127 due to the basic pH of the buffer. PBS showed retention of the 3D structure while samples 

in KP buffer (which does not contain NaCl or KCl) eventually dissolved (Figure 4.1) indicating 

that basic pH alone is not enough to stabilize and crosslink the hydrogels while retaining print 

resolution. 

We identified 0.1 M PBS as the best candidate for post-fabrication treatment of the 

hydrogels, as it was the only solution to result in a free-standing 3D object (Figure 4.1C and G). 

The concentration of salt also plays a large role in the diffusion of water into the gel, limiting its 

swelling behavior. As the concentration of ions in solution increases, the hydrophobic interactions 

within the polypropylene oxide (PPO) block are strengthened leading to a more compact 3D 

structure (Figure 4.2A). It was also observed that the swelling ratios for control DAP127 did not 

vary as drastically as that of the thiol-Michael gel. This may be due to a higher crosslinking density 

of the material, leading to a restriction in the swelling behavior (Figure 4.2A). After identifying 

the appropriate crosslinking conditions, the various formulations of printed DAP gels were soaked 

in 0.1 M PBS. After 24 h formulations DAP127-TMTMP1 and DAP127-TMTMP0.67 formed 
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freestanding objects, where DAP127-TMTMP0.33 dissolved. This indicated that a minimum ratio 

of 1 : 1 thiol to acrylate functional group was required for gelation. After soaking, the crosslinked 

gels were stretched by hand. DAP127-TMTMP1 began to crumble at the surface (Figure C3.2A) 

while DAP127-TMTMP0.67 remained smooth after stretching. 

 

Figure 4.2: (A) Optical images of DAP127-TMTMP0.67 swollen in increasing 
concentrations of PBS (pH 8.2), and (B) table of swelling percent by weight of DAP127-

TMTMP0.67 hydrogels in increasing concentrations of PBS. 
 

The poor mechanical properties of DAP127-TMTMP1 may be attributed to insufficient 

crosslinking of the material in the presence of excess thiol functional groups. Based on this result, 

a 1 : 1 ratio of functional groups was chosen for testing crosslinking conditions with PETMP. 

Next, we evaluated the mechanical properties by tensile and compression testing. 

Formulations of DAP127-TMTMP0.67 and DAP127-PETMP0.5 were used for testing. The 

TMTMP crosslinker showed excellent strain tolerance with maximum elongation up to ∼750% 

(Figure 4.3). PETMP, while still elastic, did not perform as well as the three-armed TMTMP cross-

linker. Similar to the DAP127-TMTMP1 formulation, the PETMP gel exhibited inhomogeneity 
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along the gels surface as stretching occurred (Figure C.2B), resulting in lower tensile strength 

(Figure 4.3C). DAP127 control gels were unable to be tested by this method as they were too brittle 

and broke under the force of the clamp.  

 

 

Figure 4.3: Optical image of tensile testing of DAP127-TMTMP0.67 (A) before stretching 
and (B) under strain. (C) Stress–strain curves, fracture strain at maximum elongation, and 

ultimate tensile strength at break of DAP127-TMTMP0.67 and DAP127-PETMP0.5. 
 

We also evaluated the recovery of DAP127-TMTMP0.67 and found that the material 

recovered within 7% of the original length after 22 h in 0.1 M PBS (Figure 4.4). Previous reports 

have shown micelle-based materials to have shape memory properties,47,48 however, this hydrogel 

also recovered after 22 h at room temperature and when incubated at 37 °C (Figure C.3), 

demonstrating that the material behaves elastically and will recover regardless of the stimulus. 
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Figure 4.4: Optical image of (A) DAP127-TMTMP0.67 directly after stretching and (B) 
after recovery for 24 h in PBS. (C) Values of total sample lengths before and after stretching, and 

after recovery. 
 

To compare the mechanical properties of the thiol-Michael gels to the control DAP127 gel 

crosslinked using radicals, compression testing was performed and compressive moduli were 

calculated for each sample over a period of five days (Figure 4.5). In these tests, we can also see 

the influence of micelle stabilization on the mechanical properties of the control DAP127 gel. We 

hypothesize that the increased mechanical strength can be attributed to the slow/continuous 

diffusion of salts into the gel, resulting in increased micelle stabilization over time.49 In the thiol-

Michael crosslinked gels, we observed a decrease in mechanical properties over time. This 

decrease in modulus is likely attributed to the hydrolysis of esters in the system. A previous report 

described an increased hydrolysis rate for esters with neighboring sulfur atoms, which is the adduct 

formed through the thiol-Michael addition in this work.50 Because there are no sulfur atoms present 
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in the control DAP127 gel, the hydrolysis rate is likely decreased, therefore we do not see a 

resultant change in mechanical properties. The compression tests also illustrate the tunable 

mechanical properties of these gels, which cannot easily be achieved at a constant polymer 

concentration using conventional radical polymerization. This becomes increasingly important 

when considering biomedical applications. According to values outlined in a review of engineered 

hydrogels,51 the control DAP127 gels approach the modulus range of cartilage (∼500 kPa), while 

DAP127-PETMP0.5 and DAP127-TMTMP0.67 fall between tendon and cartilage (30–500 kPa) by 

compression and reach values as soft as skin and muscles (10–30 kPa) by tension (Figure C.4). 

Figure 4.5: Optical image of (A) DAP127-PETMP0.5 before compression and (B) under 
compression. (C) Compressive moduli of control DAP127, DAP127-PETMP0.5, and DAP127-

TMTMP0.67 after 1, 3, and 5 days in 0.1 M PBS. 

4.5 Conclusion 

We have demonstrated how the thiol-Michael addition can be used as a tool for the post-

print curing of ABA type tri-block co-polymers by exploiting their micelle formation. The use of 
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this non-radical reaction eliminated the need for potentially cytotoxic photo-initiators and UV light 

in the formation of hydrogels. By varying the crosslinker as well as the curing conditions, we are 

able to tune the mechanical strength to match that of various organ tissue types without sacrificing 

3D printability or resolution of the printed parts. We demonstrated that we could achieve high 

strain tolerance (up to ∼750%) as well as the ability to recover the original shape of the materials. 

We believe that consideration of the ionic strength of the aqueous post-print curing solutions could 

be used as a general strategy to open up the use of other crosslinking reactions with micelle-based 

systems. Future studies will be aimed at using this methodology to expand the toolbox of chemical 

bond formations that are compatible with direct-write 3D printing. 
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5.1 Abstract 

Hydrogels are of research interest due to their biocompatibility, porosity, and ability to absorb and 

retain water. Due to these properties, hydrogels are attractive for use in many fields, however, they 

tend to be brittle and lack mechanical strength. This lack of strength and flexibility is due to the 

inhomogeneous crosslinking of the polymers within the network and its dependence on fixed 

chemical and physical crosslinking points. Slide-ring gels are a subset of hydrogels that utilize 

mechanical bonds to overcome this limitation by leveraging energy dissipation through the use of 

moveable crosslinks. Slide-ring gel synthesis is greatly limited by the low-yielding formation of 

rotaxanes step prior to crosslinking. For that reason, various “one-pot” methods of slide-ring gel 

formation have been investigated. Herein we describe a successful one-pot method of slide-ring 

gel synthesis based on a catalyst free thiol-Michael addition between threaded thiol-functionalized 

macrocycles and maleimide terminated polymers.  

 

5.2 Introduction 

Hydrogels are a class of materials comprised of a network of physically or chemically cross-linked 

hydrophilic polymer chains,1 and have been used in many fields including medical,2 agriculture,3 

and personal care.4 Chemical crosslinking of hydrogels is achieved through the utilization of 

covalent interactions between functionalized molecules resulting in the permanent configuration 

of the polymer network.5 Physical crosslinking is the formation of entanglements or junction points 

between polymer chains that arise from ionic interactions or hydrogen bonding resulting in 

temporary crosslinking and an inhomogeneous polymer network (Figure 4.1A).6,7  
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Figure 5.1: Illustration of various types of crosslinking in (A) hydrogels and (B) slide-ring gels. 

 

These gels are insoluble in water because of their highly crosslinked network but have the ability 

to absorb and retain water due to the “pockets” formed through crosslinking, which also allow for 

diffusion.8 However, hydrogels tend to be rigid and lack mechanical strength when stretched or 

compressed. The lack of elasticity and mechanical toughness in hydrogels can be attributed to the 

inhomogeneous cross-linking of the polymer chains and its dependence on fixed chemical and 

physical crosslinking points. When an external force is applied, more stress is placed on shorter 

polymer chains that arise from random polymerization.9 This non-uniform distribution of stress 

causes the hydrogel network to lose its integrity, ultimately breaking apart. Improving the 

mechanical properties of hydrogels will broaden the range of applications for this material and 

may have a large impact in the materials field of research.  

Slide-ring gels (SRGs) are a subset of hydrogels that possess enhanced mechanical 

properties as compared to hydrogels. Slide-ring gels possess both traditional and non- traditional 

bonding types through the use of polyrotaxanes (PRs) where the cyclic molecules on the PRs are 
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crosslinked to one another creating figure-eight junctions (Figure 5.1B). These junctions are free 

to slide along the polymeric axis and evenly distribute tension when an external force is applied to 

the gel, referred to as the pulley effect.10 Due to this phenomenon, slide-ring gels exhibit 

improvement in mechanical properties overcoming the limitations of traditional hydrogels such as 

improved elongation, fracture resistance, and fatigue resistance. Many routes have been taken to 

synthesize slide-ring gel materials with unique characteristics. The first reported synthesis of a 

slide-ring gel was by Okumura and Ito in 2001,11 where they synthesized a novel “topological gel” 

by cross-linking PRs consisting of α-cyclodextrin threaded on poly (ethylene glycol) bisamine 

(PEG-BA) via self-assembly, and capped with 2,4-dinitrofluorobenzene. Since this example, 

cyclodextrins (CDs), which are cyclic oligosaccharides consisting of multiple glucose units 

(Figure 5.2), have been widely used in rotaxane synthesis.12 This is due to their hydrophilic exterior 

and hydrophobic inner cavity, which allows these molecules to form complexes with a range of 

compounds depending on their size via molecular recognition.13-15 The two most popular 

cyclodextrins are a-CD as it is known to form stable complexes with polyethylene oxide (PEO) 

groups,16 and b-CD as it is known to complex with polypropylene oxide (PPO) groups,17 and is 

also easily mono-functionalized through tosylation.18 
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Figure 5.2: Illustration of cyclodextrin molecules. 

 

Since the first report, these cyclodextrins have been used in SRGs with enhanced properties such 

as self-healing and photo- and thermo-responsive mechanical properties.19-21  The formation of 

SRGs generally occurs in three steps: 1) the formation of a pseudo-rotaxane through self-assembly 

of cyclic molecules onto polymer chains,22, 23 2) formation of the rotaxane by the addition of bulky 

end groups to lock the cyclic moiety in place,24 and 3) polymerization of the rotaxanes which can 

occur through free-radical polymerization,25 ionic polymerization,26 or copolymerization.27 This 

three-step process can be time consuming and is not the most efficient way of forming SRG 

materials. To reduce the number of synthetic steps and increase yield, the Hawker group developed 

a one-pot synthesis to rapidly form SRGs using thiol-ene click chemistry.28 In this approach, 

instead of first forming the rotaxane and crosslinking, the macrocycle acts as both a moveable 

thread and an end-capping group, resulting in no static crosslinking junctions. Furthermore, this 

group has demonstrated the tunable mechanical properties of SRGs by incorporating “spacer” 

macrocycles to vary the stiffness of the SRG, this time employing thiol-yne chemistry.29 While 
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this one-pot strategy addresses many limitations in the formation of SRGs, both the thiol-ene and 

thiol-yne click reactions suffer inhibition by oxygen, which requires thorough degassing of all 

precursors and special air-tight curing apparatuses.  

In this chapter we present a facile one-pot method of preparing SRG materials by utilizing 

robust thiol-Michael click chemistry. In our previous work, we have demonstrated how 

mercaptopropionates and acrylates can be used as thiol-Michael donors and acceptors, 

respectively, to rapidly form hydrogels in dilute conditions with tunable mechanical properties.30 

In this work, we leveraged the same chemical reaction through mono-functionalization of b-

cyclodextrin with mercaptopropionic acid as our functional macrocycle, along with diacrylated 

pluronic F127 (DAP127), Jeffamine D2000 and pluronics F127 and F68 bismaleimides as our 

polymeric axes. Herein, we show how SRGs can be formed through a robust procedure that 

possesses the appropriate reaction kinetics slow enough to allow for self-assembly of the 

cyclodextrin macrocycle onto the polymer axis, but reactive enough to end-cap the polymer and 

form SRGs overnight with no added stimulus.  

 

5.3 Experimental 

5.3.1 General Experimental  

All chemicals were used as received without further purification. Pluronic F127 (Mw 

12,500) and Pluronic F68 (Mw 8,400) was purchased from Spectrum Chemical Corporation, New 

Brunswick, NJ, USA. Jeffamine D2000 was purchased from Huntsman Corporation, The 

Woodlands, TX, USA. Acryloyl chloride and 3-Mercaptopropionic acid was purchased from Alfa 

Aesar, Haverhill, MA, USA. b-Cyclodextrin was purchased from Chem-Impex International, 
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Wood Dale, IL, USA. 1,3-Dicyclohexylcarbodiimide and hydroxybenzotriazole were purchased 

from Oakwood Products, Inc., West Columbia, South Carolina, USA. p-Toluenesulfonyl chloride, 

imidazole, maleic anhydride, 4-dimethylaminopyridine, and sodium azide were purchased from 

Acros Organics, Fair Lawn, NJ, USA. Triphenylphosphine and nickel(II) acetate tetrahydrate were 

purchased from Sigma-Aldrich, St. Louis, MO, USA. Glycine was purchased from RPI Research 

Products International Corp., Mt. Prospect, IL. USA.   Ammonium chloride, sodium hydroxide, 

magnesium sulfate, acetic anhydride, chloroform, dichloromethane, dimethylformamide, dimethyl 

sulfoxide, diethyl ether, hexane, ethyl acetate, toluene, and triethylamine were purchased from 

Fisher Chemical, Hampton, NH, USA. 1H NMR and NOESY spectra were obtained on a Bruker 

Avance III HD 600 MHz spectrometer. 

 

5.3.2 Synthesis of DAP127 

 

               Pluronic F127                                                                          DAP127 

Scheme 5.1: Synthetic route for DAP127. 

 

DAP127 was synthesized according to our previous work.30 Pluronic F127 (12.5 g, 1 mmol) was 

dissolved in anhydrous dichloromethane (50 mL) and cooled to 0 °C. Triethylamine (0.61 g, 6 

mmol) was added and the solution was stirred for10 min. Acryloyl chloride (0.54 g, 6 mmol) was 

added drop-wise, and the reaction was stirred for 24 h. The crude product was extracted using 

dichloromethane (200 mL) and washed with deionized water (50 mL), saturated aqueous sodium 
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bicarbonate (50 mL), and again with deionized water (50 mL).The organic phase was collected 

and dried over anhydrous sodium sulfate, and the solvent was removed under reduced pressure. 

The resulting solid was dissolved in dichloromethane (50 mL), cooled in an ice bath, and 

precipitated by the addition of diethyl ether. The final product was collected by filtration as a white 

solid and dried at 40 °C under dynamic vacuum for 24 h. Yield 10.2 g, 81.6%.1H NMR (600 MHz, 

DMSO-d6) δ: 6.34 (d, J=12 Hz,–CH2), 6.2 (dd, J=9,12Hz, –CH), 5.97 (d, J=9Hz,–CH2), 3.56–3.44 

(br, –OCHCH2O–, –OCH2CH2O–), 1.04 (s, –CH3). 

 

5.3.3 Synthesis of Glycine Maleimide (Gly-MI) 

 

                                                                  Gly-MA                                                  Gly-MI 

Scheme 5.2: Synthetic route for Gly-MI. 

 

Glycine maleimide (Gly-MI) was synthesized through an acid intermediate Gly-MA. Maleic 

anhydride (5.0 g, 50.98 mmol) and glycine (3.83, 50.98 mmol) were dissolved in acetic acid (120 

mL) and were stirred under nitrogen for four hours at room temperature. The white precipitate was 

filtered and suspended in methanol, filtered, and washed again with methanol. The intermediate 

was collected as a white powder. Yield, 6.64 g, 75%.  

Gly-MA was dissolved in toluene (200 mL), triethylamine (10.66 mL, 76.70 mmol) was 

added and the mixture was refluxed with a Dean-Stark apparatus for one hour. The remaining 

solution was concentrated under reduced pressure. The resulting solid was dissolved in ethyl 
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acetate and washed with deionized water (pH 2). The organic layer was dried over magnesium 

sulfate and concentrated under reduced pressure resulting in a yellow crystalline solid. Yield, 0.486 

g, 8.17%. 1H NMR (600 MHz, DMSO-d6): δ: 7.10 (s, 2 H), 4.10 (s, 2 H). 

 

5.3.4 Synthesis of Pluronic F68 Bismaleimide (F68-BMI) 

 

Scheme 5.3: Synthetic route for F68-BMI. 

 

GlyMI (0.650 g, 4.19 mmol) was dissolved in dry dichloromethane (60 mL) and placed under 

nitrogen. Dicyclohexylcarbodiimide (0.864 g, 4.19 mmol) was dissolved in dry dichloromethane 

(10 mL) and was added dropwise to the reaction flask. Pluronic F68 (3.5 g, 0.419 mmol) was 

dissolved in dry dichloromethane (10 mL) and added to the reaction. Finally, 4-

dimethylaminopyridine (0.128 g, 1.04 mmol) was dissolved in dry dichloromethane (5 mL) and 

was added to the reaction. The reaction was allowed to stir at room temperature for twenty-four 

hours and the mixture became dark brown. The suspension was filtered, and the filtrate was dried 

over magnesium sulfate. The solution was concentrated under reduced pressure and F68-BMI was 

precipitated from diethyl ether. Yield, 2.31 g, 63%. 1H NMR (600 MHz, DMSO-d6): δ: 7.16 (s, –

CH), 4.29 (s, –CH2), 3.70–3.10 (br, –OCHCH2O–, –OCH2CH2O–), 1.04 (s, –CH3). 
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5.3.5 Synthesis of Pluronic F127 Bismaleimide (F127-BMI) 

 

Scheme 5.4: Synthetic route for F127-BMI. 

 

F127-BMI was synthesized according to the procedure for F68-BMI. GlyMI (0.486 g, 3.13 mmol) 

was dissolved in dry dichloromethane (60 mL) and placed under nitrogen. 

Dicyclohexylcarbodiimide (0.646 g, 3.13 mmol) was dissolved in dry dichloromethane (10 mL) 

and was added dropwise to the reaction flask. Pluronic F127 (3.912 g, 0.313 mmol) was dissolved 

in dry dichloromethane (10 mL) and added to the reaction. Finally, 4-dimethylaminopyridine 

(0.095 g, 0.783 mmol) was dissolved in dry dichloromethane (5 mL) and was added to the reaction. 

The reaction was allowed to stir at room temperature for twenty-four hours and the mixture became 

dark brown. The suspension was filtered, and the filtrate was dried over magnesium sulfate. The 

solution was concentrated under reduced pressure and F127-BMI was precipitated from diethyl 

ether. Yield, 3.106 g, 77.5%. 1H NMR (600 MHz, DMSO-d6): δ: 7.16 (s, –CH), 4.29 (s, –CH2), 

3.65–3.20 (br, –OCHCH2O–, –OCH2CH2O–), 1.04 (s, –CH3). 

 

5.3.6 Synthesis of Jeffamine D2000 Bismalemimide (D2000-BMI) 

 

Scheme 5.5: Synthetic route for D2000-BMI. 
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D2000-BMI was synthesized with modifications according to literature.31 Maleic anhydride (0.296 

g, 3 mmol) was dissolved in dry dimethylformamide (1 mL) and Jeffamine D2000 (3 g, 1.5 mmol) 

was added. The reaction was heated to 115 oC and stirred for ten minutes. The temperature was 

decreased to 90 oC and acetic anhydride (0.56 mL, 4 mmol), nickel(II) acetate tetrahydrate (0.042 

g, 0.17 mmol), and triethylamine (0.08 mL, 0.6 mmol) were added. The reaction was stirred for 

two hours then cooled to 30 oC. The solution was poured into ice water (20 mL) and stirred for 

thirty minutes. The solution was extracted with chloroform (20 mL) and washed with water, 5% 

sodium hydroxide, and brine. The organic layer was dried over magnesium sulfate and 

concentrated under reduced pressure yielding a dark brown viscous product. Yield, 1.46 g, 45%.  

1H NMR (600 MHz, CDCl3): δ: 6.63 (s, –CH), 3.76–3.25 (br,  –OCHCH2O–), 1.33 (s, –CH3), 1.13 

(s, –CH3). 

 

5.3.7 Synthesis of 1-(p-Toluenesulfonyl)imidazole (1) 

 

Scheme 5.6: Synthetic route for 1-(p-Toluenesulfonyl)imidazole (1). 

 

1-(p-Toluenesulfonyl)imidazole was synthesized according to literature.18 Imidazole (2.38 g, 36 

mmol) was dissolved in dichloromethane (9.4 mL) and cooled to 0 oC in an ice bath. 1-(p-

Toluenesulfonyl)chloride (3.00 g, 16 mmol) was dissolved in dichloromethane (9.4 mL) and was 

added dropwise to the cooled reaction over 10 min. The solution was warmed to room temperature 

while gently stirring at which point the solution became cloudy. The reaction was then stirred 
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vigorously for two hours. The reaction was filtered through a pad of silica and the silica was rinsed 

with three portions (50 mL) of 1:1 hexane/ethyl acetate. The filtrate was collected and concentrated 

under reduced pressure. The resulting solid was rinsed with ethyl acetate (2 mL) and hexane (19 

mL). The solids were collected through vacuum filtration resulting in a white solid. Yield 2.84 g, 

78.8%. 1H NMR (600 MHz, CDCl3) δ: 2.43 (s, 3 H), 7.08 (s, 1 H), 7.30 (s, 1 H), 7.35 (d, 2 H, J = 

8.3), 7.83 (d, 2 H, J = 8.3), 8.02 (s, 1 H). 

 

5.3.8 Synthesis of 6A-O-Toluenesulfonyl-β-cyclodextrin (2) 

 

Scheme 5.7: Synthetic route for 6A-O-Toluenesulfonyl-β-cyclodextrin (2). 

 

6A-O-Toluenesulfonyl-β-cyclodextrin was synthesized according to literature.18 b-cyclodextrin 

(3.57 g, 0.31 mmol) was dissolved in deionized water (81 mL) at 60 oC in an oil bath. Once 

dissolved, the solution was allowed to cool to room temperature. Compound 1 (2.8 g, 12.6 mmol) 

was crushed into a fine powder and added to the reaction. The reaction was allowed to stir for two 

hours. Sodium hydroxide (1.61 g, 40.3 mmol) was dissolved in deionized water (4.5 mL) and 

added to the reaction over three minutes. The reaction was stirred for thirty minutes, at which point 

the solution turned clear. Ammonium chloride (4.31 g, 80.5 mmol) was added and the reaction 

was swirled until it was completely dissolved. The reaction was concentrated under a stream of air 

overnight. The precipitated cyclodextrin was filtered and the resulting white powder was washed 
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with two portions (8.9 mL) of ice-cold deionized water. The product was dried under dynamic 

vacuum overnight and was obtained as a white powder. Yield 1.5 g, 40%. 1H NMR (600 MHz, 

DMSO-d6) δ: 2.49 (s, 3 H), 3.20-3.65 (overlap with HDO, m, 40 H), 4.15-4.20 (m, 1 H), 4.30-4.38 

(m, 2 H), 4.44-4.57 (m, 2 H), 4.51 (s, 3 H), 4.76 (s, 2 H), 4.83 (s, 4 H), 5.62-5.83 (m, 14 H), 7.42 

(d, 2 H, J = 8.1), 7.73 (d, 2 H, J = 8.1). 

 

5.3.9 Synthesis of 6-Monodeoxy-6-monoazido-beta-cyclodextrin (3) 

 

Scheme 5.8: Synthetic route for 6-Monodeoxy-6-monoazido-beta-cyclodextrin (3). 

 

6-Monodeoxy-6-monoazido-beta-cyclodextrin was synthesized according to literature.32 

Compound 2 (4.00 g, 3.1 mmol) was suspended in deionized water (50 mL) and heated to 80 oC 

in an oil bath. Sodium azide (1.00 g, 15.5 mmol) was added and the reaction was heated and stirred 

overnight. The reaction was then cooled to room temperature and precipitated in acetone (400 mL). 

The solid was redissolved in deionized water (50 mL) and reprecipitated in acetone (400 mL). The 

solid was collected by vacuum filtration and dried under dynamic vacuum overnight. The product 

was collected as white solid. Yield 3.028 g, 84%.  1H NMR (600 MHz, DMSO-d6) δ: 3.15–3.47 

(m, overlap with HDO, 14H), 3.45–3.72 (m, 28 H), 4.15–4.62 (m, 6 H), 4.75–4.81 (m, 7 H), 5.58–

5.70 (m, 14 H) 
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5.3.10 Synthesis of 6-Monodeoxy-6-monoamino-β-cyclodextrin (4) 

 

Scheme 5.9: Synthetic route for 6-Monodeoxy-6-monoamino-β-cyclodextrin (4). 

 

6-Monodeoxy-6-monoamino-β-cyclodextrin was synthesized according to literature.33 Compound 

3 (2.9 g, 2.5 mmol) was dissolved in dimethylformamide (5 mL). triphenylphosphine (0.75 g, 2.75 

mmol) was added, the reaction flask was fitted with a condenser that was capped with a septum, 

and the reaction was stirred at room temperature. After two hours, deionized water (0.5 mL) was 

added and the reaction was heated to 90 oC in an oil bath. After three hours, the reaction was cooled 

to room temperature and precipitated in acetone (50 mL). The resulting solid was collected by 

filtration and washed with acetone. The solid was dried under dynamic vacuum overnight and the 

product was obtained as a white powder. Yield, 2.63 g, 92.7%. 1H NMR (600 MHz, DMSO-d6) d: 

3.24–3.42 (overlap with HDO, m, 16 H), 3.54–3.66 (m, 28 H), 4.45–4.50 (m, 6 H), 4.85–4.90 (m, 

7 H) 5.63–5.78 (m, 14 H).  

 

5.3.11 Synthesis of 3-Mercaptopropionate functionalized β-cyclodextrin (MPA-b-CD) 

 

Scheme 5.10: Synthetic route for 3-Mercaptopropionate functionalized β-cyclodextrin (MPA-b-

CD). 
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3-Mercaptopropionate functionalized β-cyclodextrin (MPA-b-CD) was synthesized with 

modifications according to literature.34 3-Mercaptopropionic acid (0.47 mL, 5.39 mmol) and 

hydroxybenzotriazole (0.89 g, 6.59 mmol) were dissolved in dry dimethylformamide (60 mL) and 

the solution was cooled to 0 oC in an ice bath. Dicyclohexylcarbodiimide (1.15 g, 5.57 mmol) was 

added and the solution was stirred for one hour. In a separate flask, compound 4 (4.35 g, 3.83 

mmol) and triethylamine (0.77 mL, 5.51 mmol) were suspended in dry dimethylformamide (80 

mL). The solution containing compound 4 was added to the reaction flask and stirred for twenty 

hours at room temperature. The reaction was filtered to remove salts and the filtrate was collected. 

The solvent was concentrated under reduced pressure and the crude was precipitated in hexane. 

The precipitate was collected by filtration, dried under dynamic vacuum overnight, and MPA-b-

CD was obtained as an off-white solid. Yield, 3.78 g, 80.8%. 1H NMR (D2O) δ: 2.69 and 2.55 (4 

H, CH2-CH2-SH), 3.37 and 3.14 (2 H, H6 of the modified glucose unit of b-CD), 4.10-3.45 (m, 40 

H, other protons of b-CD), 5.10-4.95 (m, 7 H, anomeric protons of b-CD). 

 

5.3.12 1H NMR Study of Rotaxane Formation in the Amine/Acrylate Thiol-Michael System 

6-Monodeoxy-6-monoamino-β-cyclodextrin was placed in an NMR tube with DAP127 and 

dissolved in D2O and mixed with a vortex mixer. 1H NMR spectra were collected over a period of 

sixteen hours.  

 

5.3.13 NOESY Study of Rotaxane Formation in the Amine/Acrylate Thiol-Michael System 

 6-Monodeoxy-6-monoamino-β-cyclodextrin (0.110 g, 0.10 mmol) and DAP127 (0.050 g, 0.004 

mmol) were dissolved in deionized water (2 mL) and mixed with a vortex mixer. The resulting 
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solution was left to sit undisturbed overnight at room temperature. The resulting precipitate was 

collected, washed with water three times, and dried in a lyophilizer. The resulting powder was 

dissolved in DMSO-d6 and was analyzed through NOESY spectroscopy.  

 

5.3.14 Preparation of SRGs 

SRGs were synthesized in the amounts listed in Tables D1-D4. MPA-b-CD and b-CD were 

dissolved in dimethyl sulfoxide with a heat gun and allowed to cool to room temperature.        

 

Scheme 5.10: Example of co-threaded pseudorotaxane before thiol-Michael addition. 

  

The polymer was then added and dissolved at room temperature. The solutions were placed in a 

sonicator overnight and evaluated the following day. 2 M sodium hydroxide, triethylamine, or 10X 

phosphate buffered saline were added to samples that did not gel spontaneously.  

 

5.4 Results and Discussion  

Slide-ring gels have made a strong impact in the field of soft materials due to their unique 

mechanical properties through the dissipation of force due to moveable crosslinking junctions. In 

O
O

O
O

76 29 76
N

N
O

O O

O

O

O
O

O
O

O
76 29 76

N
N

O

O O

O

O

O
O

O
O

O
76 29 76

N
N

O

O O

O

O

O

OH NH

SH

O



 

94 

this approach, we formed SRGs using a one-pot approach where the macrocycle acts as both the 

movable crosslinker and the endcap for the polymer. In this case, we chose b-cyclodextrin because 

it can be monofunctionalized through easily scalable reactions, which were all characterized 

through 1H NMR spectroscopy. Also, there are a variety of commercially available polymers 

containing PPO groups that have the potential to form an inclusion complex with b-cyclodextrin 

in a 2:1 ration of CD to PPO unit. Furthermore, we chose to functionalize b-cyclodextrin with 

mercaptopropionic acid as a Michael donor, and use various bifunctional PPO containing polymers 

as Michael acceptors to facilitate the thiol-Michael addition. Previous reports have shown the 

tunability of this reaction’s kinetics based on the types of donors and acceptors, with maleimides 

being the most reactive Michael acceptor.35  

In this work, we attempted SRG formation with four polymers, DAP127, BMI-D2000, 

F127-BMI, and F68-BMI using dimethyl sulfoxide as a solvent due to the limited solubility of 

MPA-b-CD in water (Tables D.1-D.4). It was observed that gel formation did not occur with 

DAP127 (Table D.1). We believe this may be due to the slower reaction kinetics of the acrylate 

functional group with our thiol. However, a preliminary NMR study revealed that an even less 

reactive amine/acrylate Michael addition resulted in complete acrylate conversion in sixteen hours 

in the absence of a catalyst (Figure 5.3A). We believe that the rate of addition may be enhanced 

by the formation of the weakly associated supramolecular complex between b-CD and the terminal 

PEO units. In this case, it was not obvious that cyclodextrins were threaded as shown in Figure 

5.3B. If the polymer were sufficiently threaded with CDs, there would be a correlation in the 

highlighted area of the NOESY spectrum. The absence of this correlation indicates that very few 

to no CDs are present on the axis. However, it was clear that the polymer had been end-capped 
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from the 1H NMR. This is likely what has occurred in the thiol/acrylate system as well, which is 

why gel formation was not observed. Another factor leading to this could be the length of the PEO 

blocks in F127, which will be discussed in a later section. However, for this reason we chose to 

investigate gel formation with BMI-D2000 which only consists of PPO units and exhibits rapid 

complex formation with b-cyclodextrin. 

 

Figure 5.3: A) 1H NMR depicting disappearance of acrylate peaks of DAP127 in the presence of 

6-Monodeoxy-6-monoamino-β-cyclodextrin and B) NOESY NMR depicting the correlation of 

the cyclodextrin moiety to the DAP127 axis. 

 

In our previous work we demonstrated the success of this thiol-Michael reaction overnight 

in basic conditions. Therefore, we attempted to trigger the thiol-Michael addition with BMI-D2000 

using 2 M sodium hydroxide, triethylamine, and 10X phosphate buffered saline at pH 8 (Table 
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D.2). Although gelation was observed with all three bases, 2 M sodium hydroxide proved to be 

the most efficient at triggering the addition with gelation occurring in less than five minutes (Figure 

5.4A). Based on these results, formulations of BMI-D2000 were screened to find the optimal 

conditions, with D2000-K exhibiting the best properties qualitatively (Table D.3).   

 

Figure 5.4: (A) Gel formulations (from left to right) D2000-K, D2000-A and D2000-L 2 hours 

after addition of 2 M sodium hydroxide (top) and after water wash and drying under dynamic 

vacuum (bottom). (B) Gel D2000-K before stretching (top), under tensile strain (middle) and 

after stretching (bottom). (C) Example of inhomogeneity observed in gel D2000-M. 

 

However, these samples only exhibited stretchability in the absence of solvent and did not recover 

fully (Figure 5.4B). It is worth noting that BMI-D2000 control gels (D2000-H, D2000-I, and 
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D2000-J) that contained no cyclodextrin resulted in physical gels, but exhibited no strechability, 

which confirms the formation of a slide-ring gel network in cyclodextrin containing formulations. 

Due to the sensitivity of the pseudorotaxane structure, changes in the environment such as 

concentration, temperature or pH could lead to interruption of the supramolecular complex before 

crosslinking can occur,36 resulting in inhomogeneous gelation which was observed (Figure 5.4C).  

Because of the lack of mechanical properties and inhomogeneous network formation with 

the addition of base, it was of interest to find a system that would react without a catalyst. It has 

been reported that the thiol-Maleimide addition can occur in the absence of a catalyst in highly 

polar solvents (such as dimethylformamide or dimethyl sulfoxide) due to the formation of the 

thiolate ion as a result of the solvents polarity,37 however, this was not observed when using BMI-

D2000 as the polymeric axis. Therefore, we attempted SRG formation using maleimide terminated 

pluronics along with our monothiol CD in hopes of observing this phenomenon. In the case of 

F127-BMI, which is more reactive than its acrylate counterpart, spontaneous gel formation was 

still not observed for the system, however F68-BMI did result in a gel. We hypothesize this is due 

to the length of each polymer. In pluronics, the PPO unit (that forms a complex with b-

cyclodextrin) resides in the center of the polymer, meaning the CD has to travel past the PEO unit 

to complex. This is likely what contributed to dumbbell formation in the preliminary study and 

potentially in the DAP127 thiol-Michael system. In the case of F68, which contains shorter 

terminal PEO chains, we believe this allows the CDs to form a stable complex with the PPO units 

of the polymer faster, allowing for threading to occur before the thiol-Michael addition.38 

Furthermore, it has been demonstrated that CD threading can occur through a cooperative process. 

It has been debated if cooperative threading impacts the kinetics of the threading process, however, 
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once threaded, hydrogen bonding between macrocycles helps to stabilize the supramolecular 

structure, ultimately limiting de-threading.39 To exploit this, we increased the equivalents of 

cyclodextrin to the polymer to promote the stabilization of the supramolecular complex. We chose 

to use unfunctionalized b-CD to avoid reactions between the terminal maleimide groups of the 

polymer and excess MPA-b-CDs that may not be threaded. This strategy led to the formation of a 

gel which was able to stretch and recover in the swollen state.  

 

 

Figure 5.5: F68-BMI SRG under manual tensile strain. 

 

While SRGs cannot be characterized by NMR spectroscopy due to their insolubility, we 

can still be certain of the molecular structure due to design. In this case, if the monofunctionalized 

cyclodextrin moieties were not threaded onto the polymer axis before reaction, it would result in 

a dumbbell structure and would not form a solid material, which was observed in our preliminary 

study. Because we observed gel formation, it can be assumed that sufficient threading of the 

macrocycle occurred prior to the thiol-Michael addition. Preliminary experiments show that these 

gels can extend up to 500% in length and recover rapidly under no external stimuli, which is 

characteristic of SRG materials. Furthermore, these gels have shown stability in dimethyl sulfoxide 
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for upwards of three months which further indicates the presence of covalent bonding in the 

system. 

 

5.5 Conclusions and Future Directions 

In this work, we have shown preliminarily how SRGs can be formed in a facile one-pot method 

using a robust thiol-Michael chemistry. To continue this work and further elucidate why these 

conditions are optimal to form SRGs, it would be necessary to evaluate rotaxane formation with a 

diacrylated pluronic F68 in a similar manner to experiments conducted with DAP127 to truly 

understand the effects of PEO length on complex formation. It would also be of interest to evaluate 

the number of CDs incorporated into the gel matrix, which could be achieved indirectly through a 

phenolphthalein assay after soaking the gels in an aqueous solution to remove free CDs from the 

SRG samples. Finally, although structural characterization of SRGs is difficult to achieve, 

mechanical characterization is necessary to evaluate the performance of these materials and how 

they compare to currently available polymers.  

 At current, this particular system is not compatible with the 3D printing methods that have 

been previously used in this laboratory. However, this system may have the potential to be used in 

the EMB3D printing process which is optimized for materials that do not possess the proper 

mechanical properties for extrusion-based printing. Because the crosslinking occurs without added 

stimulus, this ink would be an excellent candidate for the process because the support material 

could be easily removed after twenty-four hours. By combining this approach of slide-ring gel 

formation with this printing process, we have the potential to further the 3D printing field by 



 

100 

processing a class of materials that, to date, have not been fabricated through an additive 

manufacturing process.  
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 2 

A.1 Materials 

Fluorescein, acetone, and potassium hydroxide were purchased from Sigma Aldrich or Fisher 

Scientifics and used as received without further purification. Porcine skin was purchased from 

Sierra for Medical Science. Polylactic acid filament was purchased from SUNLU. 

A.2 Instrumentation 

A.2.1 Fused Deposition Modeling (FDM) 3D Printer 

A Lulzbot Taz 5 printer was used for MN fabrication using a 0.35 mm nozzle head. All .stl files 

were made using Blender software. 

A.2.2 Scanning Electron Microscopy (SEM) 

SEM images were collected using Zeiss Supra 40 Scanning Electron Microscope with an 

accelerating voltage of 2.5 kV. To enhance the conductivity, the sample was treated with gold 

sputtering method prior to microscope characterization.  

A.2.3 Mechanical Properties 

An Instron 5848 Micro Tester was used on all MNs for axial force, transverse force, and base 

plate tests. The rate of the piston movement was 300 µm/s for all tests. A cross section of a MN 

array was glued to one aluminum block so that a force could be applied to the side of the needle. 

The baseplate test used two aluminum blocks to allow a force to be applied on the middle, so that 

the backing layer would bend until a fracture occurred. 
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A.2.4 Optical Microscopy 

Images of porcine skin insertions were obtained using the AmScope SE306R-PZ to image 

samples. Images were taken under ambient and ultraviolet light (365 nm).  

A.2.5 Ultraviolet-Visible (UV-Vis) Spectroscopy 

For determination of model drug release a Cary5000 UV-Vis spectrophotometer was used.  A 

standard curve was made and spectra were obtained by scanning a range of 200 – 600 nm in one 

hour intervals over a 36 h time period. 

 

A.3 Figures and Table 

A.3.1 SEM images of Unetched MNs 

 

Figure A.1: SEM images of unetched FDM fabricated MNs: Type 5 with a) 3 layers at 0.8 mm 
followed by 2 layers at 0.5 mm and Type 6 with b) 1 layer at 0.5 mm, 2 layers at 0.8 mm, and 2 

layers at 0.5 mm. 
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A.3.2 Etching Analysis 

 
Figure A.2: Type 7 MNs were etched at various concentrations of KOH to determine the change 

in diameter of the mid area of the needle over time. 
 

 
Figure A.3: To determine the amount of time for tips to reach a diameter below 75 µm, the tip 

size of Type 7 MNs were measured over time while etching with 5M KOH. 
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A.3.3 3D Printed MN Array Density 
 
 

 
Figure A.4: Images of unetched FDM fabricated MN arrays at densities of a) 4 x 4, b) 5 x 5, and 

c) 6 x 6. 
 

A.4 Mechanical Analysis 

A.4.1 Axial and Transverse Fracture Test 

 

 

 

 

 

 

 

 

 

Figure A.5: Fracture force was determined for a) unetched and b) etched axial fracture, and c) 
unetched and d) etched transverse fracture using Type 7 MNs (1.4mm in length). The failure 

point for the needle is noted for each mechanical test. 
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Table A.1: Axial and transverse fracture force for MNs at different lengths. 

Type 7: lengths (mm) Axial Force (N) Transverse Force (N) 

Etched 0.6 0.22 ± 0.0040 0.51 ± 0.054 

Etched1.0 0.21 ± 0.0040 0.65 ± 0.096 

Etched 1.4 0.23 ± 0.0020 0.64 ± 0.018 

Unetched 0.6 9.0 ± 0.92 0.69 ± 0.049 

Unetched 1.0 9.9 ± 0.97 1.1 ± 0.13 

Unetched 1.4 7.2 ± 0.85 1.3 ± 0.12 

 

 
Figure A.6: a) Before and b) after images of axial fracture force test for Type 7 MNs (1.4mm). 

 
 

 
Figure A.7: a) Before and b) after images of transverse fracture force for Type 7 MNs (1.4mm). 
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A.5 Base Plate Test 

 

 
 

Figure A.8: A MN array is placed on top of two aluminum blocks. A force is applied on the 
center of the backing layer by a piston moving at 300 µm/s until a fracture occurs. The above 

equation calculates the angle that the MN array backing layer is able to bend before fracturing. 
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Table A.2: The angle that the MN array backing layer can bend at various layers. 

Base Layers Area (cm2) Distance (mm) Angle 

2 1 1.99 ± 0.133 21.7 ± 0.675 ˚ 

3 1 1.51 ± 0.0316 16.8 ± 0.335 ˚ 

4 1 1.40 ± 0.0096 15.6 ± 0.119 ˚ 

 

 
Figure A.9: a) Before and b) after images of MN array base plate test with 4 layers. 

 

A.6 Loading and Release 

 
Figure A.10: Fluorescence of MN arrays a) before evaporation and b) after evaporation. Before 
evaporation the MNs appear to be colorless under ambient light and fluoresce under UV light 
(365 nm). After evaporation MNs appear orange under ambient light and no longer fluoresce 

under UV light due to the removal of acetone. Under UV light fluorescein does not fluoresce in 
the solid state. 
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Figure A.11: Standard curve of fluorescein at different concentration in sodium acetate / acetic 

acid buffer solution (pH 4.0). 
 
 

 
Figure A.12: A measurement was taken every hour for 100 MNs that were placed in a cuvette 

filled with sodium acetate / acetic acid buffer solution (pH 4.0). At 4 h 1 needle released 0.06 µg 
of fluorescein and after 36 h released 0.13 µg of fluorescein. 
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APPENDIX B  

SUPPORTING INFORMATION FOR CHAPTER 3 

               
 
B.1 1H NMR- diacrylated pluronic F-127  
 

 
Figure B.1: 1H NMR of diacrylated pluronic F-1271 showing acrylation protons via a,b, and c. 

 
 
B.2 3D Printing Parameters 
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B.2.1 Hydrogel Sheets 
  

Table B.1: Direct-write 3D printing parameters used to print hydrogel sheets using cDAP-1, 
cDAP-5, cDAP-10, and DAP with dimensions (l × w × h) 15.0 mm × 15.0 mm × 1.0 mm with 

four inner circles each of 4.0 mm diameter. 

 
 
B.2.2 Hydrogel Cups  
 

Table B.2: Direct-write 3D printing parameters used to print cylindrical cups using cDAP-1X 
and DAP with dimensions (outer diameter-d × height-h × wall thickness-t) 25.0 mm × 20.0 mm 

× 2.0 mm and a base height of 1.5 mm. 

 
 
 
 
 

Parameter Hydrogel Sheet Composition  
       cDAP-1             cDAP-5            cDAP-10             DAP 

Nozzle size (mm) 0.9 0.9 0.9 0.9 
Head temperature (°C) 37 36 35 30 
Bed temperature (°C) 40 40 40 35 
Layer height (mm) 0.5 0.5 0.5 0.5 
Shell thickness (mm) 1.8 1.8 1.8 1.8 
Initial layer thickness (mm) 0.3 0.3 0.3 0.3 
Initial layer line width (%) 100 100 100 100 
Print speed (mm/s) 2 2 2 2 
Travel speed (mm/s) 25 25 25 25 
Bottom layer speed (mm/s) 10 10 10 10 

Parameter Hydrogel Cup Composition 
            cDAP-1X                             DAP 

Nozzle size (mm) 0.9 0.9 
Head temperature (°C) 25 25 
Bed temperature (°C) 27 27 
Layer height (mm) 0.5 0.5 
Shell thickness (mm) 1.8 1.8 
Initial layer thickness (mm) 0.3 0.3 
Initial layer line width (%) 100 100 
Print speed (mm/s) 2 2 
Travel speed (mm/s) 25 25 
Bottom layer speed (mm/s) 10 10 



 

114 

B.2.3 Solid Cubes and Shapes with Complex Internal Structures 
 
Table B.3: Direct-write 3D printing parameters used to print solid cubes and shapes with internal 
structures using cDAP-1X and DAP. Solid cubes with dimensions (l × w × h) 14 mm × 14 mm × 
14 mm, estimated surface area 1176 mm2. Shape A with dimensions (l × w × h) 25 mm × 10 mm 
× 10 mm, cylindrical pore diameter (d) 5 mm, estimated surface area 1554 mm2. Shape B with 
dimensions (l × w × h) 17.5 mm × 10.1 mm × 17.5 mm, cylindrical pore diameter (d) 5 mm, 

estimated surface area 1791 mm2. 

 
B.3 Mechanical Testing of Hydrogel Cups 
 

Table B.4: Ultimate strength (kPa) values for the hydrogel cup composition and the control. 
 
 
 
 
 
 

Table B.5: Toughness (kJ/m3) values for the hydrogel cup composition and the control. 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Hydrogel Composition 
             cDAP-1X                            DAP 

Nozzle size (mm) 0.9 0.9 
Head temperature (°C) 25 25 
Bed temperature (°C) 28 28 
Layer height (mm) 0.6 0.6 
Shell thickness (mm) 1.8 1.8 
Initial layer thickness (mm) 0.3 0.3 
Initial layer line width (%) 100 100 
Print speed (mm/s) 5 5 
Travel speed (mm/s) 25 25 
Bottom layer speed (mm/s) 5 5 

Material Ultimate Strength (kPa) 

cDAP-1X 23.72 ± 3.09  
DAP 11.86 ± 2.18  

Material Toughness (kJ/m3) 

cDAP-1X 207.32 ± 19.58 
DAP 107.19 ± 23.21  
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B.4 Maximum Metal Adsorption of Hydrogel Sheets  
 
 
Table B.6: Resulted maximum adsorptions of Pb2+, Cu2+, Cd2+, and Hg2+ for cDAP-1, cDAP-5, 

and CDAP-10, and DAP. 

 
 

Material 

 
Maximum heavy metal adsorption   

(ppb/20 mg hydrogel) 
 

          Pb2+                      Cu2+                       Cd2+                                   Hg2+ 

cDAP-1 1726.85 ± 29.23 1568.62 ± 24.51 1529.14 ± 10.32 
 

1409.04 ± 23.85 
 

cDAP-5 2139.17 ± 23.67 1906.44 ± 22.77 1802.43 ± 30.03 
 

1756.91 ± 19.44 
 

cDAP-10 2443.93 ± 18.69 2309.92 ± 16.97 2187.96 ± 16.81 
 

2083.73 ± 17.59 
 

DAP 162.40 ± 20.63 117.44 ± 32.48 124.11 ± 23.76 
 

105.58 ± 11.40 
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Figure B.2: Showing adsorption of each heavy metal ion from cDAP-1, cDAP-5, CDAP-10, and 
DAP after each time interval as ppb per 20 mg of hydrogel. Initial stock solution of 3000 ppb 

was used for each heavy metal. 
 

 
B.5 Metal Adsorption of Hydrogel Cups  
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B.5.1 Comparison with EPA Levels  
 
Table B.7: Remaining Pb2+ concentration in solution for cDAP-1X and DAP after 30, 60, 90, and 

120 min of contact time starting with an initial concentration of 30 ppb. cDAP-1X data points 
after 30 min were below the detection limit of the ICP-MS. 

 
 
 
 
Table B.8: Remaining Cu2+ concentration in solution for cDAP-1X and DAP after 30, 60, 90, and 

120 min of contact time starting with an initial concentration of 1500 ppb. 

 
 
Table B.9: Remaining Cd2+ concentration in solution for cDAP-1X and DAP after 30 60, 90, and 

120 min of contact time starting with an initial concentration of 30 ppb. cDAP-1X data points 
after 30 min were below the detection limit of the ICP-MS. 

  
  

 
 
 
 
 
 

Material Remaining Pb2+ concentration (ppb) 
              30 min                       60 min                    90 min                 120 min 

cDAP-1X 1.70 ± 0.18 - - - 
DAP 26.47 ± 0.69  23.76 ± 0.41  21.48 ± 1.12 20.33 ± 0.92 

Material Remaining Cu2+ concentration (ppb) 
30 min                       60 min                    90 min                 120 min 

cDAP-1X 1159.80 ± 3.11 804.87 ± 5.61 440.89 ± 2.98 99.70 ± 4.08 
DAP 1507.08 ± 6.31  1495.21 ± 15.91 1485.91 ± 13.73 1469.41 ± 10.83 

Material Remaining Cd2+ concentration (ppb) 
              30 min                       60 min                    90 min                 120 min 

cDAP-1X 3.63 ± 0.27 - - - 
DAP 25.80 ± 1.07  23.15 ± 0.91  21.33 ± 0.48 20.14 ± 0.59 
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Table B.10: Remaining Hg2+ concentration in solution for cDAP-1X and DAP after 30, 60, 90, 
and 120 min of contact time starting with an initial concentration of 10 ppb. cDAP-1X data 

points after 30 min were below the detection limit of the ICP-MS. 

 
 
 
B.6 Metal Leaching of Hydrogel Cups  
 
Table B.11: Initial Pb2+ adsorptions of cDAP-1X and DAP after 30 min contact time followed by 

leached amounts after a 10 h contact time of the used adsorbents with ultrapure water. 
Material                                            Pb2+ Concentration (ppb) 

cDAP-1X Adsorption 29.58 ± 0.18 
Leaching 0.65 ± 0.03 

DAP Adsorption 4.81 ± 0.69 
Leaching 1.52 ± 0.08 

 
 
Table B.12: Initial Cu2+ adsorptions of cDAP-1X and DAP after 30 min contact time followed by 

leached amounts after a 10 h contact time of the used adsorbents with ultrapure water. 
Material                                            Cu2+ Concentration (ppb) 

cDAP-1X Adsorption 362.48 ± 3.11 
Leaching 9.99 ± 2.18 

DAP Adsorption 15.18 ± 6.31 
Leaching 5.29 ± 2.59 

 
Table B.13: Initial Cd2+ adsorptions of cDAP-1X and DAP after 30 min contact time followed by 

leached amounts after a 10 h contact time of the used adsorbents with ultrapure water. 
Material                                            Cd2+ Concentration (ppb) 

cDAP-1X Adsorption 26.93 ± 0.27 
Leaching 1.02 ± 0.07 

DAP Adsorption 4.76 ± 1.07 
Leaching 1.56 ± 0.15 

 
 

 
 
 

Material Remaining Hg2+ concentration (ppb) 
              30 min                       60 min                    90 min                 120 min 

cDAP-1X 1.39 ± 0.16 - - - 
DAP 8.87 ± 0.42  8.08 ± 0.71  7.58 ± 0.81  7.34 ± 0.52   
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Table B.14: Initial Hg2+ adsorptions of cDAP-1X and DAP after 30 min contact time followed 
by leached amounts after a 10 h contact time of the used adsorbents with ultrapure water. 

Material                                            Hg2+ Concentration (ppb) 

cDAP-1X Adsorption 8.87 ± 0.16 
Leaching 0.52 ± 0.02 

DAP Adsorption 1.39 ± 0.42 
Leaching 0.50 ± 0.10 

 
Table B.15: Heavy metal leaching (%) of cDAP-1X and DAP after 10 h. Leaching (%) was 

calculated with respect to the initially adsorbed amount for each metal. 
 
 
 
 
 
 
 
 
B.7 Pb Adsorption vs. Hydrogel Surface Area 
 
 
Table B.16: Remaining Pb2+ concentration in solution for each of the solid cubes and shapes with 

internal structures of cDAP-1X and DAP after 10 min contact time starting with an initial 
concentration of 30 ppb. 

 
 
B.8 Reusability Tests 
 

 
 
 
 
 

 
Material 

Heavy metal leaching (%) after 10 h 
Pb2+ Cu2+ Cd2+ Hg2+ 

cDAP-1X 2.19 ± 0.12 2.76 ± 0.39 3.79 ± 0.24 5.85 ± 0.36 
DAP    31.95 ± 3.28 34.85 ± 1.30 33.47 ± 4.09 36.83 ± 3.53 

Material Estimated  
surface area (mm2) 

Remaining Pb2+ concentration 
(ppb) 

cDAP-1X-Cube 1176 26.07 ± 0.75 
DAP-Cube 30.71 ± 0.70  

cDAP-1X-Shape A 1554  17.10 ± 2.04  
DAP-Shape A 28.13 ± 0.27 

cDAP-1X-Shape B 1791 8.29 ± 0.70 
DAP-Shape B 25.60 ± 1.34 
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Table B.17: Pb2+ removal efficiency (%) for cDAP-1X-Shape B and DAP-Shape B after 10 min 
contact time up to 5 regeneration cycles, starting with an initial concentration of 30 ppb for each 

cycle. 

 
 
B.9 Statistical Analysis 
 
B.9.1 Mechanical Testing of Hydrogel Cups 
 

Table B.18: Resulting p-values after performing t-Tests on ultimate strength, toughness, and 
Young’s modulus values for both cDAP-1X and DAP. 

Parameter Tested cDAP-1X DAP Resulted p-value 
after t-Test 

Ultimate Strength (kPa) 23.72 ± 3.09 11.86 ± 2.18 4.7 × 10-2  (< 0.05) 
Toughness (kJ/m3) 207.32 ± 19.58 107.19  ± 23.21 4.3 × 10-2  (< 0.05) 

Young’s Modulus (kPa) 1.93 ± 0.06 1.24 ± 0.06 7.4 × 10-3  (< 0.05) 
 
B.9.2 Maximum Metal Adsorption of Hydrogel Sheets  
 

 
 
 
 
 
 
 
 
 

Material Regeneration  
cycle 

Pb2+ removal efficiency 
(%) 

cDAP-1X-Shape B 1 73.50 ± 2.23 
DAP-Shape B 18.15 ± 4.27   

cDAP-1X-Shape B 2 73.68  ± 0.70  
DAP-Shape B 13.62 ± 0.78  

cDAP-1X-Shape B 3 73.56 ± 0.72  
DAP-Shape B 12.95 ± 0.71  

cDAP-1X-Shape B 4 73.13 ± 0.68 
DAP-Shape B 10.90 ± 0.73 

cDAP-1X-Shape B 5 72.32 ± 0.64 
DAP-Shape B 9.12 ± 1.26 
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Table B.19: Resulting p-values after performing t-Tests on maximum Pb2+ adsorptions (mg 
metal/g hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Pb2+ adsorption (mg metal/g hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 1.8 × 10-7  (< 0.05) 0.4317 ± 0.0073  0.0406 ± 0.0052  
cDAP-5 DAP 4.2 × 10-8  (< 0.05) 0.5348 ± 0.0059  0.0406 ± 0.0052 
cDAP-10 DAP 1.5 × 10-8  (< 0.05) 0.6110 ± 0.0100  0.0406 ± 0.0052 

 
 
 
Table B.20: Resulting p-values after performing t-Tests on maximum Pb2+ adsorptions (ppb/20 

mg hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Pb2+ adsorption (ppb/20 mg hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 1.8 × 10-7  (< 0.05) 1726.85 ± 29.23 162.40 ± 20.63 
cDAP-5 DAP 4.2 × 10-8  (< 0.05) 2139.17 ± 23.67 162.40 ± 20.63 
cDAP-10 DAP 1.5 × 10-8  (< 0.05) 2443.93 ± 18.69 162.40 ± 20.63 

 
 
 

Table B.21: Resulting p-values after performing t-Tests on maximum Cu2+ adsorptions (mg 
metal/g hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Cu2+ adsorption (mg metal/g hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 4.1 × 10-7  (< 0.05) 0.3922 ± 0.0061 0.0294 ± 0.0081  
cDAP-5 DAP 1.6 × 10-7  (< 0.05) 0.4766 ± 0.0057  0.0294 ± 0.0081 
cDAP-10 DAP 5.2 × 10-8  (< 0.05) 0.5775 ± 0.0042   0.0294 ± 0.0081 
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Table B.22: Resulting p-values after performing t-Tests on maximum Cu2+ adsorptions (ppb/20 
mg hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Cu2+ adsorption (ppb/20 mg hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 4.1 × 10-7  (< 0.05) 1568.62 ± 24.51 117.44 ± 32.48 
cDAP-5 DAP 1.6 × 10-7  (< 0.05) 1906.44 ± 22.77 117.44 ± 32.48 
cDAP-10 DAP 5.2 × 10-8  (< 0.05) 2309.92 ± 16.97 117.44 ± 32.48 

 
Table B.23: Resulting p-values after performing t-Tests on maximum Cd2+ adsorptions (mg 

metal/g hydrogel)  for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Cd2+ adsorption (mg metal/g hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 7.7 × 10-8  (< 0.05) 0.3823 ± 0.0026  0.0310 ± 0.0059  
cDAP-5 DAP 1.8 × 10-7  (< 0.05) 0.4506 ± 0.0075  0.0310 ± 0.0059 
cDAP-10 DAP 2.6 × 10-8  (< 0.05) 0.5470 ± 0.0042  0.0310 ± 0.0059 

 
 

Table B.24: Resulting p-values after performing t-Tests on maximum Cd2+ adsorptions (ppb/20 
mg hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Cd2+ adsorption (ppb/20 mg hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 7.7 × 10-8  (< 0.05) 1529.14 ± 10.32 124.11 ± 23.76 
cDAP-5 DAP 1.8 × 10-7  (< 0.05) 1802.43 ± 30.03 124.11 ± 23.76 
cDAP-10 DAP 2.6 × 10-8  (< 0.05) 2187.96 ± 16.81 124.11 ± 23.76 
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Table B.25: Resulting p-values after performing t-Tests on maximum Hg2+ adsorptions (mg 
metal/g hydrogel)  for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Hg2+ adsorption (mg metal/g hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 1.1 × 10-7  (< 0.05) 0.3523 ± 0.0060  0.0264 ± 0.0029 
cDAP-5 DAP 2.3 × 10-8  (< 0.05) 0.4392 ± 0.0049   0.0264 ± 0.0029 
cDAP-10 DAP 8.4 × 10-9  (< 0.05) 0.5209 ± 0.0044  0.0264 ± 0.0029 

 
 

Table B.26: Resulting p-values after performing t-Tests on maximum Hg2+ adsorptions (ppb/20 
mg hydrogel) for cDAP-1, cDAP-5, and cDAP-10 vs. DAP separately. 

Hg2+ adsorption (ppb/20 mg hydrogel) Resulted p-value after          
t-Test 

cDAP-1 DAP 1.1 × 10-7  (< 0.05) 1409.04 ± 23.85 105.58 ± 11.40 
cDAP-5 DAP 2.3 × 10-8  (< 0.05) 1756.91 ± 19.44 105.58 ± 11.40 
cDAP-10 DAP 8.4 × 10-9  (< 0.05) 2083.73 ± 17.59 105.58 ± 11.40 

 
 
B.10 Metal Leaching of Hydrogel Cups  
 
Table B.27: Resulting p-values after performing t-Tests on heavy metal leaching efficiency (%) 

for cDAP-1X and DAP. 

Metal 
Metal leaching (%) Resulted p-value 

after t-Test cDAP-1X DAP 

Pb2+ 2.19 ± 0.12 31.95 ± 3.28 9.6 × 10-5  (< 0.05) 
Cu2+ 2.76 ± 0.39 34.85 ± 1.30 9.4 × 10-4  (< 0.05) 
Cd2+ 3.79 ± 0.24 33.47 ± 4.09 2.3 × 10-4  (< 0.05) 
Hg2+ 5.85 ± 0.36 36.83 ± 3.53 1.1 × 10-4  (< 0.05) 
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B.11 Reusability Tests 
 

Table B.28: Resulting p-values after performing t-Tests on Pb2+ removal efficiency (%) of 
cDAP-1X-Shape B, for each contiguous regeneration cycle. 

Pb2+ removal efficiency (%) of  
cDAP-1X-Shape B 

Resulted p-value after          
t-Test 

Cycle 1 Cycle 2 9.2 × 10-1  (> 0.05) 73.50 ± 2.23 73.68  ± 0.70 
Cycle 2 Cycle 3 8.8 × 10-1  (> 0.05) 73.68  ± 0.70 73.56 ± 0.72 
Cycle 3 Cycle 4 6.0 × 10-1  (> 0.05) 73.56 ± 0.72 73.13 ± 0.68 
Cycle 4 Cycle 5 3.4 × 10-1  (> 0.05) 73.13 ± 0.68 72.32 ± 0.64 

 
 
References 
(1)  Yoo, H. S. Photo-Cross-Linkable and Thermo-Responsive Hydrogels Containing Chitosan 
and Pluronic for Sustained release of Human Growth Hormone (HGH). J. Biomater. Sci. Polym. 
Ed. 2007, 18, 1429-1441. 
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APPENDIX C  

SUPPORTING INFORMATION FOR CHAPTER 4 

 

C.1 General Experimental 
 
C.1.1 0.1 M KP buffer preparation 
 
Potassium phosphate dibasic (16.248 g, 0.119 mol) and potassium phosphate monobasic (0.888 g, 
0.005 mol) was dissolved in  deionized (DI) water (800 mL). The pH of the solution was adjusted 
to 8.01 using an aqueous sodium hydroxide solution (1 M), and the mixture was diluted to 1 L 
with DI water. pH was measured using a Mettler Toledo EL20-Basic Benchtop Education pH 
Meter (Columbus, OH, USA).  
 
C.1.2 0.1 M PBS buffer preparation 
 
Sodium chloride (80 g, 1.36 mol), potassium chloride (2 g, 0.027 mol), sodium phosphate dibasic 
(14.4 g, 0.106 mol), and potassium phosphate monobasic (2.4 g, 0.014 mol) were dissolved in DI 
water (800 mL). The solution was adjusted to pH 8.2 using an aqueous sodium hydroxide solution 
(1 M), and the mixture was diluted to 1 L with DI water.  
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C.2 1H NMR Characterization 
 

 
Figure C.1: 1H NMR spectrum of DAP127 (600 MHz, 293K, DMSO-d6) 

 
 
C.3 Gel Formulations 
 
Table C.1: Thiol-Michael hydrogel compositions at a constant DAP127 wt% of 25.67 with 3-arm 

(TMTMP) and 4-arm (PETMP) thiol crosslinkers. 
 DAP (g) H2O (mL) TMTMP 

(µL, equiv.) 
PETMP 

(µL, equiv.) 
Irgacure 754 
(µL, equiv.) 

DAP127-
TMTMP1 

7.7 22.3 

200, 1 0 0 

DAP127-
TMTMP0.67 134, 0.67 0 0 

DAP127-
TMTMP0.33 66, 0.33 0 0 

DAP127-
PETMP0.5 0 117, 0.50 0 

DAP127 0 0 3.8, 0.02 
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C.4 3D Printing 
 
 

Table C.2: Direct-write 3D printing parameters used to print dogbones with dimensions 
according to ISO standard 37-4 and compression disks with dimensions (outer diameter-d height-

h) 10 mm × 8.0 mm 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

C.5 Post-Fabrication Conditions 
 

Table C.3: Curing conditions used for testing crosslinking of DAP127-TMTMP0.67. 
 

Curing Condition pH Concentration (M) Gelation 
Incubation (37 oC) -- -- No 

KP Buffer 8.0 0.1 No 
KP Buffer 8.0 0.05 No 

PBS 8.2 0.1 Yes 
PBS 8.2 0.05 No 

 
 
 

Parameter  

Nozzle size (mm) 0.9 

Head temperature (°C) 25 

Bed temperature (°C) 25 

Layer height (mm) 0.4 

Shell thickness (mm) 0.9 

Initial layer thickness 
(mm) 0.3 

Initial layer line width 
(%) 100 

Print speed (mm/s) 3.5 

Travel speed (mm/s) 20 

Bottom layer speed 
(mm/s) 10 
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C.6 Dimensional Analysis 
 
 

Table C.4: Dimensional stability calculated as % size increase of DAP127-PETMP0.5 gels after 
curing in 0.1M PBS buffer for 24 h. 

 

DAP127-PETMP0.5 Length (mm) % Size increase 

As printed 35.14 ± 0.34 -- 

After curing 36.49 ± 0.18 3.84 

 
 

 
 

Figure C.2: Optical images illustrating surface defects of A, DAP127-TMTMP0.1 after stretching 
and B, DAP127-PETMP0.5 during tensile testing, and C, STL file of dogbone with illustration of 

the print direction along the gauge region.  
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C.7 Recovery 
 
 

 
 

 Before Stretching 
(mm) 

After 
Stretching 

(mm) 

After Recovery 
(mm) 

Size 
Increase 

(%) 
Room 
Temperature 36.62 ± 0.14 58.11 ± 0.54 37.32 ± 0.46 1.92 ± 1.48 
Incubation 36.47 ± 0.09 57.94 ± 0.16 36.74 ± 0.41 0.95 ± 0.66 

 
Figure C.3: Graph and values of total sample lengths before and after stretching, and after 

recovery at room temperature and incubation at 37 oC. 
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C.8 Tensile Modulus 
 

 
 

 
 
 

 
 

Figure C.4: Graph and values of tensile modulus of DAP127-PETMP and DAP127-TMTMP. 
  
 
 

 

 

 

 

 

 

 

 

 DAP127-PETMP DAP127-TMTMP 
Tensile Modulus     5.76 ± 0.13 28 ± 1.50 
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APPENDIX D  

SUPPORTING INFORMATION FOR CHAPTER 5 

D.1 Preparation of 0.1 M Phosphate Buffered Saline (pH 8) 

Sodium chloride (80 g, 1.36 mol), potassium chloride (2 g, 0.027 mol), sodium phosphate dibasic 
(14.4 g, 0.106 mol), and potassium phosphate monobasic (2.4 g, 0.014 mol) were dissolved in DI 
water (800 mL). The solution was adjusted to pH 8.0 using an aqueous sodium hydroxide solution 
(1 M), and the mixture was diluted to 1 L with DI water.  
 
 
D.2 Tables of SRG Formulations 

Table D.1: DAP127 and F127-BMI SRG formulations. 

Formulation Polymer MPA-b-CD (eq.) DMSO (mL) Base 
(0.5 mL) Gelation 

DAP127-A 

DAP127 

1.08 

0.5 

0.2 M NaOH x 

DAP127-B 
-- 

x 

1.6 DAP127-C x 

DAP127-D 

0.2 M NaOH 

x 

F127-BMI-A 

F127-BMI 

1.08 
x 

F127-BMI-B x 

F127-BMI C 
1.6 -- 

x 

F127-BMI D x 
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Table D.2: BMI-D2000 screening of base catalyst conditions.  

Formulation Polymer MPA-b-CD 
(eq.) 

DMSO 
(mL) 

Base 
(0.5 mL) Gelation 

D2000-A 

BMI-D2000 1.08 0.5 

0.2 M NaOH ✓ 

D2000-B TEA ✓ 

D2000-C 0.1 M PBS (pH 
8) ✓ 

 

 

Table D.3: BMI-D2000 formulations. All formulations were exposed to 0.5 mL of 2 M NaOH 
after sonication overnight. 

Formulation MPA-b-CD (eq.) DMSO 
(mL) 

BMI-D2000 
(eq.) Gelation 

D2000-A 

1.08 

0.5 

1 

✓ 

D2000-E 0.38 ✓ 

D2000-F 0.25 ✓ 

D2000-G 1.6 
0.5 

✓ 

D2000-H 

N/A 

✓ 

D2000-I 0.38 ✓ 

D2000-J 0.25 ✓ 

D2000-K 1.08 1 ✓ 

D2000-L 1.08 0.5 ✓ 

D2000-M 0.54 1 ✓ 
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Table D.4: F68-BMI SRG formulations. 

Formulation Polymer MPA-b-
CD (eq.) b-CD (eq.) DMSO 

(mL) Gelation 

F68-BMI-A 

F68-BMI 

1.08 0 

0.5 

✓ 

F68-BMI-B 1.08 10 ✓ 

F68-BMI-C 4 0 ✓ 

F68-BMI-D 4 10 ✓ 
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