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ABSTRACT OF THE THESIS 

 

Poly(ethylene glycol)-based Photo-curable Bioink in Inkjet 3D Printing of Pharmaceutical 

Tablets for Hydrophobic Drugs 

 

by 

 

Timothy Zheng Zhu 

Master of Science in Bioengineering 

University of California, Los Angeles, 2017 

Professor Benjamin M. Wu, Chair 

 

Fabrication of oral dosage forms via 3D printing has been intensively studied for the past 

20 years. However, studies have shown limited ability in quality printing resolution, flexibility, 

and drug selection. This study aims to design and characterize a photo-curable polymer solution 

for inkjet 3D printing that is potentially biocompatible and able to deliver hydrophobic active 

pharmaceutical ingredients (API) for oral administration. Specifically, poly(ethylene) glycol 

diacrylate (PEGDA) was used as the photo-curable polymer, with poly(ethylene) glycol as a filler, 

eosin Y and mPEG-amine as the photo-initiator and co-initiator with a light source of 120 mW/cm2 

to allow free radical polymerization to occur. Naproxen and Ibuprofen were loaded into the 

formulation and exposed to visible light to form a gel. Results show a sustained release with 

varying release rates when percentage of PEGDA is altered. Gel characterization was also 

evaluated to investigate the structural and mechanical properties of the designed photo-curable 

bioink and its potential application in 3D inkjet printing for hydrophobic APIs.
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Part 1 – Background and Motivation 

 

1.1 Personalized Medicine 

Currently, the pharmaceutical industry produces uniform batches of oral dosage forms 

based on results from clinical trials that determine the best therapeutic drug dosage for the majority 

of patient population [1]. This approach is a quick and efficient way to mass produce dosage forms 

for the general population, but it does not address the individualized medicine that targets specific 

patient needs. The demand for unique and personalized medicine is steadily increasing and comes 

from many patients experiencing different adverse effects resulting from inappropriate dosing or 

drug combination [2]. These adverse effects are most likely the cause of differences in the 

pathophysiological state between individual patients. This includes but is not limited to the 

differences in patient’s age, weight, race or even the severity and combination of diseases [3, 4].  

 To address the need for personalized medicine, especially in oral route drug delivery 

systems, the process of manufacturing oral dosage forms needs modification to tailor towards 

individual patient needs. One strategy would be introducing 3D printing technology into the 

pharmaceutical industry. Three-dimensional (3D) printing pharmaceutical oral dosage forms have 

major advantages over traditional manufacturing, this includes the ability to print precise and 

accurate amounts of active pharmaceutical ingredients (API), design complex geometries and 

release profiles for multiple drug combinations and to produce a quick and efficient method for 

customized oral dosage forms to meet patient-specific needs [5, 6]. Not only is it advantageous in 

terms of technology, but also from a business perspective. This includes reducing the cost for the 

need of several manufacturing equipment and operation space in manufacturing facilities, also it 

can minimize inventory wastes that are created as a result from mass producing pharmaceutical 
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tablets [7-9]. Introducing 3D printing technology into the pharmaceutical industry is a great way 

to meet both patient-specific needs and economic demands in terms of manufacturing oral dosage 

forms. 

 

1.2 Three-dimensional Printing Pharmaceutical Dosage Forms 

3D printing is a layer-by-layer deposition process that builds up a final three-dimensional 

object through computer aided design (CAD) programs [10]. This technique is also known as 

“rapid prototyping” or “additive manufacturing” [11]. 3D printing of pharmaceutical tablets, also 

known as 3D Pharming [12], is the use of 3D printing technology to produce solid oral dosage 

forms to achieve personalized medicine. Currently, the pharmaceutical industry produces oral 

dosage forms in uniform batches with predetermined dosage amounts. This “One size fits all” 

methodology is an efficient and quick way to produce large amounts of tablets for patient needs, 

but the drawback is significant. Most importantly, it does not address the individual differences 

and genetic diversity among patient population that may require varying dosage amount or drug 

combination [13].  

For the past 20 years, 3D pharming has been studied under many 3D printing platforms 

and explored its wide range of flexibility and applications. Since the first FDA approved 3D printed 

pharmaceutical tablet was introduced in August 2015 [14], more investigators have focused on the 

use of 3D printing technology in creating pharmaceutical tablets. This technology shows high 

flexibility and precision in printing solid oral dosage forms and allows the preparation of tablets 

to have different geometrical shapes and drug combinations [15-18]. Currently, there are various 

3D printing technologies used to manufacture pharmaceutical tablets. These include powder-bed 

3D printing, fused deposition modeling (FDM) and stereolithographic (SLA) 3D printing. Here, 
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the advantages and limitations on the three most commonly researched platforms in 3D pharming 

is briefly discussed. 

 

1.3 Existing Literatures in 3D Pharming 

3D pharming has already been under intensive research in many laboratories. Currently, 

the most commonly used platforms are powder-bed inkjet printing and fused deposition modeling. 

Only recently, has there been an article that has developed the use stereolithographic technology 

in 3D pharming [19].  

 

1.3.1 Powder-bed Inkjet Printing 

 Powder-bed inkjet printing was the first platform to 3D print pharmaceutical oral dosage 

forms [20]. This is achieved through two parts of the process, the jetting of liquid binders through 

an inkjet nozzle and the binding of powder particles below to form the structure of the 3D object. 

The mechanism of this 3D printing technology begins with a thin layer of powder spread over a 

flat surface platform, a liquid binder is passed through a nozzle above that moves in the XY-plane. 

As the liquid binder feeds through the nozzle and drops onto the powder, the powder particles bind 

together to form a two-dimensional shape on the surface. The surface platform is lowered with an 

additional layer of powder spread above the previous layer, and this process is repeated until a 3D 

object is created [21].  

The first 3D printed drug delivery device was accomplished by Wu et al. in 1996, where 

two dyes were used to incorporate in a 3D printed structure to study its release kinetics and 

chemical composition by controlling its surface geometry. The results of the release studies show 

a multiphasic release profile of the two dyes [20]. In 1999, Katstra et al. expanded upon that 
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method and investigated the use of different liquid binders to control the release kinetics of drugs 

using Eudragit E-100 and Eudragit RLPO. The tablets that used Eudragit E-100 demonstrated an 

immediate release profile of the API chlorpheniramine maleate through erosion during dissolution 

testing, while the tablets printed with Eudragit RLPO showed an extended release profile of the 

API through swelling and diffusion [21].  

 

1.3.2 Fused Deposition Modeling (FDM) 

 Fused deposition modeling (FDM) is another type of 3D printing that uses thermoplastic 

polymer filaments extruded through nozzles to print 3D structures. FDM is the most widely used 

3D printing technology [22, 23] and in recent years it has made way into manufacturing 

pharmaceutical oral dosage forms. The extrusion process starts with the feeding of a thermoplastic 

polymer filament into the print-head guided by a roller, the filament is then heated until a molten 

or semi-solid state is formed, which can be extruded from the tip of the nozzle and deposited layer 

by layer onto a platform in which it cools and solidifies to form a 3D object [24]. Although this 

method seems to be less complicated than powder bed inkjet printing due to the lack of powder 

needed for printing, this also suggests that it requires some type of support material to hold up the 

3D structure during extrusion process [14]. 

 The use of FDM through hot melt extrusion was first implemented by Goyanes et al. in 

2014 where they used polyvinyl alcohol (PVA) filament to fabricate 3D printed dosage forms [25]. 

The model drugs fluorescein [25], 5-aminosalicylic acid (5-ASA) and 4-aminosalicylic acid (4-

ASA) [26] were loaded by swelling the polymer filament in drug containing ethanoic solution. The 

resulting release profiles showed changes with different infill percentage, where an increase in 

release rate correlated with a lower infill percentage. Later, they also studied the effect of different 

geometries on drug release profiles where they concluded that surface area was independent from 
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drug release but surface area to volume ratio did influence drug release profiles [27]. Another study 

from Skowyra et al. also demonstrated the release of the drug prednisolone in 3D printing PVA 

filaments for extended release profiles [28]. 

 

1.3.3 Stereolithographic 3D Printing 

 The use of Sterolithographic (SLA) 3D printing in pharmaceutics was just recently studied. 

In addition to powder-bed inkjet printing and FDM, SLA is another type of 3D printing that is 

widely used in tissue engineering [29, 30]. The production of the final 3D object is achieved by 

using a laser to photo-polymerize a tank of liquid resin in a layer by layer fashion to form a solid 

structure. Wang et al. used this method to produce oral dosage forms made up of polyethylene 

glycol diacrylate (PEGDA MW 700) and polyethylene glycol (PEG MW 300) producing extended 

release profiles of aminosalicylic acid and acetaminophen as model drugs. By manipulating the 

percent composition between PEGDA 700 and PEG 300, the release profile was also modified 

[19]. 

 The use of this technology has numerous benefits over the commonly used powder-bed 

inkjet and FDM printing. One of the main advantages is versatility, where the APIs can be loaded 

into the liquid resin before printing to achieve a more precise and uniform distribution of the drug 

release [19]. Since laser is used to initiate 3D printing, not only is the resolution much higher than 

other 3D printing techniques, but also thermal labile APIs can be used since there is no heating 

process involved. 
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1.4 Limitations to Current 3D Pharming Technology 

 The above-mentioned 3D printing platforms are studied for the application of 3D pharming, 

but these technologies present major limitations that will need to be overcome.  

Although powder-bed inkjet printing has already shown to be feasible and earned FDA 

approval for its first printed tablet, Spritam [24], it still possesses many downsides. The post 

printing process to dry residual solvents and clean accumulated powders of the final product is 

time consuming, also due to its high porosity of the printed structure, poor mechanical resistance 

and high friability becomes a major concern [31]. In addition, powder-bed inkjet printing is also 

known for its low resolution due to the limited particle size of the powder layer which becomes a 

problem for precise dosages for 3D printed tablets [22]. 

 In recent years, FDM showed to be more promising than powder-bed inkjet printing in 3D 

pharming due to its lower cost of materials and equipment, ability to print complex geometrical 

shapes and able to produce combination of APIs in multi-dosage forms [18, 27, 32]. Nevertheless, 

the high temperature required to heat the polymer filament to extrude and print 3D structures is a 

major limitation and can cause significant degradation of thermal labile drugs [12, 19]. Also, the 

development of more bioavailable polymers is needed to increase the selections used in FDM 

platforms [19]. 

 The most recent development in SLA printing oral dosage forms showed to be 

advantageous due to its ability to easily load drugs with photo-polymer liquid resin giving a 

uniform and precise dosage when printing. The use of laser printing from SLA also gives an 

extremely high resolution product with minimal heating required to incorporate thermal labile 

drugs. The main drawbacks of SLA printing would be similar to FDM due to the limited selection 

of biocompatible materials currently available and that most of the materials are not listed on the 
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generally recognized as safe (GRAS) list [19]. Another limitation would be the inability to design 

complex multi-dosage forms since the 3D printing process occurs in a tank of liquid resin, which 

means that only one specific API is loaded in the liquid resin that is feasible for the design of oral 

dosage forms from SLA printing. 

 Therefore, the best 3D printing platform to print pharmaceutical oral dosage forms will 

have to meet several standards that includes: high resolution for precise dosage, speed and ease of 

printing complex structures and geometries, prevention of API degradation during printing process, 

and variability in material selection as drug delivery carriers. 

 

1.5 Drug Solubility Issues in 3D Pharming 

 Despite powder-bed inkjet printing with the potential to substitute the powder layer with 

API powders, all other 3D printing technology requires the direct printing of a liquid or semi-solid 

solution that contains the API to build 3D oral dosage forms. Thus, the major issue that arises is 

the solubility and loading of the drugs in liquid binders and polymer solutions. 

 

1.5.1 Hydrophilic Drugs 

 Most research and studies have focused on the delivery of hydrophilic molecules in drug 

delivery systems due to its high solubility in aqueous solutions and high bioavailability to the 

human body [33, 34]. Since hydrophilic drugs dissolve in aqueous solutions readily, delivering 

through oral route can be in the form of tablets, capsules or through liquid solution. Recently, there 

has been an article that focuses on using photo-curable solution to 3D print oral dosage forms with 

hydrophilic drugs through inkjet printing. The use of a bioink, hyaluronic acid functionalized with 

norbornene moieties, with poly(ethylene glycol) dithiol and eosin Y as the photo-initiator would 
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polymerize and form a firm hydrogel in the presence of visible light [35]. This photo-curable 

bioink was studied to be a superior polymer solution to dissolve hydrophilic APIs. 

 

1.5.2 Hydrophobic Drugs 

 Hydrophobic drugs on the other hand have been a major concern in the pharmaceutical 

industry due to its poor solubility in aqueous solutions and low oral bioavailability [33]. Although 

the design of powder compression helps around to solve the issue for oral administration, this does 

not mean the body is absorbing the same dosage. To overcome this problem, drug particles need 

to dissolve in solution so that they do not aggregate upon contact with aqueous solutions that will 

result in lower body absorption of drug particles. Currently, there has not been much advance in 

the oral delivery of hydrophobic drug. 

 

1.5.3 Enhancing Drug Solubility 

 Many methods have been explored to increase the solubility of hydrophobic drugs to 

enhance oral bioavailability, but very little of these have been effective enough for the use in drug 

delivery systems. In recent years, research on incorporating hydrophobic drugs directly into 

hydrogel matrices to act as drug delivery vehicles have been extensively studied [34]. Hydrogels 

that are used as a drug delivery system have always been limited to hydrophilic drugs since it 

swells and releases much more effectively. On the other hand, due to the limited quantity and 

homogeneity of loading hydrophobic drugs into hydrogel matrices, this area has not been widely 

explored [34]. To improve the loading efficiency of hydrophobic drugs, various polymers have 

been designed to achieve loading of hydrophobic drug molecules into hydrogels. 
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 Hydrogels containing hydrophobic PLA block copolymers are one type that can 

incorporate hydrophobic drugs. Lee et al. designated a hydrogel with hydrophobic PLA blocks, 

specifically PLA-PEG-PLA containing acrylate groups at both ends that can be photo-polymerized 

into hydrogels upon UV light exposure. The resulting hydrogel were 150 to 250 nm in size and 

could incorporate hydrophobic drugs, specifically camptothecin which gave an extended release 

profile [36]. Asadi et al. also prepared a PLA-PEG-PLA hydrogel which incorporated the 

hydrophobic drug, naltrexone with thermos-gelation technique. The resulting release study showed 

a <40% and a 96% drug release with varying ethylene glycol dimethacrylate concentrations [37]. 

 Another type of hydrogel that was studied to incorporate hydrophobic drugs is with PLGA 

blocks. Jeong et al. used hydrogels with PEG-PLGA-PEG copolymers to incorporate drugs with 

different hydrophobicity, specifically comparing the drugs ketoprofen and spironolactone and 

studied the difference in release kinetics. This study resulted in ketoprofen showing a first order 

release profile in two weeks, whereas spironolactone took two months showing a sigmoidal release 

profile [38]. 

 Although the above-mentioned hydrogels were studied for the application of in-vivo 

hydrogel injection. Its concept and methodology towards delivering hydrophobic drug molecules 

has the potential to translate in the application of oral dosage forms in 3D pharming. 
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Part 2 – Research Significance 

	
 In this study, there are three main goals that are achieved to assess the potential application 

of the bioink in 3D pharming and pharmaceutical manufacturing. First, the engineering of this 

bioink is to study its potential application in Polyjet 3D printing. Secondly, to assess the capability 

of the formulation to load hydrophobic APIs for drug delivery. Finally, creating a safer 

environment and preventing drug degradation by substituting visible light over UV light is 

achieved. 

 

2.1 Polyjet Application in 3D Pharming 

 The use of Polyjet 3D printing technology in designing pharmaceutical tablets has 

significant advantages over other currently studied 3D printing technologies. Polyjet technology 

is like powder-bed inkjet printing, because it also dispenses liquid from a nozzle. Rather than 

printing out binder onto a layer of powder, it directly prints the polymer solution on a smooth 

surface platform and is photo-polymerized upon exposure to a light source attached to the print-

head. A blade or roller passes to flatten the semi-solid polymer so that the next layer of photo-

curable solution can be printed on top of it. Through repeating this process, a 3D structure is printed 

composed of photo-curable polymer solutions. 

 There are several advantages of using Polyjet in 3D pharming. Compared to powder-bed 

inkjet, Polyjet provides a higher resolution of the final product since the drug is dissolved in the 

liquid before printing. Also, depending on the crosslinking density of the polymer solution, its 

mechanical resistance can increase significantly making it less friable as a pharmaceutical product. 

The use of a light source rather than heat shows its advantages over FDM. Since no heat is 

introduced, thermal-labile drugs can be incorporated into formulations without the worry of drug 
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degradation. Polyjet uses print-heads to dispense polymer solution, multiple print-heads can be 

used to design complex geometries and structures that combine multiple drugs into a single dosage 

form. Therefore, this study explores the formulation of a photo-curable solution that can print with 

a piezoelectric print-head to verify its potential application in Polyjet technology. 

Although, printing oral dosage forms has been widely investigated with many different 

additive manufacturing techniques, the use of Polyjet technology in 3D pharming has never been 

implemented before. Here, the proposed bioink is based on the potential application in Polyjet 3D 

pharming to achieve faster printing, high spatial resolution and precise dosage control. 

 

2.2 Chemical Formulation for Hydrophobic Drugs 

 Hydrophobic drug solubility is always a major problem in the pharmaceutical industry, and 

most of these are solved through powder compression which gives a low resolution of the tablet 

and unprecise dosage. Since the goal is to use 3D pharming to achieve personalize medicine, 

printing oral dosage forms is a concern in designing polymer solutions for printing. Therefore, 

polymer solutions need to show hydrophobicity in the molecular structure such as having a short 

chain polymer with nonpolar side chains or end groups.  

Here, the use of short chain PEGDA-250 (Mn = 250) solution which is also a liquid at room 

temperature shows to enhance the solubility of hydrophobic drugs Ibuprofen and Naproxen 

significantly. Due to its short chain nature, the acrylate groups on both end of the polymer enhances 

its hydrophobicity significantly as a polymer solution. This solution is also not as viscous and is 

able to print through piezoelectric nozzles which makes it highly compatible with inkjet print-

heads. 
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2.3 Use of Visible Light for Drug Safety and Preventing Drug Degradation 

 Common Polyjet and SLA platforms use UV light to cure liquid resin into 3D structures. 

The use of UV light is harmful to humans if exposed for a lengthy period [39, 40], it is also studied 

that UV light exposure can cause significant drug degradation through direct effect on the molecule 

structure of small molecule drugs [41]. As 3D pharming advances to become a more practical 

technology, these platforms will be accessible in many common areas such as pharmacies and 

hospitals. Therefore, creating a safer environment with the use of visible light rather than UV light 

becomes a necessary factor. 
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Part 3 - Experimental Methodology 

 

3.1 Chemical Formulation 

 The photo-curable formulation is composed of PEGDA 250 (Sigma-Aldrich) with PEG 

200 (Sigma-Aldrich) as the filler. Eosin Y (Sigma-Aldrich) and mPEG-amine (Creative 

PEGWorks) were added to this solution as the photo-initiator and co-initiator at 1 mM (0.65 mg/ml) 

and 0.05 M (17.5 µL/ml) respectively. This solution was prepared at 100%, 80%, 60%, 40%, and 

20% PEGDA 250 composition to test for differences in mechanical and physical properties and 

the effect on release profiles.  

 Ibuprofen and Naproxen were used as the model hydrophobic drugs in this formulation 

with up to 180 mg/ml and 50 mg/ml to characterize the mechanical and physical properties as well 

as the release studies. 

 

3.2 Gelation Time 

In-situ photo-rheology was conducted to investigate the kinetics of visible light-triggered 

photo-gelation of the PEGDA formulation. TA Instrument DHR-2 rheometer was used at a 

constant strain of 1% and angular frequency of 10 rad/sec to measure the storage modulus (G’) 

versus time for a period of 5 minutes. The visible light source (Volpi, V-lux 1000) was turned on 

with a light intensity of 120 mW/cm2 after 30 seconds of G’ measurement to induce gelation. 

 

3.3 Scanning Electron Microscopy 

 Images of cross-sectional areas for 100% and 20% PEGDA gels loaded with Naproxen and 

Ibuprofen were captured with a NOVA 230 NanoSEM scanning electron microscope to 
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characterize the microstructure of the PEGDA gels. The voltage and spot size were set at 3.0kV 

and 4.0 respectively, while the pressure was set at low vacuum variable pressure at 50Pa. 

 

3.4 Mechanical & Physical Properties 

 Tensile strength was evaluated using the Intron Machine (5564 model) by measuring the 

compression failure load and distance to break point of a 50uL photo-cured cylindrical gel through 

diametral compression. Tensile strength of the hydrophobic gels with change in drug component, 

drug concentration and light exposure time were evaluated. The equation below shows how tensile 

strength was calculated. Where 𝜎 is the tensile strength, 𝐹 is the failure load in which the gel 

breaks, 𝐷 is the diameter and 𝐻 is the thickness of the cylindrical gel [42]. 

 

𝜎 = &'
()*

                                                 Equation 1 

 

To evaluate the networking properties of the hydrophobic gel, swelling ratio and mesh size 

were calculated with a light exposure time (LT) of 45 seconds. The swelling ratio (𝑄, ) was 

calculated through the equation below, where 𝑀. is the swelling mass after leaving in PBS for 3 

days, and 𝑀) is the dry mass after lyophilization [43]. 

 

𝑄, = ,/
,0

                                                    Equation 2 

 

To calculate the mesh size (𝜉) from equation 6, the polymer volume fraction (𝑣.) (equation 

3) [44], molecular weight between cross-links (𝑀3) (equation 4), and the root mean square end-to-
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end distance of the polymer chain ((𝑟6&)8 &) (equation 5) must first be calculated. The equations 

are shown below [43].  

 

𝑣. =
9
:;
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:;

                                                  Equation 3 
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                               Equation 4 
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	                                      Equation 5 

 

𝜉 = (𝑟6&)8 &𝑣T
G8 U

                                            Equation 6 

 

Where 𝜌T  and 𝜌W  are the density of PEGDA solution and PBS respectively, 𝑀P  is the 

number average molecular weight of the polymer,  𝑉8  is the molar volume of the solvent (18 

cm3/mol for water), 𝜐 is the specific volume of the polymer, 𝜒8 is the polymer-solvent interaction 

parameter (0.426 for PEG-water, here, we assume constant for all ranges of 𝑣. values), 𝑙 is the 

average bond length, 𝐶P is the characteristic ratio of the polymer (PEG is typically 4.0), and 𝑀[ is 

the molecular weight of the repeating unit (44 for PEG) [43]. 
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3.5 Droplet Formation & Bioink Printability 

 To investigate the ability for droplet formation through inkjet printing of the photo-curable 

solution, a piezoelectric dispenser (MJ-ABP-01-080, MicroFab Technologies) that has an 80µm 

diameter nozzle was used to form droplets. A micro-dispensing system (MD-E-3000, Microdrop, 

MD-E-3000) was set at 46V, a pulse of 16µs and a frequency of 2000 droplets per second was 

used to drive the piezoelectric dispenser. An analog camera (JAI CV-S3300) with lens (Edmund 

Optics) and an LED light source were used to take images of droplet formation.  

Fluid physical properties were investigated to confirm that the formulation is printable 

through the MicroFab piezoelectric nozzle. A dimensionless number called the Z value, which is 

also the inverse of the Ohnesorge number was calculated by measuring the density, surface tension 

and viscosity of the photo-curable formulation. This Z value represents the printability of the 

nozzle which is shown in equation 7, where 𝑎 is the radius of the printing orifice, 𝜌 is the density, 

𝛾 is the surface tension, and 𝜂 is the viscosity of the photo-curable solution [45]. 

 

𝑍 = (`ab)9 J

c
                                                 Equation 7 

 

 A tensiometer purchased from Cole-Parmer was used to determine the surface tension of 

the photo-curable solution through the equation below. Where 𝛾 is the surface tension, ℎ is the 

distance between menisci of the tube and the capillary, 𝑟 is the radius of the capillary, 𝜌 is the 

density of the formulation, and 𝑔 is the acceleration due to gravity. 

 

𝛾 = 8
&
ℎ𝑟𝜌𝑔                                                        Equation 8 
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 The density was measured by weighing 1mL of formulation in a pre-weighed micro-

centrifuge tube and dividing the value by its volume. 

 

3.6 Preform Tablet Fabrication 

Preform tablets were fabricated via direct powder compression with 95% w/w 

microcrystalline cellulose (Avicel® PH-103, FMC Corporation) and 5% w/w croscarmellose 

sodium (VIVASOL®; JRS Pharma). The purpose of fabricating a preform tablet is to have a 

container to hold the dispensed bioink formulation so that drug loss is minimized. The resulting 

preform tablet is submersed in 15% w/w PEG (MW 25,000) in acetone for 30 minutes at 55°C, 

dried, then coated with 20% w/w Eudragit E100 (Evonik, Essen) in acetone to hold the 

hydrophobic formulation by preventing it from dissolving into the preform tablet. As a result, drug 

release kinetics may also be skewed due to uneven coating of the E100 solution. 

 

3.7 Dissolution Test  

 Drug dissolution tests for release profiles of Ibuprofen and Naproxen were obtained by 

dispensing the bioink into preform tablets, closed in uni-cassettes (Tissue-Tek) and placing them 

in beakers containing 500mL of dissolution medium (0.1M of Monobasic Potassium Phosphate, 

pH = 7.2) at 37°C and stirring at 60rpm for 24 hours according to USP protocols for the respective 

drugs. 1mL aliquot was taken between the 24-hour period and a same amount of aliquot was added 

to replenish the medium to keep the test under similar conditions. Drug concentrations were 

analyzed with an HPLC (Waters 2690 with a PDA 996 detector) at wavelengths of 220nm for 

Ibuprofen and 330nm for Naproxen.  
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3.8 Two-Dimensional Spatial Printing 

 2D pattern printing was conducted with a robotic system (I&J7900-LF, I&J Fisnar Inc.) 

and a piezoelectric dispenser (MJ-ABP-01-080, MicroFab) to ensure the feasibility of printing 

different geometries of the bioink solution. The piezoelectric dispenser was attached to the robot 

and programmed two dimensional movements to print circular and rectangular geometries.  
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Part 4 – Results 

	
4.1 Formulation Characterization 

4.1.1 Chemical Formulation 

 Naproxen, a nonsteroidal anti-inflammatory drug to treat pain and fever [46] and Ibuprofen, 

a common analgesic and antipyretic agent [47] were used as model hydrophobic drugs and were 

dissolved in PEGDA formulation at a maximum solubility concentration of 180 mg/ml and 50 

mg/ml respectively. The solubility of Ibuprofen and Naproxen in aqueous solutions are shown to 

be 0.021 mg/ml and 0.0159 mg/ml according to Yalkowsky et al [48]. This shows about 8000 

times and 3000 times increase in solubility for the two hydrophobic drugs in PEGDA formulation.  

To quantify the structural and functional properties of this formulation, hydrogels with 

20%, 40%, 60%, 80% and 100% PEGDA composition were created via light exposure of a visible 

light with an intensity of 120mW/cm2 for 45 seconds (LT). As a result, as the composition of 

PEGDA increases from 20% to 100%, the appearance of the hydrogel changes from opaque to 

transparent. This change in appearance is observed in both Naproxen-loaded gels (Figure 1) and 

Ibuprofen-loaded gels (Figure S1). 

 

Figure 1. Images of 50µL Naproxen-loaded gels of 20%, 40%, 60%, 80% and 100% PEGDA 
captured at different angles. With increasing PEGDA-250/PEG-200 ratio, gel becomes more 
transparent. 
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4.1.2 Gelation Time 

 To assess the effect of light exposure on PEGDA gelation, in-situ photo-rheology was 

performed on Naproxen-loaded PEGDA gels. Storage modulus was measured as a function of time 

over a period of 5 minutes to evaluate the gelation kinetics when the formulation is exposed to 

light. Results (Figure 2) show that in the first 30 seconds of light exposure, there is a faster increase 

in storage modulus with increasing PEGDA composition. It also shows a significant difference in 

mechanical property between 20% PEGDA gels and 40% and above PEGDA gels. This similar 

trend is observed with Ibuprofen-loaded PEGDA gels as well (Figure S2). 

 

Figure 2. Real-time measurement of storage modulus for Naproxen-loaded PEGDA gels over 5 
minutes of light exposure time with 20%, 40%, 60%, 80% and 100% PEGDA composition (n = 
3). 
 

4.2 Printability of PEGDA Formulation 

 To create 3D structures via inkjet printing with the PEGDA formulation, factors that 

contribute to the printability of this formulation through piezoelectric dispensers are being assessed. 
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4.2.1 Viscosity 

 Solutions that are printed through piezoelectric nozzles typically have a viscosity limit 

between 3 to 20cP [49, 50], where certain nozzles that can create stronger piezo forces can increase 

that limit up to 50cP [51]. Nonetheless, slightly increasing the temperature of the solution so that 

the viscosity drops below the limit can also increase the printability of the solution. In this study, 

viscosity was measured as a function of temperature to assess how viscosity changes with a change 

in PEGDA composition and temperature. Results (Figure 3) show that 60%-100% PEGDA 

formulations fall below 20cP at room temperature, but as temperature reaches above 40 to 45 °C, 

20% and 40% formulations also fall within the printable range. This shows that having a 

piezoelectric nozzle that has heating capabilities can print PEGDA formulations with higher 

viscosities. Also, it is observed that viscosity increases slightly with higher drug load capacity, 

comparing 40 mg/ml of Naproxen-loaded (Figure 3) and 180mg/ml of Ibuprofen-loaded (Figure 

S3) PEGDA formulations. 

 

Figure 3. Temperature effect on viscosity of varying PEGDA percentage for Naproxen-loaded 
gels (n = 3). 
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4.2.2 The Inverse Ohnesorge Number 

 A dimensionless number called the Z value, also known as the inverse of the Ohnesorge 

number was calculated to determine the printability of PEGDA formulation through the 

piezoelectric nozzle. This equation considers multiple parameters including radius of the printing 

orifice, inertia, surface tension and viscosity of the formulation. According to Jang et al., the typical 

printable range for the Z value is between 4 to 14 [45], where values above this range exhibits 

satellite droplet formation, and values below exhibit strong viscous forces that do not allow droplet 

formation. Besides the printable viscosity range mentioned previously, typical printable solutions 

also exhibit a surface tension value between 30 to 70mN/m [50, 52]. The density, surface tension 

and viscosity were measured with varying PEGDA compositions for Naproxen-loaded 

formulations to assess their printability by calculating the Z values in table 1.  

 
Table 1. Results of Z value with varying PEGDA percentage of Naproxen-loaded formulation. 
Showing measurements of density, surface tension and viscosity (n = 3). 
 

 

 

4.2.3 Droplet Formation 

As a result, only 100% PEGDA formulation shows a value that falls within the printable 4 

to 14 range at room temperature. From table 1, it shows that viscosity is the determining factor 

since surface tension and density show similar values across the different formulations. Although 



	 	23	

60% and 80% PEGDA formulations also show promising values of viscosity and surface tension, 

due to the combination of low surface tension with high viscosity values, the Z values are just 

below 4, making it very unstable when printing through piezoelectric nozzle. Figure 4 shows the 

droplet formation sequence from piezoelectric nozzle for 100% Naproxen-loaded PEGDA 

formulation. A similar photo sequence for 100% Ibuprofen-loaded PEGDA formulation is also 

shown in Figure S4 in the supplementary data section. The formulations that contain both drugs 

were very stable and showed a continuous printing time of 1 hour and a permissible idle between 

prints for 3 minutes. 

 

Figure 4. Droplet formation for 100% naproxen-loaded PEGDA formulation with Z = 4.47 
 

4.3 Mechanical Properties of PEGDA Gel 

4.3.1 Time-dependent LT for Tensile Strength 

 The effect of light exposure time on the mechanical properties of PEGDA gels was 

evaluated with LT = 20s, 45s, 90s and 180s for Naproxen-loaded gels and LT = 1min, 3min and 

5min for Ibuprofen-loaded gels. The failure load was measured from diametral compression of a 

4.35mm diameter by 3mm thickness gel made from 50µl of photo-curable PEGDA solution to 

evaluate the tensile strength of the gel. Results show an increase in tensile strength with increased 

light exposure time and increased PEGDA composition. Previous studies showed that 

commercially available compressed tablets have tensile strengths in the range of 1-10 MPa [53]. 

From figure 5, we see that 40%, 60% and 80% PEGDA gels fall within the commercial range with 

LT numbers above 45 seconds. 
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Figure 5. Diametral compression test on Naproxen-loaded PEGDA gels with LT = 20s, 45s, 90s, 
180s to assess the difference in tensile strength as a result of light exposure (n = 3). 

 

4.3.2 Drug Load-dependent for Tensile Strength 

The effect of drug load concentration on tensile strength of the PEGDA gel was also 

evaluated with 100% PEGDA gels at LT = 45s.  Figure 6A shows a significant decrease in tensile 

strength for Ibuprofen-loaded gels as the drug load increases from 40 mg/ml to 180 mg/ml. 

Whereas in figure 6B, the tensile strength hardly changes with Naproxen-loaded gels with 

concentrations varying from 10 mg/ml to 40 mg/ml. The difference in behavior may account for 

the possibility of disrupting the microstructure of the crosslinked gel due to a significant increase 

in drug load. Figure 6C shows that at the same concentration, both gels exhibit similar mechanical 

properties further suggesting that drug concentration is the factor for the change in tensile strength 

between PEGDA gels. But it is unclear if Ibuprofen-loaded gels will behave similarly at the same 

low drug concentration as Naproxen-loaded gels due to the maximum solubility difference 

between the two drugs in PEGDA solution. 
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A             B 

    

    C 

 

Figure 6. Diametral compression test on Naproxen and Ibuprofen-loaded gels with different drug 
concentration to assess the effect of drug load on tensile strength with LT = 45s (n = 3). A) Effect 
of Ibuprofen-loaded gels. B) Effect of Naproxen-loaded gels. C) Comparison between Ibuprofen 
and Naproxen-loaded gels. 
 

4.3.3 Micro-hardness Test 

A micro-hardness test was conducted to investigate the polymerization distribution inside 

PEGDA gels after photo-curing. Results (Figure 7) show there is no significant difference between 

the top and the bottom of the gel after exposing to light source from the top for 100%, 80% and 

60% PEGDA gels. This makes sense since gels with 60% and above PEGDA composition 

observed to be more transparent, therefore allowing light to penetrate even after the top is cured, 

resulting in a uniformly distributed polymerized gel. 40% and 20% PEGDA gels could not be 



	 	26	

tested due to the high elasticity of the gel. Nonetheless, experiments have shown with shorter LT, 

the polymerization is unevenly distributed between the top and the bottom. This is probably due 

to the higher opacity observed in 20% and 40% PEGDA gels. 

 

Figure 7. Tensile strength of top and bottom for 100%, 80% and 60% PEGDA gels with micro-
hardness test to assess the potential difference in mechanical strength as a result of light exposure 
(n = 3). 
 

4.4 Physical Properties of PEGDA gel 

4.4.1 Swelling Ratio 

Swelling ratio and mesh size were analyzed to evaluate drug release kinetics and drug 

selections based on size that can be delivered through PEGDA gels. Results show that the swelling 

ratio increases as much as four times for 20% PEGDA hydrogels compare to 100% PEGDA 

hydrogels. Although these numbers are not significant compared to water-based hydrogels which 

can reach as high as 20 for swelling ratios [35], it is still large enough to allow drug release through 

diffusion. 
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4.4.2 Mesh Size 

From table 2, the mesh size is calculated and varies from 7.80Å to 12.62Å from 100% to 

20% PEGDA gels. These values are larger than the size of Naproxen and Ibuprofen which are 

previously studied to be 0.377 nm [54] and 0.380 nm [55] respectively. 

 
Table 2. Values of swelling ratio and mesh size calculated from swell mass and dry mass (n = 3). 
 

 

 

4.4.3 SEM Analysis 

Scanning electron microscopy (SEM) was used to capture images of Naproxen-loaded 

(Figure 8) and Ibuprofen-loaded (Figure S8) PEGDA gels to evaluate the microstructure. Images 

show no drug crystallization indicating that all drugs were fully dissolved in the formulation and 

remained dissolved during the photo-curing process. Additionally, SEM images show an increase 

in porosity from 100% to 20% PEGDA gels. 100% PEGDA gel showed a smooth surface with 

minimal invaginations; where 20% PEGDA gel showed more folds and invaginations, indicating 

a less compacted gel which may potentially give a higher drug release rate. 
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Figure 8. Cross-sectional SEM images of 100% and 20% Naproxen-loaded PEGDA gels. 
 

4.5 Drug Release Kinetics 

Drug release study was conducted for both Naproxen and Ibuprofen to evaluate the release 

kinetics of the PEGDA gels at different compositions. 50µl of photo-curable formulation were 

dispensed in microcrystalline cellulose preform tablets to minimize drug loss from the photo-

curing process at LT = 45s. As a result, both drugs showed a sustained release profile over a period 

of 24 hours. 

Results showed that the change in the ratio between PEGDA to PEG 200 played a 

significant role in drug release kinetics. For Naproxen-loaded gels, 90% of the drug was released 

for 20% and 40% PEGDA gels in a 24-hour period, where 62% was release for 60% PEGDA gels, 

44% released for 80% PEGDA gels, and 26% release for 100% PEGDA gels (Figure 9). A similar 

trend was also observed for Ibuprofen-loaded PEGDA gels in the supplemental data section 

(Figure S9). 
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Figure 9. Drug release profile for 20% to 100% PEGDA of 40mg Naproxen-loaded gels 
dispensed into preform tablets for a 24-hour period. (n = 3 for 20% and 100%, n = 1 for 40%, 
60% and 80%) 
 
4.6 Two-dimensional Spatial Printing 

 2D pattern printing was performed to assess the potential application of the PEGDA 

formulation in Polyjet technology. Polyjet is like powder-bed inkjet printing, where it uses inkjet 

print-heads such as thermal and piezoelectric nozzles to print 3D models. Rather than using 

powder-based platforms, Polyjet uses constant light exposure onto the printed photo-curable 

solution to build 3D structures. Figure 10 shows images of the printed formulation polymerized 

after light exposure and the capability to form geometrical shapes and droplets loaded with drugs. 

This shows that the formulation designed has the potential to be translated to Polyjet printing for 

the design of 3D pharming of hydrophobic drugs, which eliminates the need for a preform tablet 

to hold the formulation before exposing to light. 

 

Figure 10. Images of 2D printing from a piezoelectric dispenser for 100% PEGDA formulation. 
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Part 5 - Discussion & Future Direction 

 

5.1 Significance in Chemical Formulation 

 The design of PEGDA formulation showed promising results in solving several issues 

currently faced in 3D pharming. The most important goal was to find an alternative method than 

powder compression to manufacture hydrophobic oral dosage forms. The short chain PEGDA 

formulation was able to successfully dissolve the two hydrophobic drugs, Naproxen and Ibuprofen 

at high concentrations for clinical application purposes and showed promising results in release 

kinetics in dissolution tests. 

 The purpose of having Eosin Y and mPEG-amine in the formulation was to introduce the 

use of visible light rather than UV light in the photo-curing process of the photo-polymer solution. 

It has been previously studied that UV radiation not only causes severe damage to the human skin 

and eyes [39, 40], but also causes drug degradation through photo-reactivity due to the strong 

absorption of UV radiation [41]. Therefore, introducing a photo-initiator that reacts to visible light 

in the curing process demonstrates a potentially safer method in 3D printing pharmaceutical dosage 

forms. 

 

5.2 Significance in Printability 

 One important characteristic in the design of this formulation is the printability through 

inkjet print heads. To achieve droplet formation, surface tension, density, viscosity and nozzle 

diameter are taken into consideration and is also shown in equation 7. The PEGDA formulations 

showed similar values across all parameters except for viscosity, this indicates that viscosity is the 

determining factor if the formulation is printable through piezoelectric nozzles. Although it was 
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previously mentioned that solution with viscosity in the range of 3 to 20cP is considered printable, 

the value shows lower for this study. This is probably because the surface tension limit is also on 

the lower end of the limit range around 30 to 40mN/m, therefore demanding a lower viscosity so 

that the Z value is above 4. It has also been experimented that the Z value slightly increases with 

higher drug concentrations. 80% and 60% PEGDA formulations were also tested to confirm the Z 

value for droplet formation, results show that although printable, these formulations do not give a 

stable stream of droplet formation for extended time. 

 

5.3 Significance in Mechanical Properties 

 The gelation graph in figure 2 and S2 shows real-time change in mechanical properties of 

the formulation during photo-curing process. Thus, revealing the difference in mechanical 

properties between different PEGDA composition. By measuring the storage modulus as a 

function of time, the behavior of the photo-curing process is evaluated and could be used to 

selectively choose the desired mechanical strength for the gel of interest. 

 The purpose of performing a diametral compression test on the PEGDA gels as a function 

of both drug load and time was to assess the feasibility of directly translating them into tablets. 

Previous studies showed that the acceptable range of tablet compression strength is between 1-10 

MPa [53]. Therefore, by manipulating the drug load concentration and light exposure time, it is 

possible to build a polymeric tablet having similar mechanical properties as powder compressed 

tablets available on the market. On the other hand, it is possible to translate PEGDA gels that show 

lower tensile strength into gel capsules or gummy bear-like oral dosage forms. 
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5.4 Significance in Physical Properties 

 The calculation in mesh size is not quite accurate since several constant values in the 

equation is based on assumptions that the molecular behavior of short chain PEGDA-250 polymers 

mimics those of longer chain PEGDA hydrogels that are soluble in water. Nonetheless, the values 

still give a good estimation of the crosslinking network of PEGDA gels. With a value of 12.62Å 

for 20% PEGDA gels and 7.80Å for 100% PEGDA gels. This difference in mesh size also 

correlates with the release profile between different PEGDA compositions, with higher PEGDA 

composition showing a slower drug release and lower PEGDA compositions showing a higher 

drug release rate. According to previous studies, the size of the two model drugs are also smaller 

than the mesh size measured. 

 

5.5 Potential Application in Polyjet Printing 

 The goal for this study is to design a photo-curable bioink for the application in Polyjet 

printing technology which has never been studied before in the field of 3D pharming. The basis of 

the formulation should contain a photo-curable polymer in solution and has the capability to print 

via inkjet printing so that it can be dispensed onto a platform under continuous light exposure to 

build up a 3D structure. In this study, PEGDA-250 with PEG 200 as a filler showed promising 

results in both mechanical properties and release studies to make it applicable for Polyjet printing. 

To further verify the potential use in Polyjet, additional research will be required to study the 

polymerization behavior during short light exposures to the printed formulation and experiment 

with real Polyjet 3D printing. 
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5.6 Future Direction 

 One major limitation in this study is the drug release for PEGDA gels all exhibit sustained 

release profiles. This is probably caused by the slow diffusion rate due to short chain crosslink 

network and a low swelling ratio in aqueous solution. To overcome this problem, a new 

formulation design that contains longer chain photo-curable polymer will need to be experimented. 

Some candidates may include but not limited to PEGDA-575 and PEGDA-700, or a completely 

different type of hydrophobic polymer chain such as poly(caprolactone) (PCL) or poly(propylene 

oxide) (PPO) based formulations. Thus, increasing chain length while maintaining its 

hydrophobicity and fluidity is the key to designing an immediate release gel. 

 The potential application of this bioink in Polyjet 3D printing is demonstrated via a two-

dimensional spatial control dispensing process of the formulation through piezoelectric dispenser 

by studying its droplet formation and gelation capacity in a 2D geometrical pattern printing. 

Further studies are required to assess the capability of translating this formulation by creating a 

model that mimics Polyjet printing procedures such as dispensing and curing the formulation so 

that it builds a three-dimensional structure rather than a two-dimensional pattern. This allows the 

study of droplet interactions between layers of photo-curable solution and gelation. A more direct 

method is to test the formulation in a Polyjet system and manipulate the correct parameters so that 

printing a 3D structure with the formulation is possible. 

 Eventually, the possibility of printing multiple drugs together with different photo-curable 

formulation needs to be studied, which allows 3D pharming to become one step closer to achieve 

personalized medicine. 
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Part 6 – Conclusion 

 

In this study, a short chain PEGDA polymer solution was used to form the basis of the gel 

while manipulating structural and mechanical properties and functionality with PEG 200 filler. A 

photo-curable formulation was engineered specifically for the 3D inkjet printing of hydrophobic 

APIs. The formulation contained five different PEGDA composition of 100%, 80%, 60%, 40% 

and 20%, where only 100% PEGDA formulation showed droplet formation. This can be overcome 

with the help of a piezoelectric nozzle that contains heating ability so that formulations of 80% 

PEGDA and below can reach a lower viscosity to achieve droplet formation. 

Mechanical properties were also evaluated to demonstrate the capabilities of the gels to 

perform as pharmaceutical tablets. By manipulating light exposure time and PEGDA composition, 

the tensile strength from diametral compression test falls within the acceptable manufacturing 

tablet range between 1 to 10 MPa. Thus, making the formulation feasible for direct manufacturing 

without the need of a preform tablet. 

Mesh size analysis was assessed to evaluate the potential drug selection and anticipate 

release kinetics of Naproxen and Ibuprofen. Mesh size showed to be quite small, but still larger 

than the two model drugs in this study, thus able to be released in the dissolution test. This is also 

confirmed from the release study which demonstrated a sustained release over a 24-hour period 

with different release kinetics by manipulating PEGDA composition between Naproxen and 

Ibuprofen. 

 Finally, this formulation was designed to potentially translate to Polyjet 3D printing 

systems since it uses photo-curing and inkjet printing to build 3D models. The design of this bioink 

in 3D pharming presents several advantages such as high resolution and precise drug dosage 
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printing, the ability to dispense thermal-labile drugs, and its flexibility in printing multi-drug 

dosage forms with the assist of multiple print-heads during the printing process. 
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Part 7 – Supplemental Figures 

 

 

Figure S1. Images of 100µL Ibuprofen-loaded PEGDA gels with varying PEGDA composition. 
 

 

Figure S2. Gelation time analysis from in-situ photo-rheology of PEGDA formulations by 
measuring storage modulus for 10 minutes when exposed to light (n = 3). 
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Figure S3. Viscosity measurement as a function of temperature to evaluate the printability of 
Ibuprofen-loaded PEGDA formulations at varying percentages (n = 3). 

 

Table S1. Results of Z value calculation for Ibuprofen-loaded formulation with measurements of 
density, surface tension and viscosity (n =3). 
 

 

 

 

Figure S4. Droplet formation of Ibuprofen-loaded 100% PEGDA formulation with Z = 4.09. 
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Figure S5. Diametral compression on Ibuprofen-loaded PEGDA gels to measure tensile strength 
with LT = 1min, 3min, 5min (n =3). 

 

 

Figure S8. Cross-sectional SEM images for 100%, 80% and 20% Ibuprofen-loaded PEGDA gels. 
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Figure S9.  Drug release profile of 20%, 40%, 60%, 80% and 100% 40mg Ibuprofen-loaded gels 
in a 24-hour period (n = 1). 
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