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ABSTRACT 

During the last decades, the tendency of designing and developing smart materials has 

skyrocketed in a multitude of fields, especially in those where interaction with biological 

systems is researched, e.g. soft robotics. In this context, supramolecular hydrogels 

have attracted a great deal of interest because of their ability to respond to diverse 

external triggers while maintaining elasticity and a soft texture.  

Even if DNA is well-known for being the most precious molecule within living organisms as 

it holds the secret of life, it is still a biopolymer and can be included in stimuli-responsive 

hydrogels. This offers numerous advantages because hydrogen bonds between base 

pairs of complementary DNA strands produce a highly specific and reversible response.  

The purpose of this experimental thesis was to engineer a DNA-based hydrogel and 

drive its expansion by the mechanism of the hybridization chain reaction. This 

microscale process involves cascading interactions between DNA strands belonging to the 

hydrogel and complementary ssDNA dissolved in an expansion buffer.  

To better appreciate on a macroscopic scale the increment in dimensions, millimetric 

samples should be created. Hence, 3D printing through digital-light processing (DLP) 

technology has been chosen as the most convenient fabrication method. Indeed, DLP 

printers can rapidly produce tridimensional objects by photopolymerizing liquid resins a 

layer at a time with the resolution in the order of micrometers, that is the dimension of each 

light source’s pixel. Considering all the additive manufacturing techniques for processing 

hydrogels, DLP can guarantee smaller features and higher geometric complexity than the 

others.  

Therefore, the thesis work developed in four main phases.  

During the first one, a preliminary study on the resin composition was carried out by 

comparing different photo-initiators and monomeric units. Thanks to optical 

spectroscopical analysis and photorheological tests, a combination between PEGDA and 

PEGMEMA in 2:1 proportion initiated by LAP seemed to have the ideal performances to 

be part of the DNA-based hydrogel. 

In a second step, the optimal printing parameters had to be looked for and, once 

achieved, printing resolution has been challenged by fabricating smaller hydrogels with 

more complex geometry. Furthermore, a multi-material printing has been tented to fully 
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exploit the potential of the employed device.  

After demonstrating the possibility of successful 3D printing even with ultra-low amount of 

resin (less than 20 µL), the third phase of the work was faced: the validation of the DNA-
driven expansion process. A swelling protocol was set up and the samples’ volumetric 

expansion was visually monitored by calculating the increment of the surface area with the 

help of MATLAB tools. 

The fourth part of the experience focused, instead, in verifying the specificity of the 

process. 

The obtained results were remarkably positive: the surface of samples containing DNA 

increased by approximately 15%, while negative control samples, namely similar 

hydrogels lacking in DNA, did not expand. Specificity was proven by swelling samples in 

an expansion buffer that contained not complementary hairpins and, as expected, initial 

dimensions were maintained.  

The experimental outcomes of this thesis work have proved the compatibility of the DNA-

driven expansion process with an innovative fabrication method and have paved the way 

for future developments with more challenging compounds such as RNA or nucleotides 

expressed by leaving systems. 

 
Figure 1 Graphical abstract 
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1 HYDROGELS 

Among the large variety of functional materials, hydrogels are some of the most 

employed ones. Thanks to their peculiarities, they have been used for over a century in 

different fields. However, only in the last decades they took a step forward in the 

biomedical sector because of the slow evolution of knowledge on polymers’ 

biocompatibility (1). 

As etymology could suggest, according to the IUPAC definition, they are colloidal three-

dimensional structures swollen by water (2), composed of a solid, usually polymeric, and a 

liquid part. The solid polymeric network must trap a huge amount of water during its 

formation and then retain it. Consequently, polymers employed in the synthesis of a 

hydrogel must be hydrophilic, but also sufficiently stable to maintain a macromolecular 

structure.  

The desired characteristics of the final object drive the materials’ selection and design 

according to the final purpose and the intrinsic characteristics of the element used. For 

instance, biocompatibility and cytocompatibility are required in most of the biomedical 

applications, and consequently the elements of the hydrogels should be defined to fulfill 

this aim. Alternatively, biomimetic mechanical properties or biodegradability can be 

required, and this employ a further design of the material. The wide range of polymeric 

materials available and the possibility to easily tune their properties perfectly match those 

requirements. 

In fact, polymers are macromolecules made up of smaller units stacked together, called 

monomers, which are responsible for the properties of the entire molecule. Polymers can 

be classified as copolymers, if two or more types of monomeric units link together, or 

homopolymer otherwise. The advantage of copolymers is that they can be engineered to 

show two different properties, as amphiphilic polymers.  

According to their origin, polymeric materials can be classified in natural or synthetic ones.  

In general, natural polymers have animal origin, nevertheless there are some coming 

from plants. For instance, gelatin or collagen can be extracted from bovine and swine 

sources, whereas alginate from seaweeds. They are manifestly biocompatible and 

hydrophilic because of their natural occurrence in the extra-cellular matrix of tissues, which 

is a water-based environment. Most of them are biodegradable too, meaning that they can 

be degraded by enzymes or microorganisms (3). However, their mechanical properties are 
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relatively low and may change from batch to batch since their production depends on the 

environment and various physical factors (4). So, the properties of hydrogels based on 

natural polymers, e.g. the mechanical properties or the swelling ability, can have certain 

variability. 

Alternatively, hydrogels can be synthesized starting from synthetic polymers. Being 

obtained from well-defined chemical procedures, those have defined chain length and 

chemical structure. A good example of this versatility are polyurethanes (PUs), that are 

made up of a combination of monomeric units in which a macro-diol, a diisocyanate and a 

chain extender are linked together. Depending on the choice of these, particularly of the 

chain extenders, PUs can give birth to very dissimilar, even opposite materials: from soft 

and flexible to rigid and hard ones. A good strategy in the biomedical field is to include a 

chain extender that can be deteriorated by enzymes in order to make all the PU 

biodegradable (5). Some other perks of synthetic polymers compared to natural are higher 

mechanical resistance and lower price. Although a discrete quantity is biocompatible, such 

as polyethylene glycol (PEG), polycaprolactone (PCL) and polyacrylamide (PAA), cells 

cannot adhere to the polymeric surface of most of these materials because they do not 

show functional groups recognizable by cell membrane receptors, e.g. integrins. Thus, a 

hybrid solution is generally preferred (6): different strategies exist to functionalize 

synthetic polymers with natural ones and include them in the same hydrogel. In this way 

the final material benefits from the advantages of both types.  

1.1 SYNTHESIS OF HYDROGELS 
The hydrogel preparation consists of a sol-gel transition, in which pre-polymers, also 

called oligomer chains or monomeric units, firstly dispersed in water (or in a water-

based solvent), crosslink together jellifying the solution. Hydrogels can be classified into 

two types depending on the nature of the crosslinks (7): 

 Permanent hydrogels 

 Supramolecular hydrogels 

This distinction is fundamental because their synthesis depends on it.  
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1.1.1 Synthesis of permanent hydrogels 
In permanent hydrogels, also called chemical hydrogels, pre-polymers establish strong 

intermolecular covalent bonds, so the synthesis of their network consists in very similar 

reactions to the ones occurring during the formation of a single polymer: 

 Step-growth polymerization 

 Chain-growth polymerization 

Pre-polymers who undergo a step-growth polymerization have functional groups on both 

the extremities that can spontaneously react with the crosslinking agent’s ones. So, when 

they’re both added to the solution, the reaction self catalyzes, which means that it doesn’t 

require an initiator. The presence of two reactive endings has an interesting effect on the 

reaction kinetics because the crosslinked chain length grows with an exponential trend. 

Initial monomeric units tend swiftly to disappear in favor of intermediate products that have 

the same functional endings and, even when the reaction is completed, the final product 

contains active endings that potentially could still react if additional crosslinkers are added. 

  

For instance, polyurethane-based hydrogels (see Figure 3 (8)) are fabricated with this 

technique and the reaction between chains is usually a condensation with the emission of 

little molecules of water.  

Figure 2 Schematic representation of step-growth polymerization 

Figure 3 Example of synthesis of a PU-based hydrogel. 



10 
 

Whereas generally chain-growth polymerization is an addition reaction that always 

needs an initiator. This interacts with pre-polymers when activated and enable the 

beginning of the reaction. Compared to the forementioned process, this time pre-polymers 

have only one active ending at a time and chain growth linearly. The mechanism consists 

of three phases: initiation, propagation and termination.  

During the initial phase, the initiator is activated by some factors, such as UV light, heat or 

a chemical factor, and an unstable site is generated, for example a radical or an ion or an 

organometallic complex (9). This is so unstable that spontaneously interacts with one 

ending of the pre-polymer and bond to it. Then, it is transmitted to the other end of the pre-

polymer that in turn reacts with another one and the reaction progresses in this way. 

Termination occurs only when two intermediate products link together and the entire 

molecule is stabilized. 

 

The most common reaction is the free radical polymerization and, in greater detail, 

photopolymerization where the initiator is activated by visible or UV light. All the pre-

polymers with acrylic endings, as PEGDA or PAA, are good candidates to form hydrogels 

in this way. 

Figure 4 Schematic representation of chain-growth polymerization 
 

Figure 5 Example of synthesis of a PEGDA-based hydrogel. 
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A similar crosslinking method is the gamma and electron beam polymerization that 

induces the formation of radical directly onto the pre-polymeric chain thanks to high energy 

radiations (10). This mechanism implies the same three phases of the free radical 

polymerization but avoiding the use of an initiator.  

For biomedical purposes, other niche methods exist, such as the crosslinking via 
enzymes (10). For instance, transglutaminases are Ca2+-dependent enzymes used to 

cross-link PEG hydrogels in the presence of lysine copolymers (11). It has been shown 

that they are good candidates to create triggered injectable hydrogels to deliver bioactive 

substances in situ (12).  

1.1.2 Synthesis of supramolecular hydrogels  
Supramolecular hydrogels are also called reversible or physical hydrogels because of 

their ability to establish weak reversible non-covalent bonds between pre-polymers.   

They have two main advantages on permanent hydrogels: there is no need for a chemical 

initiator, which usually is cytotoxic, and they can be triggered by external stimuli, so that 

they can be precisely engineered to respond only at specific conditions.  

The most common synthesis method is based on ionic interactions between pre-

polymers and mono- or divalent ions. For instance, alginate-based solutions can jellify at 

mild conditions in the presence of Ca2+ ions. These replace Na+ ions of glucuronic acid 

molecules belonging to two different alginate chains by linking them together in a “egg-

box” junction, named after the particular shape (13).  

The powerful of this technique is that, in some cases, it is applicable to polymers that don’t 

show any ionic binding sites, e.g. dextran (14).  

  
Figure 6  Example of synthesis of an alginate-based hydrogel. 
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Some other valid strategies engage hydrogen bonds (H-bonds) whose dynamic nature 

provides good flexibility to the hydrogel (15,16), crystallization through freezing-thawing 

cycles (10,17) and stereocomplex formation by crosslinking molecules of opposite 

chirality, e.g. for the polylactic acid (PLA): PLLA and PDLA (7,10).  

1.2 APPLICATIONS 
Even though hydrogels are well known for being applicable in many contexts thanks to the 

versatility of their characteristics, only some biomedical applications will be highlighted in 

this thesis work.  

In vitro modeling of three-dimensional human tissues is one of the main applications 

because hydrogels’ mechanical resistance is compliant to soft tissues, in the range of 1-

100 kPa (18). Scientists have been developing either healthy or pathological models for 

diverse purposes that basically have the same origin: reduce and, when possible, avoid 

animal experimentation since it is unethical and not really viable. Pathological models 

could be useful to investigate mechanisms involved in the onset of a disease in a simpler 

environment than a living one or to test new potential drugs to treat it (19). One of the 

possible uses of the healthy models, instead, is in the cosmetics industry to test the 

biocompatibility and the efficacy of new make up or skin care products before 

commercialization (20). 

Alternatively, hydrogels could be directly brought in contact with the human body for in 
vivo applications. Nowadays, for instance, silicone-based hydrogels are one of the most 

prescribed soft contact lenses on the market (21), born to overcome the lack of oxygen 

permeability in PMMA lenses which caused evident irritation problems in the cornea. 

Besides this advantage, hydrogel’s transparency and the modulation of its thickness allow 

to correct eyesight defects. Another interesting application is the treatment of wounds 

thanks to hydrogel-based dressings, which seems to be the most promising approach 

(22). A proper materials’ choice provides a suitable environment for skin regeneration, 

allowing body cells to swiftly colonize the hydrogel and producing new healthy tissue. A 

good common practice is to charge the hydrogel with growth factors to speed up the 

regenerative process.  Moreover, commercialized hydrogels for wound healing have anti-

bacterial and anti-inflammation properties that surely improve the procedure.   
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However, among the most recent applications, soft robots are particularly noteworthy 

because they tackle the limitations of conventional robots, too rigid to interact with human 

body and very little flexible (23). Soft robots are made up of hydrogels finely designed in 

shape and composition to act like rigid-bodied robots but with more advantages. 

Mechanically speaking, hydrogels have relatively low elastic modulus and can endure up 

to 1000% of mechanical strain (24), while water content allows the hydrogel to be 

transparent, so that it can transmit optical information, and conductive thanks to the ions 

dissolved in it. Moreover, the ability to encapsule any additive bigger than the dimension of 

the polymeric meshes, gives the hydrogel specific features. These are the reasons why 

hydrogels are perfectly suitable for at least five components of a soft robot; they can serve 

as actuators, sensors, communicators, power sources and even as computational circuits. 

Take, for example, a thermally responsive soft actuator based on two stacked layers of 

different hydrogels (23,25). When temperature raises, the layer with lower critical solution 

temperature swells, while the other one shrinks due to the upper critical solution 

temperature (Figure 7-a, (23,25)). In this way it is possible to fabricate a gripper that can 

grasp little objects when in contact with hot surfaces (Figure 7-b, (23,25)). 

Figure 7 (a) Scheme of the mechanism of thermal responsiveness of a soft actuator (b) Thermally responsive soft 
gripper. 
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1.3 DNA-BASED HYDROGELS 

1.3.1 DNA structures 
Every kind of unicellular or multicellular living organism contains a fundamental 

biomolecule called deoxyribonucleic acid (DNA), whose main function is to store the 

genetic information that makes unique every single creature. The smell of flowers, the 

color of animal fur, the parent-offsprings resemblance, the specific microbial activity, 

everything is written into the genetic code within the DNA structure. For this reason, it is 

extremely valuable and it needs to be protected. The discovery of the DNA molecule 

arrangement is relatively recent and dates back to 1953, thanks to the remarkable 

contribute of Dr. James Watson and Dr. Francis Crick (26) which granted them the Nobel 

prize in 1962. The two scientists found out that the secret of life is contained in a double-

stranded helix organized in piled monomeric units called nucleotides. Each one is 

constituted by three groups: a sugar, the deoxyribose, a phosphate group and a 

nitrogenous base, namely adenine, thymine, cytosine and guanine. The first two compose 

the backbone of each strand, while hydrogen bonding between bases sticks the two 

filaments together: specifically adenine links to thymine through two H-bonds, while 

cytosine to guanine through three (27).  

Figure 8 DNA structure 
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Nevertheless, it has been found out that DNA base sequence has a cardinal role not only 

in coding genetic information. Experimental evidence suggested the existence, under 

physiological conditions, of alternative sequence-dictated DNA structures, that can interact 

with proteins and have an implication in human diseases (28). For instance, G-
quadruplexes are guanine-rich sequences binding in tetrads that have part in cancer 

development and cells’ malignant transformation (29). Likewise, i-motif structures can 

form in oncogenes if sequences are rich in cytosine (30). Aptamers, instead, are cruciform 

ssDNA molecules whose specific function is similar to antibodies, i.e. to recognize low 

molecular-weight targets (31,32).  

 

1.3.2 DNA-based hydrogels 
These extraordinary breakthroughs on sequence-dictated DNA structures with alternative 

functions reshaped the concept of DNA as a functional material, opening new avenues for 

its applications. In 1982, Dr. Nadrian Seeman was the first to use DNA for not-genetical 

purposes, giving birth to the field of DNA nanotechnology (33). The main goal of this 

branch is to design nanostructures using artificial short nucleic acids for technological 

purposes by exploiting their peculiar biochemical properties. In recent years, thanks to the 

rapid evolution of knowledge about this subject, both static, e.g. DNA nanotubes (34), and 

functional structures have been developed. In 1994, the mathematician Dr. Leonard 

Figure 10 G-quadruplex and i-motif DNA structures. 

Figure 10 Structure and function of aptamers. 
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Adleman carried out computations at the molecular level by using standard protocols of 

molecular biology and enzymes to manipulate DNA (35). This was the beginning of the 

development of DNA computer and DNA-based computational circuits (36,37), a 

cutting-edge research field that is interesting a growing number of scientists. While, in 

1996, DNA was used as a component of a chemical hydrogel to make it responsive to 

external stimuli (38). The early-designed base sequence and the weakness of H-bonds 

confer high specificity and reversibility to DNA-based hydrogels. For this reason, they too 

are progressively getting the attention of scientists, who have elaborated two types of 

them: pure and hybrid.  

Pure hydrogels are obtained by the mere crosslinking of small DNA molecules organized 

in structures that have one central junction and more than two endings, generally called 

nanostars (as in Figure 11 (39)). Different strategies are used to bind endings, e.g. 

hybridization of sticky ends, formation of i-motifs or enzymatic ligation (40).   

 

Alternatively, hybrid hydrogels are formed by the copolymerization of DNA molecules 

with other polymers. As every kind of combined materials, they benefit from the perks of 

both elements, resulting in a well-controlled multi-responsive gel.  

Whereas DNA effects have already been widely discussed, the polymeric contribution is 

manifested by their chemical stability, flexibility and ease to handle (40). One of the most 

common strategies is to create a polymeric backbone by photopolymerizing molecules 

with acrylic endings and  functionalize them with acrydite-modified DNA (41). In this way, 

Figure 11 Examples of pure DNA-based hydrogels with different monomeric unit’ shapes: X-DNA (a), Y-DNA (b), T-DNA (c). 
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the entire structure is stable and permanent, but can still be triggered by external physical 

and chemical stimuli thanks to the presence of DNA.  

 

1.3.3  DNA response to external stimuli 
DNA is an exceptional candidate for the engineering of smart materials thanks to its ability 

to respond to a wide range of stimuli. Over the last decades, scientists have addressed 

their efforts to design DNA-based responsive hydrogels attempting both physical and 

chemical approaches as triggers (42). 

Figure 12 Example of hybrid DNA hydrogel triggered by complementary hairpins. 

Figure 13 Overview of the main external triggers for DNA-based hydrogels. 
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All these methods have in common the purpose of changing the hydrogel mechanical 

behavior by altering the DNA structural organization.  

For instance, temperature adjustment is one of the easiest and common strategies in 

many molecular biology techniques to pair or unpair two DNA strands. Thus, in 1996 Dr. 

Nagahara and Dr. Matsuda created the first DNA-based hydrogel and subjected it to high 

temperature (38). That way, they induced a reversible transition from the gel state at room 

temperature to solution at higher temperatures. 

About this matter, pH variation also produced noteworthy results. In 2009, Cheng et al. 

first proposed a pure DNA-based hydrogels with pH-responsiveness (16,42). The gel 

formation consisted in Y-shaped triplets of DNA linking together through the formation of i-

motifs at the binding edges when pH was sufficiently acid. However, at higher pH values, 

the i-motif structures broke apart leading to a reversible transition to sol state.  

Willner et al. proved that the same reaction could occur by means of metal ions too (43). 

They created a polyacrylamide-DNA hydrogel whose DNA sequence where 

complementary except for some cytosine-cytosine mismatch that did not allow the binding 

between strands, so hydrogel was in a solution state. When Ag+ ions were added, C-Ag+-C 

bridges were formed causing its jellification. They verified the reversibility of the process by 

the addition of a counter-trigger. In fact, cysteamine can combine to Ag+ ions and break 

the previous complex, reverting the hydrogel to a liquid state.  

In addition to the examples already mentioned, DNA can also be triggered by UV light. 
Kandatsu et al. proposed the employment of an artificial base (cnvK) to produce a repetitive 

gel-sol transition by the reversible hybridization of sticky ends containing that base (44). 

Wheter irradiated with 366 nm UV light, cnvK can react with thymine hybridizing two strands 

of DNA, while at 340 nm the two bases dissociate. 

Actually, in terms of triggered effects, not only a sol-gel transition but a wide range of 

outcomes can be engineered according to the goal of the research. For instance, the 

research group lead by Gracias has developed a DNA-based hydrogel responding to the 

addition of nucleic acidic fuel with a volumetric expansion (41,45).  

The molecular mechanism on which this process is based is called hybridization chain 
reaction (HCR) and requires a DNA-based hydrogel (containing C-C’ dsDNA) and an 

expansion buffer solution containing two oligonucleotidic DNA strands organized in 

hairpins (H1 and H2). 
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Figure 14 (41) provides information about how this spontaneous process works. The two 

DNA hybridized strands contained in the hydrogel are not totally complementary. The 

exceeding single stranded sequence is a promoter for the beginning of the reaction; 

indeed, it is complementary to the H1 hairpin who unfolds and joins the chain because of 

the thermodynamic affinity. H1 hybridizes to both C and C’ strands but still contains a 

binding site for the H2 hairpins. At this point, H2 acts exactly as H1 and once again joins the 

chain. The process keeps going until no more hairpins are available for the cross-

hybridization. The last free binding site is still active so the cross-expansion of the chain 

potentially can grow with the addition of further hairpins; that’s why they are called nucleic 

acidic fuel.  

This elongation of the DNA chains thanks to hairpins translates into a dimension variation 

on a macroscopic scale.  

 

In this thesis work, this latter was the preferred method to trigger a DNA-based hydrogel. 

Therefore, the planification of the entire experience took inspiration by Gracias et al.’s 

works.

Figure 14 Hybridization chain reaction (HCR) process. 
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2 ADDITIVE MANUFACTURING 

For centuries, human craftsmanship and industrial production relied predominantly on 

subtractive manufacturing techniques. These traditional methods, such as turning, 

milling or drilling, involve the removal of material from a larger block to achieve the desired 

shape. 

Nowadays, they exploit computerized numerical control (CNC) machines that provide 

higher precision and resolution, besides time-saving processes, with respect to former 

manual approaches (46). However, despite their effectiveness, subtractive techniques 

often result in significant material waste and can be limited in their ability to create complex 

geometries. 

To overcome these drawbacks, in 1986 stereolithography (SLA), the first additive 

manufacturing (AM) technique, was patented by Charles Hull (47) and, ever since, has 

revolutionized the way we approach fabrication. According to the ISO/ASTM 52900 

standard, AM is defined as “the process of joining materials to make parts from 3D model 

data, usually layer upon layer, as opposed to subtractive manufacturing and formative 

manufacturing methodologies” (48).  

Indeed, in contrast to the aforementioned methods, additive manufacturing builds objects 

through the addition of material precisely where it is needed. 

It is also improperly known as rapid prototyping because, in its early stage, it used to be 

employed to swiftly develop prototypes aimed at enhancing the efficiency of the industrial 

process. Yet, over time, a shift to full-scale production has been observed and has 

significantly impacted various sectors: from automotive to building (49). 

Likewise, sometimes additive manufacturing can be mixed up with 3D printing. This last 

normally refers to a huge sub-category of AM in which objects are produced layer-by-layer. 

For this reason, the ISO definition specifies “usually layer upon layer” even if it is not 

always the case; take, for example, the CNC accumulation method (50). Furthermore, 3D 

printing is associated with more recreational and home-made applications; whereas 

additive manufacturing to industrial large-scale processing (51).  
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2.1 AM WORKFLOW 
The AM workflow is a comprehensive sequence of steps that transform a digital design 

into a material object. Understanding this workflow is crucial for optimizing efficiency and 

achieving high-quality results. The process encompasses eight key stages, resumed in 

Figure 15 (49), each contributing to the final outcome. 

1. CAD modelling: firstly, a 3D model of the desired object is digitally realized through 

one of the CAD software available on the market. The drawing can be entirely 

computer-designed or can come from a 3D scanning of an existing object, 

performing what’s known as reverse engineering.  

2. STL file: the CAD is then converted to the “Standard Tessellation Language” (STL) 

file format, which has been invented by Charles Hull (52), the father of additive 

manufacturing, and that has become an industrial standard. This format 

approximates surfaces with polygonal, generally triangular, meshes who define the 

resolution of the printed object. The more and little triangles have been generated, 

the more the final product will be resolved.  

3. Data preparation: a slicing software is responsible for traducing information 

contained in the STL file into the “G-code”, namely a sequence of commands 

containing printing instructions. Both basic and advanced parameters can be 

manipulated thanks to the G-code: not only the object size, location and orientation 

but also number of layers in which it is sliced, layer thickness, printing time, energy 

intensity, temperature and so on.  

4. Machine set-up: before the real printing phase, the correct configuration of the 

printing device must be assured. Thus, a preliminary calibration should be 

performed. 

5. Built: the part-building process is totally automated, and the printing machine works 

autonomously following the G-code instructions. At the end of this phase, the 

material object is created. 

6. Support removal: products with complex geometries, such as hollowed ones, may 

need supporting structures to be printed, which are then removed at the end of the 

printing process. Consequently, this phase implies a meticulous and skilled 

manipulation of samples.  
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7. Post-processing: it is very common to further treat components after their printing 

to remove raw material residuals and to smooth the surface texture. So, products 

are cleaned with specific procedures and then abraded or sintered.  

8. Application: at the end of the process, objects are now ready for usage. 

  

2.2 CLASSIFICATION OF AM PROCESSES 
According to the ISO/ASTM 52900 standard (48), they exist seven categories of additive 

manufacturing processes; however two additional methods, cold spraying and additive 

friction stir deposition, have been developed in recent years (49).  

To better understand their functionality, they will be briefly described below.  

 Material extrusion: Fused deposition modeling (FDM) and fused filament 

fabrication (FFF) are two of the most employed techniques in 3D printing and they 

belong to the material extrusion family. A filament of raw material, usually a 

thermoplastic polymer, melts passing through a heated extruder. Then, it is 

selectively deposited with constant flow on a platform where it solidifies, cooling 

down.  

Figure 15 Additive manufacturing workflow 
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Similar techniques, e.g. direct ink writing (DIW) (53), are based on the extrusion of a 

liquid ink that solidifies through the evaporation of the solvent.  

During the process, the extrusion nozzle can have three degrees of freedom 

(moving within the x, y and z axes) or it can move only through the x-y plane and 

the platform will go up and down along the z-axis.  

This family of techniques is very common because it is easily accessible and simple 

to use, besides fabricating mono- and multi-material objects with good structural 

properties (54). 

 Vat polymerization: it is the first additive manufacturing technique to be invented. It 

is based on the polymerization of liquid photosensitive resin by the means of light at 

different wavelengths. The two most common methods belonging to this class are 

stereolithography (SLA) and digital light processing (DLP). 

 Material jetting: this technique is the most similar to 2d inkjet printers because a 

nozzle discharges droplets of one or more photosensitive substances continuously 

or only when needed. Then, the entire layer is photopolymerized by a UV laser 

before proceeding with the next one. The perks involved with using this method are 

the printing and curing rapidity and the possibility of performing a multi-material 

printing (55).  

 Sheet lamination: this technique consists of the stacking of adhesive-coated 

sheets and the subsequent slicing into the final form through a knife or a laser 

cutting. Depending on the material of which sheets are made up of, the techniques 

is named differently. For instance, the sheet lamination of metals is usually called 

ultrasonic additive manufacturing (UAM).  

 Powder Bed fusion: this class of methods selectively melt and fuse powdered 

materials by employing a laser, such as for selective laser melting (SLM) and 

selective laser sintering (SLS), or an electron beam, in the case of electron beam 

melting (EBM). Normally, it is the building platform that moves downward once the 

layer of powder has fused. In this technique the unmelt powder is recycled, and 

components are fabricated with great accuracy. 

 Direct energy deposition: this fabrication method exploits thermal energy 

produced by lasers, electron beams or electric arcs to melt materials while they are 

deposited. It is a complex process that has its origins in welding and has been used 

to repair or to add materials to a pre-existing object; in fact it is not very common to 

create a new component only using this technique.  
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 Binder jetting: this technique mainly requires two components: the material who 

provides mechanical resistance in powder and a liquid binder agent. A layer of 

liquid binding droplets is interposed between two thin layers of powder to bind them. 

Among the advantages of this technique there are the recycling of unbound powder 

and the creation of multi-colored 3D objects.   

 Cold spray AM: it was born as a coating technique but has evolved in an AM 

process. It consists in spraying fine powder particles onto a substrate through a 

high-velocity compressed gas-stream to ensure proper adhesion and component 

build-up.  

 Additive friction stir deposition: it is a new technique that mixes up the friction stir 

welding with additive manufacturing. Indeed, a rotating hollow tool deposits a 

material onto a substrate by generating frictional heat.  

Figure 16 (49) depicts a graphical representation of all these AM production processes.  

Figure 16 Graphical abstract of AM techniques: material extrusion (a), vat polymerization (b), material jetting (c), sheet 
lamination (d), powder bed fusion (e), direct energy deposition (f), binder jetting (g), cold spraying (h),  

additive friction stir deposition (i) 
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2.2.1 Vat polymerization 
Since a VAT polymerization (VP) process will be employed during this thesis work, it will 

be the only one to be exposed in details.  

The name of this class of techniques comes from its AM process: a liquid photocurable 

resin is placed into a tank, commonly known as vat, and it is photopolymerized by means 

of a controlled irradiation. For this reason, vat polymerization is also named light-
induced 3D printing.  

Every kind of VP is distinguished by the light source employed, nevertheless they all share 

the same set-up:  

 A tank containing the liquid resin 

 A building platform onto the object is built layer-by-layer 

 A mechanical actuator that displaces the building platform along the vertical axis 

 A light source 

 The most advanced techniques have a light mask too 

These elements can be organized into two different configurations: the top-down and the 

bottom-up approaches.  

In the top-down configuration the vat is full of resin and the irradiation comes from above 

while the platform goes downward after each step, as in Figure 17 (b) (56). The layer is 

thus printed at the air-liquid interface. The main positive aspect of this configuration is the 

fact that the liquid resin not only serves as supply of raw material but also provides a 

mechanical support to the printed construct. However, it needs a significant amount of 

resin which will be prone to waste, the platform descent causes a mechanical perturbation 

of the liquid and superficial vibrations that will provoke high wait times (57) and, lastly, 

there is a high risk that layers will not fully polymerize due to oxidative inhibition processes 

(57).  
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Alternatively, the bottom-up configuration involves the laser being located below the 

reservoir and the platform moving upward after each step obtaining, as a consequence, an 

upside-down product, as in Figure 17 (a) (56). In this way all the previous drawbacks have 

been overcome, albeit some further clarifications should be remarked. The tank must have 

a transparent floor to allow the light to pass and should be coated with a silicon-based 

layer in order to avoid the risk of the construct sticking to it and eventually breaking. 

Furthermore, supports may be needed to contrast the gravity effect and the ascent of the 

platform must be slow enough to avoid the sample rupture (58).  

 

In any case, the main parameters to control for both configurations are the light 

wavelength and its power intensity, the exposure time and the layer thickness. Some more 

advanced parameters can be adjusted too depending on the specific situation.  

Regarding the light source, instead, devices based on SLA, the first VP process, have a 

galvanometric head that propels a “single-point” laser beam along the platform (x-y 

plane), according to the G-code commands (59). Classic SLA technology can achieve 10 

µm resolution on the x-y plane (60), however the earlier micro-stereolithography (µSLA) 

has been developed to project a laser spot size of 5 µm (61).  

On the other hand, DLP printers project UV or visible light through a digital light projector 

called digital mirror device (DMD). Thanks to this technology, each micro-mirror 

represents a pixel and can be independently oriented with respect to the others. 

Unlike SLA, DLP allows the simultaneous irradiation of many mirrors resulting in the 

printing of the entire cross-section of the object at the same time (59). The benefits 

Figure 17 Bottom-up (a) and top-down (b) approaches for VP techniques. 
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provided by this technology have been numerous: higher printing speed, high resolution (in 

the order of 1 µm) and low cost (56,62).  

In recent years, some more sophisticated vat fabrication methods have appeared. Take, 

for example, the continuous liquid interface production (CLIP) with its “layer-less” 

printing and the computed axial lithography (CAL), a volumetric 3D printing that 

generate a three-dimensional hologram; both aimed to keep improving the printing rapidity 

while saving a micrometric resolution (59).  

 

2.2.1.1 Composition of a photocurable formulation 
To fully grasp the functionality and application of photocurable resins, it is essential to 

delve into their composition. This section will provide a detailed analysis of the key 

components that constitute a typical photocurable resin, highlighting their roles and 

interactions (59). 

PRE-POLYMER 

Pre-polymers are also called monomeric units or oligomers and constitute the most 

abundant solute of a photocurable resin. 

Pre-polymers subjected to photo-polymerization must have reactive functional groups that 

allow them to cross-link through a chain-reaction polymerization. Among all, the most 

suitable polymers for VP are acrylates, acrylamides and the ones containing epoxide 
rings. The first two categories undergo radical polymerization, while epoxides cationic 

one. 

Figure 18 Photopolymerization mechanisms for different VP: SLA (up) and DLP (down). 
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A few examples are reported here (59): 

Whereas the polymeric backbone influences the mechanical and physical-chemical 

properties, their functional groups the reaction kinetics. For this reason, they should be 

carefully chosen. 

PHOTO-INITIATOR 

Photo-initiators are little photoreactive molecules required to begin the polymerization. 

When excited by light at a specific absorption range, they can generate active species 

(radicals or cations, depending on the type of PI). 

Photo-initiators can be classified as Norrish type 1, if they are directly activated by light, 

or Norrish type 2, if they need a co-initiator to be activated.  

In the choice of the photo-initiator there are two main critical requirements to satisfy: firstly, 

the absorption range of the PI must match the wavelength produced by the light source 

of the 3D printer. Secondly, it should be soluble in the resin solvent, thus an oil-soluble one 

should be picked for hydrophobic solvent, while a water-soluble one otherwise.  

However, one of the greatest drawbacks when a hydrogel is aimed to be printed is the 

shortage of water-soluble photo-initiators. 

Figure 19 Most common pre-polymers for vat polymerization. 
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The most common ones employed for the DLP printer are resumed here (63):  

 

PHOTO-ABSORBER 

Photo-absorbers are dye molecules often added to photocurable resins. These can 

either be dispersed within the formulation or covalently bonded to the polymeric backbone 

of the resin. Their addition to the resin improves certain characteristics of finally printed 

objects, such as resolution or mechanical strength, by absorbing some of the incident 

radiation and thereby allowing better control over the polymerization reaction. They induce 

the decrease of the intensity of transmitted radiation, focusing the photon flux into a limited 

volumetric region. This affects both depth and breadth, helping to prevent over-

crosslinking phenomena and consequently improving resolution.  

The amount of dye added to the formulations is chosen based on factors such as the 

absorption spectrum and molar extinction coefficient, aiming to minimize competitive light 

absorption by other elements like photo-initiators within the formulation. While, the 

selection of the dye should consider the absorption spectrum of the photo-initiator and, 

consequently, the emission wavelength of the printer used. 
The ultimate goal is to achieve a balanced resin composition that ensures good 
resolution and rapid polymerization (59).  

FILLER 

Filler molecules are added to the resin in order to create a new composite material with 

improved properties. In fact, these can endow the resin with new properties, such as 

electrical conductivity, rigidity or antibacterial. Fillers can have organic or inorganic origin 

and, usually, are available in powder form. Common materials are carbon, titanium or 

cellulose. Furthermore, they reduce shrinking caused by the printing process, resulting in 

an increased printing accuracy (59).   

Figure 20 Common photo-initiators for vat polymerization. 
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RADICAL SCAVENGER 

A radical scavenger is a chemical substance that can remove or de-activate impurities 

and undesired reaction products. For instance, the most of polymeric radical scavengers 

are added to avoid oxidation of the resin or to reduce premature, spontaneous cross-

linking reactions (59). More commonly, radical scavengers are used to control undesired 

polymerization out of irradiated areas, increasing printing accuracy. 

2.3 APPLICATIONS 
3D printing is revolutionizing the manufacturing landscape and is a crucial component of 

Industry 4.0. This era is characterized by the seamless integration of digital technologies 

and automation into production processes, and 3D printing is at the forefront of this 

transformation (49). 

3D printing aligns perfectly with the need for digitalization and automation to enhance 

manufacturing efficiency by transforming digital designs into material products through an 

automated process, in opposition to traditional, time-consuming manufacturing methods. 

Another significant advantage is its ability to produce customized and complex items 

without the necessity for specialized tooling showing an incredible flexibility.  

The rapid prototyping capabilities of 3D printing drastically cut down the time required to 

develop and test new products too. This increases the speed and efficiency of bringing 

products to market, giving companies a competitive edge. 

Furthermore, additive manufacturing supports sustainable production practices by 

minimizing material waste and promoting localized production (49). 

For all these reasons, there is no engineering field where AM techniques are not 

employes: from aerospace to biomedicine. 

In the case of the aerospace industry, 3D printing has allowed the possibility of 

manufacturing large objects with complex dimensions drastically reducing the 

manufacturing time and costs, besides weight. The attainment of lightweight and complex-

shaped samples in a short amount of time would have been challenging or even 

impossible to obtain employing traditional techniques.  

However, additive manufacturing is a powerful technology because of its adaptability to a 

broad dimensional range of products too: from nanometric structures, normally 
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employed in bioengineering, to tens of meters, for the building construction. 

Even if the construction process of buildings can be thought of as an additive 

manufacturing method from ancient times because of the sequential stacking of bricks, 

new devices for the continuous extrusion of concrete have been gaining traction in recent 

years (64). This has given space for creativity, resulting in the construction with ease and 

rapidity of buildings with particular geometries.  

Within the field of bioengineering, instead, 3D printing has paved the way for new 

personalized healthcare implants, such as prostheses, medical devices or artificial organs 

(65). Focusing on bio-nanotechnologies, additive manufacturing is most employed in 

tissue engineering to produce three-dimensional scaffolds. These represent one of the 

key elements, besides cells and physical-chemical stimuli, in the generation of new 

artificial tissues. Scaffolds are supposed to mime the native extra-cellular matrix of tissues, 

in terms of composition and structure, in order to be colonized by cells. 3D printing is, thus, 

a valuable tool to create high resolution micro- and nanostructures with complex 

geometries. Contrary to traditional techniques, 3D printing produces more durable objects 

with controlled mechanical properties, such as isotropy or with mechanical strength 

gradients (66).  

2.3.1 DLP printing of hydrogels 
Among all the forementioned AM techniques, DLP is one of the finest manufacturing 

processes to print hydrogels, giving the possibility of creating gels with elaborate 

architectures. 

Printing objects with high water content (more than 80%) can be challenging for several 

reasons. Firstly, there are not many water-soluble photo-initiators, and they are not very 

efficient compared to those soluble in organic solvents. Secondly, they nearly always 

require the employment of photo-absorbers to improve printing resolution, albeit this may 

not be optimal for biomedical purposes because dyes can be cytotoxic or can induce DNA 

damage (67).  

Nevertheless, some examples of successful, biomedical or not, applications are available 

in scientific literature. 

For instance, for the cardiovascular sector Ge et al. developed a multi-material shape 
memory polymeric stent in which the structural component was covered by a hydrogel. 

Hydrogel’s main functionality was the slow release of drugs; tests conducted on an 
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artificial blood vessel showed that the release rate of loaded drugs was up to 90% within 

three hours (56,68). 

Alternatively, Yang et al. fabricated a complex multi-material hydrogel that mimicked the 

structure and functions of a heart valve. CAD was retrieved through a reverse engineering 

process from computed tomography data, while mechanical tests showed excellent fatigue 

resistance of the hydrogel during cyclic experiments (56,69). This experience is 

noteworthy because it can pave the way for the substitution of small organs with artificial 

biocompatible ones in the optic of a more personalized medicine.  

 

DLP printing is a good strategy to also print soft robots and soft electronics for the same 

aforementioned reasons. 

For example, an octopus-like gripper with eight arms has been fabricated by Zhongying et 

al.. This was able to selectively grip and release small objects if triggered by temperature 

(70), with a molecular mechanism similar to the one exposed in paragraph 1.2. 

Zhang et al., instead, produced an electrical circuit out of elastic materials, exploiting the 

hydrogel ability to conduct ions. They proved that the soft circuit maintained electrical 

functionality even under a large deformation (56,70). 

Figure 21 (a) DLP-printed structure mimicking a heart valve; (b) DLP-printed polymeric stent with drug release function. 
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Figure 22 (a) DLP-printed gripper with thermal sensitivity, (b) DLP-printed soft electrical circuit. 
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3 MATERIALS AND METHODS 

The aim of this work was to design a hybrid DNA-based hydrogel with acrylated PEG-

derived backbone and to trigger it through the hybridization chain reaction process. A DLP 

3D-printer has been employed to photopolymerize samples because of its several 

advantages, including the possibility of creating high-resolution objects at the micrometric 

scale. Then, hydrogels have been swelled in a solution containing complementary DNA-

based fuel and their expansion has been evaluated.  

3.1 MATERIALS 
The resins’ formulation was firstly inspired by Shi et al.’s work (45) in terms of materials’ 

choice and relative concentrations, even though some modifications have been taken into 

account due to the disparity of available materials in laboratory and chosen methods. 

The main difference was the light source in the hydrogel fabrication process. In Shi’s 

experience, a photolithographic process was performed into a homemade 

photolithography chamber at 365 nm UV light; while, in this thesis’ work, a DLP printer with 

385 nm UV light source was adopted because of the already cited several advantages.  

The pre-polymers’ choice fell on polyethylene glycol diacrylate (PEGDA) 700 MW and 

polyethylene glycol methyl ether methacrylate (PEGMEMA) 950 MW. Both are 

biocompatible synthetic polymers used in a multitude of biomedical applications (71,72) 

when good mechanical properties are expected. Thanks to their acrylic endings that 

undergo a radical reaction in the presence of a UV-light activated photo-initiator, they are 

good candidates for the 3D printing process. As photo-initiators, lithium phenyl-2,4,6 

trimethylbenzoylphosphinate (LAP) and water-soluble TPO based nanoparticle (TPO-
SDS) have been compared. Two partially complementary acrydite DNA strands 

(described later) have been then added. Magnesium chloride has been dissolved in tris 

acetate-EDTA buffer (TAE) to obtain the final solvent (TAE/Mg2+).  

Some different DNA hairpins have been used to drive the hydrogel expansion and put in 

TAE/Mg2+ to create an expansion buffer solution. In analogy, non-complementary DNA 

strands have been used in a control expansion buffer. Those are reported in paragraph 

3.1.2. 

DNA was purchased by Integrated DNA Technologies, while all the others by Merck, 

except TAE/Mg2+, that has been prepared in lab.  
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3.1.1 Solvent preparation  
The role of the solvent is to protect and maintain all DNA strands in stable conditions. 

Thus, there was no reason not to take in consideration the same one used in Shi’s 

experiment: TAE/Mg2+ which directs swelling within polymerization motor gels (45). TAE 
solution, in fact, has always been used with DNA strands, for example during gel 

electrophoresis, because it prevents from pH variations and enzymatic degradation, 

besides allowing the current to travel through the gel in gel electrophoresis (73). In 

addition, Mg2+ ions have been proved to mildly stabilize DNA hybridized structure thanks 

to the charge interactions with the phosphate backbone (45). As further precaution to 

avoid enzymatic degradation, nuclease-free distilled water (H2ON-) was substituted to the 

normal deionized one. 

The protocol to produce TAE/Mg2+ buffer is the following:  

1. Preparation of TAE 50x: 

a. Dissolution of EDTA in H2ON- and pH adjustment till pH 8.  

b. Dissolution of tris-base in H2ON- and slow addition of glacial acid and 0,5 M 

EDTA solution (pH 8). 

2. Dilution of TAE 50x to 2x. 

3. Dissolution of MgCl2 in H2ON- in order to obtain a concentration of 25 mM. 

4. Blend the same amount of TAE 2x and 25 mM MgCl2. In this way the final 

concentration of TAE 1x and 12,5 mM of Mg2+ are obtained.  

3.1.2 DNA strands 
 The choice of eight specific oligonucleotides was inspired by Cangialosi et al.’s 

experience (41): two of them are intended to join the hydrogel structure, four for the 

expansion buffer and the last two as control buffer (see Table 1). The ones put in the DNA-

driven expansion buffer promoted the hybridization chain reaction. H1 and H2 were 

responsible for carrying on the expansion, while the terminator hairpins H1T and H2T 

controlled its termination. The control buffer was used only to demonstrate the specificity 

of the reaction, in fact the two DNA strands were not complementary to the ones in the 

hydrogel. They were purchased in a lyophilized form; however, to create the mother 
solutions, they were resuspended in TAE/Mg2+ with a concentration of 2 mM for all, 

except for the hydrogel ones whose concentration was 25 mM. 
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3.1.2.1 Hybridization process 
The hydrogel two showed an acrydite group on the 5’ extremity so that they could 

photopolymerize together with the polymeric backbone. In order to expose only these 

terminations during the crosslinking reaction, C and C’ are supposed to hybridize. Thus, 

firstly they were diluted in the same 3 mM solution to perform a thermal cycle with Bio-

Rad C1000 Touch PCR Gradient Thermal Cycler. It has been widely studied that 

temperature has an effect of DNA flexibility and its structure. Indeed, rising the 

temperature over a critic threshold (the melting point) allows the DNA to be more flexible 

(74,75) and to distend any potential random coil organizations. Furthermore, high 

temperatures can separate the two strands of a double-stranded DNA (dsDNA), whereas 

the slow decrease can re-pair them. 

 

Hydrogel 

C 5’-/5Acyd/CTG TCT GCC TAC CAC TCC GTT GCG-3’ 

C’ 5’-/5Acryd/ATT CGC AAC GGA GTG GTA GGC TTT-3’ 

DNA-driven expansion buffer 

H1 
5’-AAA GCC TAC CAC TCC GTT GCG GAA CCT CGC AAC GGA GTG 

GTA GGC AGA CAG-3’ 

H2 
5’-AGG TCC CGC AAC GGA GTG GTA GGC CTG TCT GCC TAC CAC 

TCC GTT GCG AAT-3’ 

H1T 
5’-AAA GCC TAC CAC TCC GTT GCG TCA AGC CGC AAC GGA GTG 

GTA GGC AGA CAG-3’ 

H2T 
5’-AGG TCC CGC AAC GGA GTG GTA GGC AAT CGT GCC TAC CAC 

TCC GTT GCG AAT-3’ 

DNA-driven expansion control buffer 

H1C 
5’-CCA GCG TGT GGC ACC TGC ACG CAC CCA CGT GCA GGT GCC 

ACA GCG AAC TTA-3’ 

H2C 
5’-TGG GTG CGT GCA GGT GCC ACA GCG TAA GTT CGC TGT GGC 

ACC TGC ACG TTG-3’ 

Table 1 List of oligonucleotides and their base sequences. 
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For this reason, temperature was set at 90°C and then, slowly lowered to 20°C in the most 

quasi-static way the machine could assure, namely the velocity rate was – 0,1 °C/s and for 

each variation of 10°C the cycle remained constant for 30 seconds, as in Figure 23.  

For the same benefits, actually, also the buffer hairpins and the control ones received 

individually a similar heat treatment.  

3.1.2.2 Verification of the hybridization process 
 At this point, an electrophoretic run was performed to verify if the DNA hybridization has 

occurred. It is a standard technique to separate DNA fragments according to their size and 

weight exploiting the fact that DNA is negatively charged.  

The method involves an electrophoretic chamber, a buffer solution, a power source and an 

agarose gel indented at one extremity. Figure 24 (76) shows the set-up: the gel and the 

ion buffer solution are set into the chamber, then DNA samples are placed into the gel’s 

indentations called wells and the power source is attached to the two extremities of the 

chamber.    

Figure 23 Thermal cycle to hybridize C and C' strands. 

Figure 24 Set-up for the electrophoretic run.  
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Since DNA has a negative charge, it is attracted to the positive pole in the presence of an 

electric current, so it moves toward the opposite pole. Lighter fragments are less 

hampered by the gel’s filaments, so they run faster, vice versa heavier fragments are 

slower. This results in a separation. In analogy single stranded DNA (ssDNA) are faster 

than double-stranded ones of the same length. 

The protocol to create 1% w/v agarose gel is the following: 

1. Weight agarose and place it in a glass bottle. It must be the 1% of TAE. 

2. Add TAE 1x.  

3. Place the bottle in a microwave for 30 seconds at the highest power to help the 

dissolution of the agarose. Occasionally, shake the bottle to help the process.  

4. Once the solution is completely clear and a bit colder, add 10 μM in 100 mL gel of 

SYBR Safe 10.000x and shake.  

5. Transfer the gel solution in a suitable mold to jellify at room temperature and create 

wells.  

6. When the gel is ready, carefully remove the mold. 

3.1.3 Resins’ preparation 
Since very few DNA is needed to show the expansion preliminary testing was performed 

with resins without it. When optimal formulation and parameters were determined, the 

DNA was added. As reported in Shi et al. (45), it was decided to maintain 10% wt of 

monomeric units, with or without the presence of 1,154 mM of double-stranded DNA (C-

C’), in agreement with what mentioned above. 

3.1.3.1 Photo-initiator choice 
Since the light source for the photopolymerization was different from Shi’s one in terms of 

wavelength, it was necessary to modify the photo-initiator used. Shi et al. used 2-hydroxy-

1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone also called Irgacure 2959 or I2959 

which has the highest rate of absorbance at 276 nm, largely outside the range of the 3D 

printer emission spectrum. Some specifications are required when looking for a substitute: 

the ideal photo-initiator should absorb at higher wavelength (385 nm), be water soluble 

and have low cytotoxicity. Considering the limited variety of available photo-initiators with 

those characteristics, phosphine derivatives, such as LAP and TPO nanoparticles, seem 

to be the most suitable ones (77). Not only the type but also the amount of photo-initiator 

in the solution is an important factor as well because too little would lead to the formation 
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of few radicals and therefore non-polymerization, while too much would cause toxicity 

issues, especially in in vivo applications, where the radicals could interact with the 

surrounding biological environment (63). 

A first evaluation on light absorbance and rheological properties was conducted on three 
formulations based on TAE/Mg2+ and 10% wt PEGDA, with the addition of: 

 LAP 2% w/w 

 TPO-SDS 5% w/w 

 TPO-SDS 10% w/w 

The proportion of the photo-initiator must be considered on the weight of the monomeric 

unit. In the case of TPO-SDS, it was added a higher content since in this case only part of 

the powder (around 10%) is of TPO photo-initiator, while the remaining 90% is constituted 

by a surfactant (SDS), which is not active in the photopolymerization process. 

3.1.3.2 Addition of monofunctional pre-polymer 
As showed later, LAP resulted to be a better photo-initiator, so it was always used in all the 

subsequent formulations.  

Afterwards, DNA was added to the resin and expansion was performed. The first 
formulation prepared is here resumed: 

 Monomeric unit: PEGDA 10% wt 

 Photo-initiator: LAP 2% w/w 

 Hybridized DNA: C-C’ 1,154 mM 

 Solvent: TAE/Mg2+ 

However, in a second set of experiments, monofunctional monomer PEGMEMA was 

inserted in the solution too to decrease the cross-linking density of the 3D network. 

Keeping constant the total of monomeric units as 10% wt of the final solution, different 

quantities of the monofunctional polymer were tested. More precisely, starting from the 1:1 

formulation, the molar ratio between the polymers was varied by increasing the amount of 

one relative to the other and vice versa, as follows: 
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Formulation 
name 

Molar ratio of 
PEGDA 

Molar ratio of 
PEGMEMA 

F11 1 1 

F12 1 2 

F13 1 3 

F21 2 1 

F31 3 1 
Table 2 List of the formulations with different ratios of the components. 

 

Resin called F21 seemed to be the optimal one for 3D printing, so the final formulation is 

here resumed: 

 Monomeric units: PEGDA-PEGMEMA (2:1) 10% wt 

 Photo-initiator: LAP 2% w/w 

 Hybridized DNA: C-C’ 1,154 mM 

 Solvent: TAE/Mg2+ 

The resins’ preparation followed this protocol: 

1. Preparation of a 10x LAP solution: dissolve LAP in TAE/Mg2+. 

2. Put the right amount of every ingredient in a 1,5 mL Eppendorf tube. 

3. Stir with a vortex till the solution appears clear.  

To avoid damages to DNA, solutions containing it were stocked at -20°C and thawed when 

needed, while the other ones, used as control, were normally stocked at room 

temperature.  

3.2 UV/VISIBLE SPECTROSCOPY 
To ensure that the absorption spectrum of the photo-initiator matches at least partially with 

the emission spectrum of the 3D printer's light source, BioTek Synergy HTX Multi-Mode 

Microplate Reader was used to accomplish an UV/visible spectroscopy. This is a standard 

laboratory technique that investigates how light interacts with matter at UV and visible 

wavelengths. Substances, in fact, selectively absorb light wavelengths when crossed by an 

optical radiation.  
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The UV/visible spectroscope set-up is made up of a light source that irradiates the sample with 

a wide range of wavelengths and a detector that captures the non-absorbed light, as in Figure 

25 (78). 

 

The output signal is, therefore, processed showing the absorbance by varying the light 

wavelength. Absorbance is modelized by the Lambert-Beer’s law (Equation 1) and 

depends on the molar extinction coefficient of the material (ε), its concentration (C) and the 

optical pathway of the radiation (z). 

A = ε ⋅ z ⋅  C 

Equation 1 Lambert-Beer's law 

During this test, light was varied from 325 nm to 700 nm in 5 nm steps and the final photo-

initiators’ signal is obtained by subtracting contributes coming from TAE/Mg2+ and PEGDA.  

3.3 RHEOLOGY 
The rheometer Anton Paar MCR 302 with plate-plate configuration has been used to 

evaluate and compare the rheological properties of different formulations and their relative 

hydrogel samples.  

Two different characterization methods can be performed: 

 Steady shear characterization 

 Oscillatory shear characterization 

Steady shear characterization assesses the material’s response to shear stress when 

the upper plate rotates continuously. The flow curve in which shear stress (τ) is related to 

shear rate (𝛾̇ ) provides information about the solution’s viscosity. Indeed, it is defined as 

follows: 

Figure 25 UV/Visible spectroscopy principle 
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η =
τ

γ 
 

Equation 2 Viscosity definition 

Keeping constant the shear stress, if it doesn’t change with the shear rate, fluids are called 

Newtonian, otherwise they have shear-thinning or shear-thickening behavior. Usually, 

polymeric solutions are shear-thinning, in other words their viscosity decreases as shear 

rate increases.  

In this thesis work, shear rate test has been performed. It consists in fixing a range of 

shear rates and waiting for the rheometer’s estimation for the relative shear stress, and 

viscosity consequently.  

The set parameters were the following: 

Parameter Value 
Plate-plate distance 200 µm 

Shear rate 1 to 1000 1/s 

Temperature 25 °C 
Table 3 Shear rate test – Parameters 

During the oscillatory shear characterization, instead, the upper plate rotates 

sinusoidally, and the viscoelastic properties of the material are evaluated. This kind of test 

provides information about the storage modulus G', which describes the elastic response 

to the deformation, and the loss modulus G'', which describes the viscous response.  

The deformation’s amplitude or frequency could be varied; amplitude sweep tests 

generally aim at describing the deformation behavior of the material, while frequency 
sweep tests its time-dependent behavior.  

For this thesis work, only the amplitude sweep test on the solid hydrogel was interesting to 

assess. Figure 26 (79) shows a typical output graph of this test. The first region, in which 

G’ and G’’ are steady, is called linear viscoelastic region (LVE) and states the region in 

which the sample’s structure is maintained and it is not destroyed. Exceeded the linear 

limit 𝛾̇L, micro-cracks occur in zone 1 but sample still maintains its structure till point 2, in 

which sample is eventually destroyed.  



44 
 

 

The set parameters for the test were the following: 

Parameter Value 
Plate-plate distance 200 µm 

Amplitude sweep 0,01 to 1000 % 

Frequency 1 Hz 

Temperature 25 °C 
Table 4 Amplitude sweep test – Parameters 

3.4 PHOTO-RHEOLOGY 
In order to choose the most suitable resin for 3D printing and help finding the optimal 

printing parameters, photo-rheological tests were implemented too. Photo-rheology is, 

indeed, a technique to evaluate the photo-polymerization kinetics by measuring the 

rheological properties in the presence of UV or visible light. The test is very similar to the 

oscillatory rheological one, except for a few details: the lower plate should be made in 

quartz, to allow the light to pass through it, a UV or visible light source is needed and both 

deformation’s amplitude and frequency are kept constant. For this latter reason, this test is 

called time sweep test because it only depends on time.  

The protocol followed during this work was: 

1. Measure G’ and G’’ of the liquid resin for 30”.  

2. Irradiate the sample for 150” while still measuring G’ and G’’. Normally, the 

irradiation ends when the plateau is reached but PEGDA-based resins are rapid to 

polymerize, so a constant time period for all the formulations is chosen.  

3. Measure G’ and G’’ of the solid hydrogel for additional 20”.  

Figure 26 Output graph from amplitude sweep test 
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The employed UV light source was the UV Hamamatsu LC8 wide-spectrum lamp, and the 

set parameters were the following:  

Parameter Value 
Plate-plate distance 200 µm 

Amplitude sweep 1 % 

Frequency 1 Hz 

Temperature 25 °C 
Table 5 Time sweep test – Parameters 

3.5 HYDROGEL SAMPLE PREPARATION 
Resins were photopolymerized in the Asiga Max X27 3D printer (Figure 28) to obtain the 

final hydrogel with desired shape. This device has a bottom-up setup based on the DLP 

technology (Figure 27, (80)): a LED light source that can generate 385 nm UV light is 

placed at the bottom of the machine and irradiates a platform that slowly rises layer-by-

layer where the sample is printed upside down. The printer resolution depends on the size 

of the single irradiated pixel, and it is fairly fine: 27 µm on x-y plane, 1 to 500 µm on z axis. 

This means that this tool is so powerful that it can print objects with dimensions from tens 

of centimeters to hundreds of micrometers.  

 

  

Figure 28 Schematic bottom-up approach of a DLP printer Figure 28 Asiga Max X27 
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The 3D printing process is composed of four phases: 

1. CAD designing with the help of a solid modeler software, such as SolidWorks, that 

was used during this thesis work.  

2. Printing parameters setting.  

If a commercialized resin has been used, parameters are provided by the seller. 

Otherwise, if the formulation has been crafted in laboratory, it takes some time to 

optimize them. Commonly, the layer thickness, the light intensity and the UV 

exposure time are the most adjusted ones.  Nevertheless, to further optimize the 

process in terms of process time and object resolution, some advanced ones could 

be modified as well if needed. In particular, the separation or approach velocity of 

the platform and the waiting times.  

3. Printing phase: 

a. Approach: the platform approaches the vat on the top of which the resin has 

been placed.  

b. Layer irradiation: one layer at a time is photopolymerized. 

c. Detachment: the platform detaches from the vat to adjust the height and 

repeat the printing phase till the completion of all layers.  

4. Post-curing phase: the printed sample is washed to remove the exceeding liquid 

resin trapped in it and to strengthen its properties.  

Actually, it was not deemed appropriate to stress the hydrogel with this additional 

step, to avoid any further DNA damage.  

3.6 DNA-DRIVEN EXPANSION 

3.6.1 Hydrogel swelling behavior 
Hydrogel swelling properties are related to their high thermodynamic affinity for water-

based solvents (81) and, when they are immersed in it, they tend to trap and retain it. The 

swelling kinetics is highly influenced by the composition of the polymeric network and by 

the type of solvent in which hydrogels are immersed. For this reason, it must be evaluated 

along the course of time. 

During the swelling process, hydrogels could manifest two different behavior: a gravimetric 

or a volumetric expansion. 
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Gravimetric swelling is defined as the increment in hydrogel weight, due to the 

accumulation of solvent and it is estimated by measuring the hydrogel weight at different 

time point. Then the gravimetric swelling ratio can be analyzed as follows: 

Gravimetric Swelling Ratio =
Ws −Wi

Wi
 

Equation 3 Gravimetric swelling ratio (Ws = weight of the swollen hydrogel at each time point,  

Wi = weight of the hydrogel immediately after the crosslinking) 

 

Alternatively, volumetric swelling is defined as the increment in hydrogel volume, due to 

the distension of polymeric chains because of the penetration of solvent molecules.  

Likewise, its swelling ratio can be measured as follows: 

Volumetric Swelling Ratio =
Vs − Vi
Vi

 

Equation 4 Gravimetric swelling ratio (Vs = volume of the swollen hydrogel at each time point,  

Vi = volume of the hydrogel immediately after the crosslinking) 

3.6.2 Expansion protocol  
As soon as hydrogel samples are printed, they are ready to the expansion process. 

However, since hydrogel are naturally able to swell, it is important to avoid the co-

existence of the two phenomena and the protocol should be divided into two parts: 

1. Swelling in TAE/Mg2+ so that the hydrogel reaches saturation. PEGDA-based 

samples swelled for 24 hours, in accordance with scientific literature (81,82), while 

PEGDA-PEGMEMA ones were leaved for 48 hours.  

2. Swelling in a proper expansion buffer which contains complementary hairpins to 

start the hybridization chain reaction. This step was completed in 96 hours after the 

first one.  

The expansion buffer contained only TAE/Mg2+ and 40 mM of each type of hairpins, with 

98% of polymerizing ones (H1 and H2) and the remaining 2% of terminators (H1T and 

H2T). 

The analogous control buffer to verify specificity contained 40 mM of control hairpins. To 

correctly compare results, control experience followed the same procedure as the normal 

one.  
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In a first moment, printed hydrogels were placed into a multi-well plate to be swollen, 

however multiple difficulties have occurred between the first phase and the second one 

leading to the breaking of samples most of the times.  

To minimize this risk, an alternative set-up has been arranged as in Figure 29. A PAP-

Pen for immunostaining has been used to trace hydrophobic edges to separate samples 

onto a slide. 

For each slot, 25 µL of the two swelling solutions have been poured and taken with a 

micropipette.  

Then, the entire assembly has been collocated into a petri dish, closed by parafilm, to 

create a controlled environment to avoid the solvent evaporation.    

 

3.7 QUANTIFICATION OF DNA-DRIVEN EXPANSION 
Even if the swelling test usually evaluates 

weight variations, the goal of this experience 

was to quantify the size expansion in 

geometrical terms. Thus, just after 3D printing 

and for each step of the previous protocol, 

samples were gently tapped onto absorbent 

paper and a digital microscope Andonstar 

ADSM301 (Figure 30) captured images of the 

top section of each one. The objective-sample 

distance was kept constant at 5,75 cm during 

all the measurements at the maximum 

magnification. 

Figure 30 Digital microscope Andonstar ADSM301 

Figure 29 Swelling set-up: slide containing six slots for hydrogels (a) and controlled environment (b). 



49 
 

 Subsequently, Image Processing MATLAB tools helped counting the number of pixels 

corresponding to the area of the hydrogel. Specifically, a region of interest (ROI) was 

manually taken thanks to Image Segmenter and converted in a binary file (Figure 31).  

 

Then, Image Region Analyzer returned data about the ROI area as number of pixels 

(Figure 32).  

 

  

Figure 31 Image Segmenter by MATLAB 

Figure 32 Image Region Analyzer by MATLAB 
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At this point, ImageJ was used to identify the correspondence between number of pixels 

and millimeters (1 mm = k px) and the conversion in mm2 was easily made thanks to the 

following equation:  

Amm2 =
1

k2
⋅ Apx 

Equation 5 Area conversion from pixels to mm2 

 

Unfortunately, samples were too frangible to measure both surface area and height, so it 

has been decided to evaluate hydrogel swelling only through its surface variation.   

The surface swelling ratio (SSR) has been defined as follows: 

Surface Swelling Ratio % =
Ss − Si
Si

⋅ 100 

Equation 6 Gravimetric swelling ratio (Ss = volume of the swollen hydrogel at each time point,  

Si = volume of the hydrogel immediately after the crosslinking) 

3.8 DATA ANALYSIS 
Once data have been measured and a dataset has been made up, a statistical elaboration 

has been required. For each trial, six replicates of DNA-based sample and six of DNA-free 

ones have been evaluated, then their SSR values have been presented as mean ± 
standard deviation.  

Since they were few samples, SSR values were complemented by statistical tests to 

assess the statistical significance of the outcomes.  

The most appropriate test to determine whether samples grew over time was the paired 
Student test (paired t-test). This test evaluates if the mean difference between two sets of 

observations is null. In other words, if samples grew, they don’t have the same mean, so 

the difference between the mean values is not null, otherwise it is zero.  

Consequently, the competing hypotheses for the variable µd = µobs1 - µobs2 are:  

{
H0:  μd = 0,                       null hypothesis (µobs1 = µobs2)

H1:  μd ≠ 0, alternative hypothesis (µobs1 ≠ µobs2)
 

Equation 7 Hypotheses for the paired t-test. 
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As most of statistical tests, the paired t-test requires several assumptions to be verified 

(83):  

 The variable µd should not contain any outliers. They were removed before the 

beginning of the statistical analysis to avoid a bias in results.  

 Observations must be independent of one another. It can be reasonably assumed 

since the same samples were measured at two different time points.  

 The variable µd must be continuous. Samples’ surface area is a value belonging to 

real numbers, so the difference between two surface area is still a real value.  

 The variable µd must follow a normal law.  

Several tests are available to assess normality of data. In this thesis work the Shapiro-
Wilk’s one has been picked because in literature it has been considered as the most 

powerful test for small datasets (number of samples < 30) and kurtosis less than 3 (84).  

The competing hypotheses for this latter test are:  

{
H0: normal data,                               null hypothesis
H1:  not normal data, alternative hypothesis

 

Equation 8 Hypotheses for Shapiro-Wilk's test. 

 

Considering a confidence interval of 95%, the null hypothesis was rejected for p-values 

less than 0,05 for both tests.  

Therefore, the followed protocol was: 

1. Performance of the Shapiro-Wilks test, thanks to a MATLAB algorithm available one 

the internet (85).  

2. Analysis of the kurtosis and results from the Shapiro-Wilks test.  

3. If all data were normal, performance of the paired Student test, thanks to the 

MATLAB function ttest().  

4. Analysis of results from the paired t-test.
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4 EXPERIMENTAL RESULTS AND DISCUSSION 

This chapter will report and discuss the results obtained during the experimental part of 

this thesis work. Mainly it will be divided into two sections that follow the chronological 

order of the experiences: the first one about PEGDA-based hydrogels and the second one 

about the PEGDA-PEGMEMA-based ones. Each section will develop the early 

characterization stage of hydrogels not containing DNA and, only subsequently, the 

complete experiment on final DNA-based hydrogels.  

4.1 PEGDA-BASED HYDROGELS  

4.1.1 Photo-initiator’s choice 
Since high intensity UV light could damage DNA sequences (86), it was decided to work at 

longer wavelengths in the UV spectrum and, to evaluate the most suitable photo-initiator 

for the experience, TPO-SDS and LAP have been compared.  

4.1.1.1 Optical spectroscopic analysis 
First of all, the UV-visible spectroscopy has been performed to meet the absorption 

requirement of 385 nm due to the 3D printer light source. Initially, the three formulations 

(described at page 39), the positive control (formulation containing the same amount of 

PEGDA and 5% w/w of Irgacure 2959) and the negative one (only TAE/Mg2+ and PEGDA) 

were prepared. Since absorbance is an intrinsic property of the material, it does not 

depend on its concentration, so only one TPO-SDS formulation was tested. In a second 

time, untreated absorbance spectra from the plate reader were collected and processed by 

subtracting the negative control data from the others. In this way, it was ensured that only 

the photo-initiators’ spectra were shown, as in Figure 33. 

As expected from scientific literature (63), at 385 nm TPO nanoparticles and LAP absorb a 

higher amount of UV light than Irgacure 2959 because this wavelength belongs to their 

activation range (320-390 nm). Thus, since both could be used and have similar properties 

in terms of water solubility and cytotoxicity, other methods were required to discriminate 

the best one. 
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4.1.1.2 Rheological and photorheological analysis 
Rheological and photorheological tests provide an indication of resins’ printability, 

which is influenced by photo-initiators.  

In DLP printers, the platform movement generates a shear rate (Equation 9, (87)) that 

influences the resin’s viscosity.    

γ =
ν

e
 

Equation 9 Shear stress in DLP printers is function of the separation/approach velocity (𝜈) and layer thickness (e). 

 

Typically, in order to assure a uniform redistribution of the formulation during the printing 

process, resins’ viscosity must be lower than 5 Pa·s (88) and must have a shear-thinning 

behavior. Results of the shear rate test can be seen in Figure 34 and state that all the 

PEGDA-based formulations respect the printing requirements. 
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Figure 33 Absorbance spectra of three different photo-initiators and highlight of 3D printer wavelength (385 nm). 
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The amplitude sweep test was needed to find the LVE region critical limit (𝛾̇L) in order to 

set a constant strain during the photorheological test that is included in the LVE range. 

Results of this test are reported in Figure 35 and the critical value 𝛾̇L has been estimated 

as follows: 

Formulation Linearity limit 𝛾̇ L 
TPO-SDS 10% 6% 

TPO-SDS 5% 10% 

LAP 2% 20% 
Table 6 Linearity limit 𝛾̇L for PEGDA-based formulations with different photo-initiators. 
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Figure 34  Viscosity, as function of shear rate, of PEGDA-based formulations with different photo-initiators. 
 

Figure 35 Amplitude sweep test of PEGDA-based formulations with different photo-initiators. 
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Considering these results, amplitude sweep for the photorheological analysis was set at 

1% and the time sweep test was performed, obtaining the trends shown in Figure 36.  

It can be observed that the photo-initiator choice still does not really affect the 

formulation’s performance. All the resins rapidly photopolymerize and their storage moduli 

reach high comparable values, meaning that printing times are expected to be brief and 

hydrogels sufficiently resistant to stress. To delve deeper into details, the formulation 

containing LAP solidify just a bit faster than the two with TPO nanoparticles while the 

storage modulus of the final samples is impacted by the amount of photo-initiator. The 

hydrogel with the higher content of TPO-SDS is also the one which showed higher G’ 

values, whereas the one with LAP has intermediate mechanical properties even if it has 

the lower proportion. This can be explained by remembering that the amount of TPO in 

TPO-SDS nanoparticles is only the 10% w/w, so that a higher quantity of the entire 

complex is needed to have comparable effects with LAP molecules.   

Overall, LAP seemed to be the most suitable photo-initiator because: 

 It can photopolymerize almost instantaneously 

 It is naturally water-soluble 

 It produces reduced cytotoxic effects thanks to the insignificant quantity needed 

 It allows the hydrogels to be more mechanically resistant, e.g. by tolerating higher 

strains before failing (see Figure 35).  

Thus, it has been chosen for all the following steps and further formulations.  
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Figure 36 Time sweep test of PEGDA-based formulations with different photo-initiators 
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4.1.2 3D-printing 
At this stage, attention was focused on the printability of the PEGDA-based formulation 

before the addition of DNA strands to the final resin. Samples’ geometry was chosen, and 

printing parameters were researched.  

4.1.2.1 Computer-Aided Design 
Since the DNA hybridization-chain reaction is a microscopic process, particular care has 

been taken to samples’ dimensions. Indeed, assuming the length of a nucleotide as 0,33 

nm (89), it can be estimated that each DNA strand in the expansion buffer solution is 

approximately long 20 nm. Therefore, taking into account the fact that each strand partially 

overlaps and neglecting for a moment any other side effect that can reduce the 

dimensions of each DNA chain, a significative macroscopic effect cannot be expected, 

especially on big samples.  

Bearing this in mind and still aiming to show a macroscopic effect, it was deemed that the 

most appropriate dimensions were on the order of, at most, one millimeter. 

Regarding shapes, instead, the following three simple geometries and three complex 

ones have been conceived thanks to the help of SolidWorks: 

 

While the simpler CADs served to verify the formulations’ printability and to quantify the 

subsequent DNA-driven expansion, the more complex ones challenged the DLP printer 

capabilities and attempted to provide a visual idea of the expansion. In detail, the purpose 

of printing the holed cylinder and the star-based prism was to proof the printability, 

respectively, of 100 µm-thick walls and high-resolution details as the star arms. Each one 

of the two stacked cylinders, instead, was printed with a different material to test the multi-

material printing.  

Figure 37 Employed CADs with quotes in millimeters. From the left side: square-based parallelepiped, rectangular-based 
parallelepiped, cylinder, holed cylinder, stacked cylinders, holed star-based prism.  
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4.1.2.2 Printing parameters 
Initially, printing parameters were retrieved from scientific literature (90) and previous 

works on PEGDA-based formulations with similar pre-polymer molecular weight and 

concentration, albeit they needed to be adjusted to match with the specific formulation of 

this work. Besides good resolution, the minimal UV dose was sought with the aim of 

causing the least possible damage to the DNA when added. After several tries, the 

parameters in Table 7 have been chosen to print simple geometries.  

 Burn-in Other layers 

Number of layers 8 till the end 

Layer thickness [µm] 25 25 

Exposure time [s] 2,5 2 

Light intensity [mW/cm2] 30 30 

Separation velocity [mm/s] 2 2 

Approach velocity [mm/s] 2 2 

Table 7 Printing parameters of PEGDA-based resins - simple CADs 

 

  

 

The original thickness of hydrogels was 1 mm on the z axis; however, it has been 

demonstrated that it could be lowered to 300 µm without the risk of breaking samples 

during the removal from the printing platform. Noteworthy, the printed structures clearly 

show XY pixel patterns on the surface, indicating outstanding printability. 

Figure 38 Top view of printed samples with simple geometries. 
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For complex geometries, instead, parameters had to be modified once again because the 

liquid resin kept on getting stuck in the holes, which consequently remained clogged. The 

new ones are resumed in Table 8. 

 Burn-in Other layers 

Number of layers 3 till the end 

Layer thickness [µm] 75 75 

Exposure time [s] 1 1 

Light intensity [mW/cm2] 45 45 

Separation velocity [mm/s] 1 1 

Approach velocity [mm/s] 1 1 

Wait time (after separation) 

[s] 
2 2 

Table 8 Printing parameters of PEGDA-based resins - complex CADs 

 
Figure 40 Top view of printed samples with complex geometries. 

Figure 39 Side view of printed samples with square-based prism geometry. Height from left: 1 mm, 500 µm, 300 µm. 
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4.1.2.3 Overcoming printing difficulties 
3D printing of hydrogels can be very challenging due to the high-water content that can 

give rise to several difficulties. Water-based resins, in fact, have a very low viscosity and 

are prone to deform or collapse under their weight during the printing process (56).  

This latter problem can be normally solved by the addition of a photo-absorber to the 

photocurable resin, however in the case of this work it was not possible to proceed in this 

way due to the presence of DNA. From the scientific literature, it has been observed that 

certain dyes, e.g. tartrazine, have an ambiguous effect on DNA leading to DNA aberrations 

(67). Thus, it was decided to avoid any factor that could potentially spoil DNA and 

invalidate the DNA-driven expansion process.  

Contrary to all expectations, the previous paragraph has shown that the former printing 

parameters have conducted to a good structural integrity and an acceptable shape 
fidelity of hydrogels even in the absence of the photo-absorber. This could already be 

considered an outstanding result; however, the printing process has been further 

optimized. 

Thanks to the bottom-up configuration of the employed DLP printer, it has been possible to 

dispense very few amounts of resin managing to print, after several attempts, three 

samples in parallel with only 15 µL of resin.  

Figure 41 depicts the difference between a standard quantity of resins for normal-

dimensioned hydrogels (in the order of one centimeter) and the amount used at each 

printing during this experience. To better appreciate the difference, a blue dye has been 

added to the transparent resin.  

Figure 41 Standard amount of resin (a) vs amount of resin employed at each printing during this experience (b). 
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4.1.3 DNA formulation  
The PEGDA-based formulation has shown, as expected, good printability so 1,154 mM of 

hybridized C-C’ dsDNA was added to the solution in order to print samples and submit 

them to the expansion protocol.  

4.1.3.1 Verification of the hybridization  
Before being included in the final solution, C and C’ ssDNA chains were dissolved in 

TAE/Mg2+ and subjected to a thermal cycle to get hybridized. To verify that this process 

successfully accomplished, electrophoresis on agarose gel was performed.  

According to theoretical knowledge, a dsDNA complex runs slower on the agarose gel 

than a single strand of the same length because it is heavier and, if all the components of 

the same DNA solution are equally long, only one band should be macroscopically seen 

because they have the same run velocity. 

Results reported in Figure 42 confirmed the hypothesis. C and C’ strands (respectively 

column c and b) have the same length but different content of base types, so their 

molecular weight is similar but not equal and they also are considerably faster than the 

control ladder, which is made up of dsDNA. Column d clearly showed the presence of a 

marked single bar in a higher position that the previous two, meaning that they properly 

hybridized.  

With an in-depth look, it can be deduced that: 

 C and C’ did not aggregate in weird complexes with different molecular weight 

because only one bar appeared.  

 C and C’ strands coupled together in complexes with same base-pair length than 

the single strands because the d-bar is slightly higher than bars at column b and c. 

 All the C and C’ molecules joined together since the bar color is significantly darker 

than the other two’s, suggesting that both strands are concentrated together.  

Figure 42 Top view of agarose gel after the electrophoretic run. 
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4.1.3.2 DNA-driven expansion 
After conducting the required verifications, the desired formulation containing DNA and 

PEGDA was prepared. The DNA concentration was so low that did not consistently 

influence the rheological properties of the PEGDA-based resin; hence, the same 

aforementioned printing parameters were used to produce samples. Macroscopically, 

DNA-based hydrogels did not show any substantial differences from the ones leaking in it: 

both were well defined and transparent. 

To guarantee statistical evidence, the DNA-driven expansion protocol was performed on 

six DNA-based samples (named “DNA” from now on) and six DNA-free ones (named 

“Control”). 

The arrangement of the polymeric network in PEGDA-based hydrogels has an effect on 

both gravimetric and volumetric swelling when they are immersed in water (81).  For this 

reason, to stabilize the volumetric swelling, printed samples were kept swelling in 

TAE/Mg2+ for 24 hours. 

Since samples were hard to handle due to their frangibility and small dimensions, 

expansion was evaluated by comparing only the surface area variation, as in Figure 43.  

During the swelling in the first ionic solution, both DNA and control showed a similar 

behavior: DNA’s SSR was 20,37 ± 19,19 %, while control’s one 21,13 ± 12,67 %.  

Once hydrogels’ dimensions reached equilibrium, the first swelling solution was removed, 

samples were gently tapped onto absorbent paper and the new buffer solution containing 

complementary DNA hairpins was added and leaved for 96 hours. DNA’s surface further 

increased by 10,08 ± 9,34 %, whereas control slightly decreased by -0,30 ± 6,40 %.   

Figure 43 Surface area of PEGDA-based samples during the three steps of the DNA-driven expansion. 
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At a first look, the experience appeared successful: firstly, both DNA and control expanded 

with the same proportion; then, during the second phase, only DNA increased its 

dimensions thanks to the hybridization chain reaction, while control reached the swelling 

equilibrium and it was not affected by DNA hairpins.  

Nevertheless, the standard deviation values suggested that the data are highly unlikely to 

be reliable, as they were comparable to the mean expansion values. Therefore, deeper 

statistical analyses were indispensable to support or contradict the hypothesis of DNA-

driven expansion. 

A paired t-test has been implemented at each step of the expansion protocol for both 

types of samples with particular interest on the second phase, that is the true DNA-driven 

expansion. 

If the expansion were successful, the sample would, on average, have different 

dimensions at each stage, so values would have different means.  

The variable x for this test is the difference between values at different times, namely: 

x = {
swelled −  printed, during the 1st phase

swelled with hairpins −  swelled, during the 2nd phase
 

Equation 10 Student test variables during the two phases of the expansion protocol. 

 

Initially, the hypothesis of the variable normality was proven by the Shapiro-Wilks test, 
obtaining the following results: 

 p-value Kurtosis Result 

DNA 
1st phase 0,16 1,66 Normal distribution 

2nd phase 0,36 2,03 Normal distribution 

Control 
1st phase 0,80 2,38 Normal distribution 

2nd phase 0,08 2,21 Normal distribution 
Table 9 Shapiro-Wilks results for PEGDA-based samples. 
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Then, it was possible to proceed with the paired Student test that produced the following 

outcomes: 

 p-value Result 

DNA 
1st phase 0,08 Same mean 

2nd phase 0,08 Same mean 

Control 
1st phase 0,03 Different mean 

2nd phase 0,79 Same mean 
Table 10 Student test for PEGDA-based samples. 

 

It can be deduced that both types of samples had averagely the same dimensions before 

and after the swelling in the expansion buffer, demonstrating that the DNA-driven 

expansion failed. 

Comparing this experience to Shi et al.’s one (45), despite the negligible differences in 

resin composition and fabrication method, a similar result can be found out. In fact, 

drawing attention to Shi’s PEGDA 575 MW hydrogel in Figure 44 (45), it can be noticed 

that its expansion is close to 0% after the sixty-hour stay in the expansion buffer solution.   

A possible explication can be argued by reflecting on the microscopical structure of the 

polymeric network. As a matter of fact, PEGDA 700 MW (and lower MW) is a relatively 

short pre-polymer which forms very tight meshes during the crosslinking. Consequently, 

even if DNA hairpins of the buffer solution reached the acrydite-DNA linked to the network, 

they were too constrained into strong meshes to evidently expand them through the 

cascading process.  

 

Figure 44 Shi et al.'s DNA-driven expansion results for PEGDA-based samples. 
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Thus, two potential solutions can be implemented to broaden meshes:  

 To use PEGDA with higher molecular weight, as Shi et al.’s did. 

 To introduce monofunctional molecules in the resin formulation that can interfere 

with PEGDA.  

4.2 PEGDA-PEGMEMA-BASED HYDROGELS  
Since the first possibility has already been explored and high molecular weight PEGDA 

can come at high prices, the second pathway has been contemplated in this thesis work.  

No specific requirements were demanded to the monofunctional polymer except for the 

adequate chain length and an acrylic ending, hence PEGMEMA 950 MW has been 

selected among the PEG-derived molecules. The presence of this monofunctional 

monomer is intended to decrease the cross-linking density of the network, hopefully 

helping the DNA driven volume increase. 

Furthermore, scientific literature leaks in studies on the impact of PEG-derived 

monofunctional polymers on PEGDA hydrogels. For this reason, further investigations on 

the resin composition were conducted before proceeding with DNA-driven expansion.  

4.2.1 Choice of PEGDA-PEGMEMA proportion 
Still keeping constant the total amount of monomers in the resin formulation, five different 

proportion of PEGDA-PEGMEMA (described earlier at the paragraph 3.1.3.2) have been 

compared in order to choose the most suitable one for the purposes of this experience, 

which are good printability and greater swelling.   

Beamish et al.’s study (91), one of the few on this subject, showed that hydrogel’s stiffness 

decreases and the swelling ratio increases with the increase of PEGMEMA within the 

formulation, in accordance with theoretical expectations. For this reason, formulations with 

more PEGMEMA than PEGDA were initially considered (F12, F13), and only then those 

with progressively lower amounts of PEGMEMA (F11, F21, F31). 

4.2.1.1 Rheological and photorheological analysis 
As for PEGDA-based formulations, printability was first evaluated by analyzing the 

rheological and photorheological properties of the formulations.  
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The shear rate test confirmed that all the formulations have adequate viscosity to be 

printed (lower than 5 Pa·s (88)): 

  

Then, the amplitude sweep test has been performed on solid hydrogel to find the LVE 

region and estimate its critical limit (𝛾̇L), obtaining the following values:  

Formulation Linearity limit 𝛾̇ L  

F13 /  Not polymerized 

F12 200%  

F11 100%  

F21 90%  

F31 60%  
Table 11 Linearity limit 𝛾̇L for PEGMEMA-based formulations. 
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Figure 45 Viscosity, as function of shear rate, of PEGMEMA-based formulations. 
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Putting aside the formulation F13 that did not polymerize, all the others showed a 

PEGMEMA-dependent mechanical behaviour. Indeed, the increasing amount of 

PEGMEMA over PEGDA translated into the formation of progressively softer and more 

elastic hydrogels, that can be noticed by the drop of the storage modulus G’ and the 

elongation of the LVE region. However, there is no evidence of a proportional trend.  

To better understand the polymerization kinetics, a photorheological time sweep test 
has been run, setting once again the amplitude sweep at 1% according to the previous 

test.  

Figure 47 displays the polymerization trends of the five formulations and compares them to 

the PEGDA-based one.  

Overall, hydrogels’ mechanical resistance dropped and gel point shifted onward with the 

increasing number of PEGMEMA molecules. 

As expected from the previous test, there were too many monofunctional monomers in 

F13 that the network did not manage to form, thus this formulation was excluded from the 

choice.  

The formulation F12 was left behind too because, even if it polymerized, it took too long 

(about 80 seconds) to appreciate the irradiation effects on the crosslinking reaction. 

Furthermore, the final hydrogel was mechanically too weak and samples would have 

risked to break easily. 

Among the remaining formulations, F21 seemed to be the most appropriate one. The 

storage modulus of the solid hydrogel was approximately ten times lower that the PEGDA-
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Figure 46 Amplitude sweep test of PEGMEMA-based formulations. 
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based one, meaning that meshes are bigger enough to guarantee a more evident swelling 

behavior, and the UV exposure time was sufficiently brief preventing DNA from UV 

damage once inserted into the resin.  

Therefore, it was the only formulation on which the subsequent experiments were 

conducted and, for this reason, it will be referred to as PEGMEMA-based resin from now 

on.  
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Figure 47 Time sweep test of PEGMEMA-based formulations. 
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4.2.2 3D printing 
Rheological tests revealed that the PEGMEMA-based resin was not very dissimilar to the 

PEGDA-based one, hence printing parameters were firstly retrieved from the former ones 

and then modified, raising the UV exposure time and the light intensity of the UV source. 

The advanced parameter “Fill exposure” was manipulated to avoid the unintended effect of 

the sample splattering due to the leak of a light absorber.  

After several trials, parameters in Table 12 assured an acceptable resolution of samples 

with simple geometry, with or without DNA. 

 Burn-in Other layers 

Number of layers 13 till the end 

Layer thickness [µm] 15 15 

Exposure time [s] 8 6 

Light intensity [mW/cm2] 50 50 

Fill Exposure [%] 50 50 

Separation velocity [mm/s] 3 3 

Approach velocity [mm/s] 3 3 
Table 12 Printing parameters of PEGMEMA-based resins - simple CADs 

  

Figure 48 Top view of a printed samples with simple geometry. 
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In the case of more complex structures, instead, to avoid the close-up of holes, the 

velocity of the platform displacement was changed again as follows:  

 Burn-in Other layers 

Number of layers 13 till the end 

Layer thickness [µm] 15 15 

Exposure time [s] 8 6 

Light intensity [mW/cm2] 50 50 

Fill Exposure [%] 50 50 

Separation velocity [mm/s] 1 1 

Approach velocity [mm/s] 1 1 

Wait time (after separation) 

[s] 
2 2 

Table 13 Printing parameters of PEGMEMA-based resins - complex CADs 

 
Figure 49 Top view of printed samples with complex geometries. 
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Considering the extraordinary ability of 3D printers of producing tiny hydrogels with good 

resolution, its performances have been further challenged by the implementation of a 

multi-material printing. The idea was to design a CAD with two stacked cylinders, 

previously described in paragraph 4.1.2.1, in which one was DNA-based, while the other 

DNA-free.  

Thus, since DNA does not alter the printing parameters, the 3D printer was instructed to 

repeat the same sequence of parameters, namely the burn-in and the next layers, a 

second time after the printing of the first cylinder.  

From Figure 50 it can be noticed that the final sample is not composed by two coaxial 

cylinders, contrary to what was expected from the CAD. The platform was removed from 

its allocation after the printing of the first cylinder to be thoroughly cleaned to avoid 

contamination between the two resins. That’s why, after the replacement, its absolute 

position slightly changed and affected the coordinated of the second cylinder.  

4.2.3 DNA-driven expansion 

4.2.3.1 Simple-shaped hydrogels 
As PEGMEMA has been added to the formulation to influence the swelling ratio, 

predictably it has influenced the swelling kinetics too. Consequently, the swelling 

protocol has been slightly modified. Equilibrium was not reached in 24 hours but in 48, so 

samples have been immersed in TAE/Mg2+ for two days and then, as previously, in the 

expansion buffer for four days. 

In analogy to PEGDA-based hydrogels, the DNA-driven expansion was evaluated only by 

measuring the surface variation. During the first phase, both DNA and control expanded of 

the same proportion: DNA’s SSR was 52,39 ± 32,73 %, while control’s one 54,12 ± 

30,71%. 

Figure 50 Top view (a) and side view (b) of the multi-material sample. 
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Then, during the second phase, only DNA further expanded by 12,92 ± 7,00 %, whereas 

control faintly lowered by – 4,18 ± 7,16 %.  

 

Standard deviation was roughly significant during this essay too, so the statistical t-test 

was performed once again, preceded by the Shapiro-Wilks one.  

This last confirmed that data followed the normal law, as in Table 14, and allowed to 

proceed with the second one, whose results are expressed in Table 15. 

 p-value Kurtosis Result 

DNA 
1st phase 0,70 2,26 Normal distribution 

2nd phase 0,36 2,54 Normal distribution 

Control 
1st phase 0,93 2,24 Normal distribution 

2nd phase 0,18 2,64 Normal distribution 
Table 14 Shapiro-Wilks results for PEGMEMA-based samples. 

 

  

Figure 51 Surface area of PEGMEMA-based samples during the three steps of the DNA-driven expansion. 
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 p-value Result 

DNA 
1st phase 0,00 Different mean 

2nd phase 0,01 Different mean 

Control 
1st phase 0,00 Different mean 

2nd phase 0,27 Same mean 
Table 15 Student test for PEGMEMA-based samples. 

 

Comparing data from this experience to the ones obtained above, some reflections can be 

developed. The addition of PEGMEMA factually allowed the hydrogel surface to expand 

more than twice, from 20% to 50%, during the first step, while perhaps had no effect on 

the second phase. In fact, DNA surface increased approximately of the same quantity, 

while control maintained its dimensions or steadily decreased.  

However, the actual distinction between PEGDA and PEGMEMA comes from statistics: 

while DNA-driven expansion for the DNA-based samples in the first experience had a 92% 

confidence interval, so that the null hypothesis cannot be rejected; on the other hand, the 

same PEGMEMA-based samples had a 99% confidence interval assuring the success of 

the DNA-driven expansion reaction. In fact, the acceptance of the null hypothesis in 

PEGDA-based samples had very weak basis, since the confident level was too close to 

the 95% threshold.  

All in all, the hybridization chain reaction process is finally achieved and statistically 

supported.  

4.2.3.2 Complex-shaped hydrogels 
Regarding hydrogels with complex geometries and the multi-material one, DNA-driven 

expansion has been estimated only visually for two main reasons: samples were too 

frangible due to the presence of a central hole that has reduced their mechanical 

resistance and surface edges were hard to manually detect because of the splattering of 

samples that did not make it easy to identify a single plane. However, samples had the 

following appearance after each step: 
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Figure 52 The three phase of DNA-driven expansion process for complex DNA (a) and control (c) samples, 
with graphical representation of the expansion (respectively (b) and (d)). 
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The multi-material hydrogel has been swelled too, as follows: 

Despite the difficulty in distinguishing boundaries between the two layers, it can be noticed 

that the DNA-based layer managed to expand in the expansion buffer, while the other one 

stabilized its dimensions.  

This is a valuable achievement in the perspective of engineering more complex 
structures, e.g. soft robots, which can not only expand but also fold (and unfold) or move, 

thanks to the contribution apported by the 3D printing technology.  

4.2.4 Specificity of DNA-driven expansion 
The predefined aim of this thesis work to validate the hybridization chain reaction 
process has successfully been accomplished through the forementioned experiences. 

Consequently, some more in-deep analyses have been carried out with focus on the 

nature of oligonucleotides. From scientifical literature (92), only specific sequences of 

nitrogenous bases can be stimulated by the HCR cascading mechanism. This is the 

reason why they should be designed in advance and synthetically produced in laboratory 

with advanced techniques, contrary to a simpler DNA extraction from cells. Hence, during 

this thesis work it was intended to give an answer to the doubtful specific nature of this 

process. 

Figure 53 The three phase of DNA-driven expansion process for a multi-material sample 
(a), with graphical representation of the expansion (b). 
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3D-printed samples and the experiment set-up were the same as for previous tests on 

PEGMEMA-based samples; the only difference was the DNA-driven expansion buffer 

which contained 40 µM of not complementary hairpins. 

 

The first phase showed values consistent with those previously observed: DNA expanded 

by 41,74 ± 19,56 %, while control by 50,66 ± 22,74 %. During the second part of the 

swelling, instead, expansion was approximately null for both: 0,51 ± 0,76 % for DNA and 

0,34 ± 3,50 % for control.  

Once again statistical tests confirmed the consistency of results, as follows: 

 p-value Kurtosis Result 

DNA 
1st phase 0,59 2,45 Normal distribution 

2nd phase 0,84 2,21 Normal distribution 

Control 
1st phase 0,43 1,50 Normal distribution 

2nd phase 0,94 2,22 Normal distribution 
Table 16 Shapiro-Wilks results for PEGMEMA-based samples (verification of specificity). 

 

  

Figure 54 Surface area of PEGMEMA-based samples during the three steps of the DNA-
driven expansion in a buffer with not complementary hairpins. 
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 p-value Result 

DNA 
1st phase 0,00 Different mean 

2nd phase 0,10 Same mean 

Control 
1st phase 0,00 Different mean 

2nd phase 0,90 Same mean 
Table 17 Student test for PEGMEMA-based samples (verification of specificity). 

 

In light of these findings, it can be stated that the acrydite dsDNA linked to the hydrogel 

does not interact with not complementary ssDNA in the expansion buffer, thus assuring 

the high specificity of the HCR process.  
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5 CONCLUSIONS 

All in all, the purpose of this work was to design a hybrid DNA-based hydrogel responsive 

to the hybridization chain reaction process, aiming to appreciate a macroscopical 

expansion through the addition of nucleic acidic fuel. DLP 3D printing was selected as 

fabrication method because of the possibility of printing elaborate structures and, as far as 

we know, there are few evidence in scientific literature of the employment of this process 

for DNA-based hydrogels.  

In the first chapiter, the hydrogel definition has been provided, besides the methods to 

produce them according to their classification. Then, a small overview of the main 

applications in the biomedical field was discussed. Eventually, DNA-based hydrogels have 

been investigated though a wide digression on their structure and potential ways to trigger 

them.  

The second chapiter treated, instead, the history of the additive manufacturing and its 

benefits over traditional fabrication techniques. All the main additive manufacturing 

methods have been briefly explained, even if only the vat polymerization has been 

discussed with greater level of detail. This is because the method adopted during this 

thesis work belongs to this category. At the end of this part, examples of additive 

manufacturing applications in diverse engineering fields have been shown with focus on 

the biomedical sector and, with greater detail, on hydrogels.  

The third chapiter regarded the exhaustive clarification of the materials employed and the 

explication of the adopted methodologies to produce the resin formulation, characterize 

the material and evaluate the DNA-driven expansion.  While the fourth part discussed the 

experimental results. 

Acrydite-modified DNA was crosslinked to PEGDA 700 MW molecules during the 

photopolymerization to form final hydrogels. Simple and complex geometries have been 

successfully achieved thanks to the DLP printer, inspiring the future creation of more 

structured gels with specific functionalities.  

Printed hydrogels underwent the DNA-driven expansion by the performance of a double-

stage process: samples were firstly immersed into a simple water-based ionic solution to 

reach the swelling equilibrium and, only then, translated into the expansion buffer 
containing DNA hairpins, namely the nucleic acidic fuel. DNA-based hydrogels slightly 
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further expanded during the second phase too, while control DNA-free hydrogels did not. 

However, this was not statistically supported, therefore another strategy was tented.  

PEGMEMA 950 MW was added to the resin formulation in a well-defined molar ratio with 

PEGDA, aiming to increase the dimension of the polymeric meshes and, hopefully, better 

appreciate the DNA-driven expansion.  

These hydrogels were printed with slightly less accuracy than PEGDA ones, but they were 

still able to obtain complex geometries. 

Discussing about the DNA-driven expansion, PEGMEMA had an effect on the first phase 

of the process, but it was not evident on the second one, resulting in a percentage of 

further expansion similar to PEGDA-based hydrogels. 

This time, data were statistically supported so the HCR process was successfully verified. 

Finally, since DNA is added to hydrogels to provide high specific and reversible response 

to stimuli, specificity was tested. Hydrogels were immersed in a control buffer containing 

not complementary hairpins and the outcome was noteworthy because they did not 

expand, confirming the hypothesis.  

A protocol for the verification of reversibility has not been tested yet, and it is leaved for 

future developments.  

Analogously, some more future perspectives coming from this work’s limitations should be 

considered.  

DNA can be damaged by UV light, thus maybe the formulation can be modified in order to 

try DLP printing within the visible spectrum (at least at the wavelength of 405 nm). ). 

Also, other polymeric precursors can be tested, which may enhance the effect of DNA 

expansion. 

Then, due to the frangibility of hydrogels only the surface area expansion has been 

evaluated by a manual procedure. A protocol to analyze the volumetric variation of 

samples should be developed and, to overcome the errors due to the manual analysis, an 

artificial intelligence can be trained to automatically recognize surfaces.  

Lastly, in a bigger picture, this material can be modified to serve as a soft robot 
component, e.g. an actuator, or as a biosensor to detect nucleic acids leaved by living 

organisms.  This can open new, unexplored perspective, especially in the field of hybrid 

synthetic/DNA materials and devices. 
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7 LIST OF ABBREVIATIONS 
AM: additive manufacturing 

CAD: computer-aided design 

CAL: computed axial lithography 

CLIP: continuous liquid interface production 

CNC: computerized numerical control 

DIW: direct ink writing 

DLP: digital light processing 

DMD: digital micromirror device 

DNA: deoxyribonucleic acid 

dsDNA: double-stranded DNA 

EBM: electron beam melting 

FDM: fused deposition modeling 

FFF: fused filament fabrication 

H2ON-: nuclease-free distilled water 

H-bonds: hydrogel bonds 

IRGACURE 2959 or I2959: 2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-
propanone 

LAP: lithium phenyl-2,4,6-trimethylbenzoylphospinate 

LVE: linear viscoelastic (region) 

MW: molecular weight 

PAA: polyacrylamide 

PCL: polycaprolactone 

PEG: polyethylene glycol 

PEGDA: polyethylene glycol diacrylate 

PEGMEMA: polyethylene glycol methyl ether methacrylate 

PI: photo-initiator 

PLA: polylactic acid 
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PU: polyurethane 

ROI: region of interest 

SLA: stereolithography 

µSLA: micro-stereolithography 

SLM: selective laser melting 

SLS: selective laser sintering 

ssDNA: single-stranded DNA 

SSR: surface swelling ratio 

STL: standard tessellation language 

TAE: tris acetate-EDTA buffer 

TAE/Mg2+: tris acetate-EDTA buffer with magnesium chloride  

TPO: diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide 

TPO-SDS: water-soluble TPO based nanoparticle 

T-test: Student test 

UAM: ultrasonic additive manufacturing 

UV: ultraviolet (light) 

VP: vat polymerization 
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