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A B S T R A C T   

Medicine should ideally be personalized as each individual has his/her own unique biological, physical, and 
medical dispositions. Medicine can be personalized by customizing drug tablets with the specific drug dosages, 
release durations, and combinations of multiple drugs. This study presents a method for fabricating drug tablets 
with customizable dosages, durations, and combinations of multiple drugs by using the 3D printing technology. 
The method focuses on fabricating customizable drug tablets with a very simple structure for delivering the 
constant release profile due to its importance in treatment (i.e., the drug may produce side effects if too much is 
released andmay not have therapeutic value is too little is released). The method is simple: it involves first 
printing a template using the 3D printer and fabricating the drug tablet via the template. The tablets are 
customized by varying the amount of excipient used, the height of the tablet, and the numberand amount of 
drugs used. Three different common drugs (i.e., paracetamol, phenylephrine HCl and diphenhydramine HCl) and 
FDA-approved excipients are studied. The simplicity of the structure of the tablet and method via templating 
allows the fabrication of these fully customizable drug tablets to be easily performed, low-cost, efficient, and safe 
for consumption. These features enable the customizable tablets to be made widely accessible to the public; 
hence, the concept of personalized medicine can be realized.   

1. Introduction 

In the field of personalized medicine (PM) or precision medicine, 
medical practitioners take the individual’s genetics, living environment, 
and lifestyle into consideration when prescribing medication (Medli-
nePlus, 2020). This allows the individual patient who suffers from 
various extents of different diseases to be prescribed with the appro-
priate dosages and durations of release of suitable drugs. Ideally, once a 
patient is diagnosed with a certain condition, a specific treatment 
method is chosen. This can be done by fabricating a personalized tablet 
for the individual: the personalization includes a customized dosage and 
duration of drug release that can be catered to the patient’s needs. In 
addition, many patients usually need to take multiple different pills 
together and at different times in a day to meet specific health re-
quirements (Huang and Huang, 2018); a task that can be challenging to 

some patients (e.g., the elderly or disabled). Conceptually, PM can allow 
the medical practitioner to prescribe a single medication that consists of 
a combination of multiple drugs based on the patient’s characteristics 
with a suitable dosage and release profile. In this way, the combination 
of drugs in a single tablet needs to be taken only once, instead of taking 
multiple pills together and at different times in a day (Huang and Huang, 
2018). 

For the approach of PM to be effective, the drug tablets need to be 
easily fabricated, customizable, and highly affordable — these charac-
teristics would encourage widespread usage of the customized drug 
tablets and allow the drug tablets to be fabricated on the spot after 
diagnosis. Customization of materials (e.g., via small-scale fabrication), 
however, is challenging, tedious, and may be costly. On the contrary, 3D 
printing technology can potentially be a method for overcoming the 
challenges of small-scale fabrication: it allows drug tablets to be 
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fabricated easily and quickly at a low cost. At the same time, the tech-
nology allows the customization of the drug tablets to be achieved 
readily (Huang and Huang, 2018; Elkasabgy et al., 2020; Chen, G et al., 
2020). In this way, the dosage and duration of release of the tablets can 
be customized for each individual patient. It also allows for incorpo-
rating multiple drugs of different doses in a single tablet; this feature 
may be desirable for patients who face multiple distinct medical con-
ditions and need to take multiple pills in a day. 

Previous studies have reported using various 3D printing methods for 
fabricating drug tablets; however, these methods usually face a variety 
of problems. In particular, 3D printed drug tablets are often designed to 
involve different structures that change the release profile, dosage, 
combination of drugs, and shape of the tablet (e.g., for allowing the 
tablets to be swallowed easily). However, the fabrication of these 
structures is often complex, intricate, imprecise, delicate, and/or non- 
intuitive (Arafat et al., 2018; Yu et al., 2007; Rowe et al., 2000; Chang 
et al., 2020; Xu et al., 2019; Khaled et al., 2018; Goyanes et al., 2015) 
and produces tablets with weak mechanical properties (Acosta-Vélez 
and Wu, 2016). In addition, the printing of the drug tablets using the 3D 
printers is usually challenging. Perhaps the most important and common 
problem is that the formulations of drug tablets are usually very viscous; 
hence, it is extremely difficult to print the tablets using the small nozzles 
of the printers. The nozzles tend to clog, thus causing inconsistencies in 
the printing that may affect the shape, drug dosage, and release profile 
of the tablet. Besides clogging, there are many other disadvantages of 
using the printer for printing the drug tablets directly, including the 
limited selection of materials for printing (Marin et al., 2013) and the 
heating required of some 3D printing technologies that may degrade the 
drug molecules (Goyanes et al., 2015). In general, optimization of the 
printing process must be done on a case-by-case basis for each combi-
nation of drug and excipient; this process is usually very time- 
consuming. 

To overcome these issues associated with 3D printing of tablets, we 
have previously reported a novel method that allows fully customizable 
drug tablets to be fabricated via 3D printed templates instead of printing 
the drug tablets directly using the 3D printers (Tan et al., 2020; Sun and 
Soh, 2015). The drug tablets produced were shown to be customizable in 
terms of dosage, duration of release, release profiles, and combination of 
multiple drugs in a single tablet. The method relies on simple structures 
(i.e., both exterior and interior) of the drug tablets for customization — 
the physically simple structure of the tablets facilitates the precise 
fabrication of the tablets with precise customization. In addition, the 
method is inexpensive and safe. Therefore, it can potentially be easily 
accessible for widespread use and may pave the way for personalized 
medicine to be realized (Tan et al., 2020; Sun and Soh, 2015). 

Our previous studies, however, showed only preliminary results for 
illustrating the proof of concept of the technology; they did not establish 
the technology for specifically important release profiles and commonly 
used excipients in pharmaceutical science. In this study, we fully 
demonstrate that our method of using the 3D printed templates can be 
used for fabricating the customizable tablets. We focus on achieving the 
constant release profile and use mainly Eudragit polymers as the 
excipient. We chose Eudragit as it is a brand of ready-made functional 
polymers that are commonly used as excipients for drug tablets and is 
approved by FDA (Evonik, N. D.). Eudragit is available in aqueous dis-
persions, granules, organic solutions, or ready-to-use powders (Evonik, 
N. D.). Depending on the usage, Eudragit polymers can be made highly 
insoluble to serve as the insoluble polymer matrix that are bulk-eroding 
(Evonik, N. D.) or surface-eroding (Mehta et al., 2001). Eudragit poly-
mers are highly useful because the active site, solubility, and release 
profile can be easily controlled via the use of the polymers (Joshi, 2013). 

We have chosen to focus mainly on the constant release profile in this 
study because it is arguably the most important release profile in drug 
delivery. Constant release profiles are very commonly used in drug 
tablets and may be known as sustained release, controlled release, or 
extended release. A constant release profile is important because if the 

concentration of a drug is too high, the patient may experience side 
effects. At the same time, if the drug concentration is too low, the 
therapeutic effect of the drug may not be effective. The constant release 
profile thus allows the therapeutic effect of the drug to be most effective 
while not causing any side effects (Kumar et al., 2012). Additionally, 
some drugs are metabolized quickly and removed from the body before 
they fully serve their intended purpose; hence, the sustained release of 
the drug is needed. For example, some therapies that treat eye infection 
or chronic disease require a sustained drug release over a long period 
(Guzman et al., 2017; Mishra et al., 2012). However, it is not straight-
forward to design drug tablets that have a constant release profile. One 
of the most common ways to fabricate drug particles is to load the drug 
into the bulk matrix of a spherical particle. With time, as the drug dif-
fuses out of the matrix, the core that contains the drug becomes grad-
ually smaller; hence, this common type of drug particle produces a 
decreasing profile but not a constant release profile. There are a few 
methods established for achieving constant release profiles. However, 
these current methods usually have many disadvantages; for example, 
they require very specific equipment, complicated and costly techniques 
of fabrication, long preparation times, and limited availability of dosage 
strengths (Polasek et al., 2018). In addition, the tablets produced may 
not feature readily customizable dosages and release durations (Anwer 
et al., 2017; Yang et al., 2017; Lee, 1993; Zhao et al., 2016). These 
disadvantages do not allow these methods to be used effectively for 
personalized medicine. Hence, the costs of manufacturing drugs that 
provide sustained release are often prohibitively high due to the com-
plex and expensive manufacturing process. For example, it is estimated 
that the US can spend up to USD $13.7 billion less on medical subsidies if 
they prioritize formulations that provide immediate release instead of 
formulations that provide sustained release (Wheless and Phelps, 2020; 
Sumarsono et al., 2020). 

In this manuscript, we describe the fabrication of customizable drug 
tablets via the 3D printing technology. Specifically, we use templates 
fabricated by the 3D printer and the Eudragit polymer as the excipient. 
The structure of the fabricated customizable drug tablets is very simple; 
at the same time, the simple design of the tablets is shown to deliver the 
constant and sustained release profile. We demonstrate the versatility of 
this method by fabricating tablets that have customizable dosages and 
duration of release for three types of common drugs (i.e., paracetamol, 
phenylephrine HCl, and diphenhydramine HCl). We also demonstrated 
the incorporation of multiple drugs in a single tablet. Our results illus-
trate that the method is simple to implement, fast, generally compatible 
with various drugs and excipients and safe for human consumption — 
features that are necessary for achieving the full potential of personal-
ized medicine. 

2. Results and discussion 

2.1. Formulation of the drug tablet 

We used three common over-the-counter drugs with different med-
ical purposes for the demonstration of our approach. They were (i) 
paracetamol, (ii) phenylephrine HCl, and (iii) diphenhydramine HCl. 
We used Eudragit as the excipient for each of the three drugs to control 
the release of both the high-dosage drug (i.e., paracetamol), as well as 
the low-dosage drugs (i.e., phenylephrine HCl and diphenhydramine 
HCl). Paracetamol of as high as 550 mg dosage was used. For the low- 
dosage drugs, as low as 5 mg of phenylephrine HCl was used. The 
exact amounts for each tablet are stated in Table 1 in the Supplementary 
Information. In this paper, we investigated different types of formula-
tions to achieve constant release profiles. The first main type involved 
the mixing of the excipient (i.e., Eudragit), and the solvent isopropyl 
alcohol (IPA) and drug. The second type involved adding polyethylene 
glycol (PEG) into this same mixture of Eudragit, IPA, and drug to 
lengthen the total duration of release. Lastly, we also used a combination 
of microcrystalline cellulose (MCC), sodium carboxymethyl cellulose 
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(Na CMC), and carnauba wax for varying the duration of release in two 
of the drug tablets. White wax was used as the outer coating of all the 
drug tablets. 

2.2. Design and fabrication of the drug tablet 

The design of the tablet, method of fabrication, and coating material 
of the tablet are similar as described in our previous publications (Tan 
et al., 2020; Sun and Soh, 2015). In this paper, the drug tablet has 2 
components: (1) a matrix that contains the drug and (2) an impermeable 
and biodegradable coating that protects all the sides of the matrix with 
drug, except for one side of the disc-shaped tablet that is exposed to the 
surrounding medium (Fig. 1). We have chosen the shape of a disc for the 
tablets because they can be swallowed easily (Fig. 1a). To fabricate the 
tablet, we first printed the templates with the specific size and shape 
using a 3D printer (Fig. 1a, part (i)). The template was then used to make 
a mold with a cavity of the complementary shape using poly-
dimethylsiloxane (PDMS). For preparing the tablet, we first dissolved 
the drug and excipient in IPA. We poured the solution into the cavity of 
the mold, and then evaporated the solvent in a vacuum oven at 30 ◦C. 
IPA is a volatile solvent that allowed the tablets to be dried quickly (i.e., 
~1 h; see Experimental Section). 

The outer coating was prepared in a similar way (Fig. 1a, part (i)). 
We used white wax as the outer coating because it was biocompatible, 
biodegradable, impermeable to diffusion of molecules, and degraded 
slowly. We first printed the template with the specific size and shape and 
made the complementary mold with PDMS. The white wax was then 
melted and filled into the cavity of the mold. The drug tablet was 

obtained by assembling the matrix that consisted of the excipient and 
the drug with the outer coating (Fig. 1a, part (ii)). The sizes of the disc- 
shaped drug tablets fabricated in this study are indicated in the table of 
Fig. 1a for the three types of drugs (i.e., including drugs with high and 
low dosages) that we used. This structure of the tablet that involved only 
the drug matrix and the outer coating is simple to fabricate. 

There were two ways by which we customized the drug tablets 
(Fig. 1b). First, we were able to customize the dosage and duration of 
release of the drug by tuning the relative proportion of the drug and 
Eudragit. Second, we customized the duration of release by tuning the 
height of the tablet. At the same time, we needed the customized drug 
tablets to produce a constant release profile. A constant release profile 
was produced by two properties of the tablets: the selection of a type of 
matrix of the tablet that exhibited the surface-eroding property and the 
protection of all the sides of the tablets by the outer coating except the 
one surface that was exposed to the dissolution medium (Fig. 1c). The 
surface-eroding (i.e., as opposed to bulk-eroding) property allowed the 
matrix to degrade in a layer-by-layer manner. When coupled with the 
selective protection of the outer coating, the one-dimensional degrada-
tion would give rise to the constant release profiles. 

2.3. Customizable dosage 

2.3.1. High-dosage drug paracetamol 
We first demonstrated the capability of customizing the dosage of 

paracetamol of a drug tablet fabricated via the method as described 
(Fig. 2). For this experiment, we fabricated a disc-shaped tablet with an 
overall diameter of 13 mm to 15 mm and a height of 4 mm to 5 mm. This 

Fig. 1. Fabrication and design of fully customizable drug tablet with constant release profiles via 3D printing. (a)(i) The steps of fabricating each component of the 
tablet and assembling the individual components to form the drug tablet. (ii) Design specifications and dimensions of the tablets for the three drugs. (b) Ways of 
customizing the personalized drug tablet. (c) Scheme for illustrating the one-dimensional erosion of the drug tablet in a liquid medium. 
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diameter included the 1 mm thick outer coating (Fig. 2a). The tablet 
consisted simply of only the drug-containing matrix and the imperme-
able outer coating. Three different dosages (450 mg, 500 mg, and 550 
mg paracetamol) were used to formulate the tablet with the Eudragit 
polymer. The reason for choosing these three dosages was because 500 
mg is the standard dose for medical treatment. We chose to vary the 
dosage around this standard dose in the range of 450–550 mg by 
considering of the different personal characteristics of individual pa-
tients (e.g., differences in metabolism). In this way, we can tailor the 
dosage and ensure that patients are administered with the precise 
dosage strength that they need. For testing the release of the drug, the 
tablet was immersed in a dissolution medium. The rate of dissolution (or 
degradation) of the drug tablet was monitored at regular intervals (i.e., 
“the dissolution test”). Samples of the medium were collected periodi-
cally and analyzed using High Performance Liquid Chromatography 
(HPLC). 

We first demonstrated that the formulation and design of the drug 
tablets gave us the constant release profile. In our first experiment, we 
used 130 mg of Eudragit and the three different dosages of the para-
cetamol. The release profiles were effectively constant and sustained 
over a period of >12 h. The results showed that the rate of release was 
slower when the ratio of the Eudragit to drug was higher (i.e., release of 
450 mg of paracetamol was slower compared to 550 mg with a fixed 
amount of 130 mg of Eudragit). The drug release was only about at most 
~60% after 12 h when 130 mg of Eudragit was used for all three dos-
ages. However, it is widely known that any consumed drug pills (or 
meals) normally take only around 10 h to go through our stomach and 
small intestine for absorption. Thus, it is desirable to fabricate drug 
tablets with a total duration of release that is within 12 h (with some 
allowance for customization) (Stathopoulos et al., 2005; Schönfeld et al., 
1997). To release at a faster rate, we used lower amounts of Eudragit in 
subsequent experiments. For 450 mg paracetamol, we added only small 

Fig. 2. Customizable drug tablets with constant release profile of the high-dosage drug, paracetamol. (a) Design specifications and image of the tablet. (b) 450 mg, 
500 mg, and 550 mg of paracetamol with 130 mg Eudragit. (c) 450 mg of paracetamol with 40 mg and 60 mg Eudragit. (d) 500 mg of paracetamol with 80 mg, 130 
mg, 180 mg Eudragit. (e) 500 mg of paracetamol with 30 mg Eudragit and 10 wt% PEG, 70 mg Eudragit and 10 wt% PEG, and 30 mg Eudragit. (f) 550 mg of 
paracetamol with 80 mg, 130 mg, 180 mg, 220 mg, 250 mg Eudragit. 
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amounts (i.e., 40 mg or 60 mg) of Eudragit to the tablets. Constant 
release profiles were observed. It is interesting to note that the release 
was controlled to be effectively constant even though small amounts of 
Eudragit relative to the large amount of drug (i.e., 450 mg) were used 
(Fig. 2c). This result thus showed that our method for fabricating the 
customizable tablets consisted of mostly drugs and required very little 
excipient. Subsequently, we investigated how the duration of release of 
specific dosages can be varied by using different amounts of excipient. 
For varying the duration of release of 500 mg paracetamol, we mixed 
Eudragit of larger quantities (80, 130 and 180 mg) with the drug 
(Fig. 2d). Results showed that the drug tablets produced the constant 
release profiles. The rate of release of paracetamol was observed to be 
faster with smaller amounts of Eudragit used as expected. 

To add another dimension to the customization of the drug tablets, 
we investigated a second ingredient as the excipient besides Eudragit: 
polyethylene glycol (PEG). PEG is a commercially available product and 
is often used in biomedical applications, including as an excipient for 
drug release (Hrib et al., 2015). In this experiment, we used the same 
dosage of 500 mg of paracetamol. The excipient consisted of either 30 
mg or 70 mg of Eudragit together with 10 wt% PEG (i.e., of the total 
weight of the drug and Eudragit; Fig. 2d). Results showed that the drug 
tablets again released with constant release profiles. Importantly, PEG 
can serve as the ingredient for fine-tuning the rate of release. By 
comparing the drug tablet that consisted of 30 mg Eudragit and 10 wt% 
PEG (i.e., ~50 mg of PEG) with the drug tablet that consisted of only 30 
mg Eudragit, the results showed that the rate of release was only slightly 
slower when the PEG was present. On the other hand, the rates of release 
for the tablet that consisted of 70 mg of Eudragit together with 10 wt% 
PEG and the tablet that consisted of only 80 mg of Eudragit were much 
slower. Hence, the addition of PEG (e.g., ~50 mg) served only to fine- 
tune the rate of release, whereas the addition of Eudragit had a far 
greater impact on increasing the rate of release. 

We further studied drug tablets that consisted of 550 mg paracetamol 
and varying amounts of Eudragit (Fig. 2f). Results showed that the 
duration of release increased with larger amounts of Eudragit used as 
expected. With smaller amounts of Eudragit (i.e., <200 mg), the tablets 
produced approximately constant profiles and durations of release 
within ~12 h. However, when the amount of Eudragit increased (i.e., 
>200 mg), the tablets produced release profiles that were more 
decreasing with time g. This difference in release profile may indicate a 
difference in the mechanism of erosion of the drug tablet. Initially, the 
erosion of the drug tablet was only in one dimension (i.e., as illustrated 
in Fig. 1c). Hence, the constant release profiles produced by tablets 
containing lower proportions of Eudragit versus drug indicated that 
these tablets underwent layer-by-layer surface erosion. This is because a 
layer-by-layer erosion mechanism ensures that the release remains un-
changed with time. On the other hand, the decreasing release profiles 
produced by the drug tablets with higher proportions of Eudragit versus 
the drug indicated that these drug tablets did not merely undergo sur-
face erosion: bulk erosion probably contributed to the release. The 
reason for the bulk erosion may be due to the tendency of Eudragit to 
form more regions that are crystalline when the concentration of 
Eudragit increases (Aceves et al., 2000); thus, tablets that are composed 
of high concentrations of Eudragit have regions that are amorphous and 
crystalline. The regions that are amorphous are known to dissolve faster 
than the regions that are crystalline (Baghel et al., 2016; Al-Obaidi et al., 
2016). Hence for the case when the concentration of Eudragit is high, 
the fast release of drug at the beginning of the release may be due to the 
quick dissolution of the regions that are amorphous. The slow release 
closer to the end of the release may be due to the slow dissolution of the 
remaining regions of the Eudragit that are crystalline. When erosion in 
the bulk matrix occurs, the profile is not expected to be constant with 
time. 

The drug tablets with higher proportions of Eudragit nevertheless 
exhibited the characteristic of sustained release. Although drug tablets 
stay in our stomach and small intestine on average for ~10 h, 

developments and advancements in the field of mucoadhesives could 
allow them to stay in the body for longer periods of time (Karn et al., 
2011; Andreas, 2005). Hence, the sustained release beyond 12 h may 
also be useful. 

In general, the results shown in Fig. 2 illustrated that the duration of 
release can be customized by changing the amount of excipient used. In 
addition, the dosage of the drug can also be flexibly customized. It is 
important to note that the customization of both the duration and 
dosage can be performed independently of each other. For example, to 
design a tablet that has a specific duration of release of ~12 h with a 
constant release profile, we can customize the formulation of the tablets 
to any of the following formulations: 450 mg paracetamol with 40 mg 
Eudragit (Fig. 2c), 500 mg paracetamol with 80 mg Eudragit (Fig. 2d), or 
550 mg paracetamol with 130 mg Eudragit (Fig. 2f). 

2.3.2. Low-dosage drug diphenhydramine HCl (DPH) 
To demonstrate the generality of our method, we further studied the 

customization of drug tablets containing the low-dosage drug, diphen-
hydramine HCl (DPH) (Fig. 3). For this low-dosage drug, we fabricated a 
disc-shaped tablet with an overall diameter of 5 mm to 8.5 mm including 
the outer coating and a height of 2 mm to 5 mm. In our first experiment, 
we used a fixed 10 mg of DPH with varying amounts of Eudragit from 5 
to 20 mg (Fig. 3a). The difference in the duration of release due to the 
varying amount of excipient used was as expected: a larger amount of 
excipient used increased the total duration of drug release. The drug 
tablets produced approximately constant release profiles when the 
amount of Eudragit used was small (e.g., 5 mg and 10 mg). However, the 
release profile became more decreasing with larger amounts of Eudragit 
(e.g., 20 mg). Similar results were observed when different dosages of 
the diphenhydramine HCI were used (i.e., 25 mg and 40 mg; Fig. 3b and 
c). It is interesting to note that for the highest amount of Eudragit that 
we tested (i.e., 125 mg Eudragit with 25 DPH; Fig. 3b), the release 
profile seemed to consist of a small burst release in a short time initially 
(i.e., ~1 h) followed by an approximately constant release for the entire 
duration of release. In general, these results showed that the drug tablets 
containing DPH can be customized in terms of duration of release and 
dosage of drug while maintaining constant release profiles. 

2.3.3. Low-dosage drug phenylephrine HCl 
A similar investigation was conducted for tablets containing another 

low-dosage drug, phenylephrine HCl (Fig. 4). For this experiment, we 
fabricated a disc-shaped tablet with an overall diameter of 6 mm to 8.5 
mm including the outer coating and a height of 3 mm to 4 mm. 
Compared to the drug tablets that contained the DPH, we used a larger 
proportion of Eudragit versus drug to investigate longer durations of 
release of the drug tablets with the low-dosage drug. Formulations of 5, 
10, 15, and 20 mg phenylephrine HCl with varying amounts of Eudragit 
were tested as shown in the plots in Fig. 4. The results again showed that 
the duration of release increased with a larger amount of Eudragit used. 
The profiles were also approximately constant when low amounts of 
Eudragit were used (e.g., <30 mg). On the other hand, many of the 
profiles seemed to be more decreasing than constant when a larger 
proportion of Eudragit was used (e.g., >30 mg and <50 mg). As dis-
cussed, the longer duration of release due to the larger amount of 
Eudragit used is useful as a form of sustained release although they were 
not constant with time. It is interesting also to note again that when the 
amount of Eudragit used was even larger (e.g., >50 mg), the releases 
seemed to consist of an initial burst release followed by an approxi-
mately constant release for the rest of the duration of release. 

In general, the duration of drug release varied from 10 h to over 30 h. 
This long duration of release can be desirable for medical conditions that 
require long periods of treatment. For example, the chronic pain of 
cancer patients is constant and long-lasting. Consequently, a similarly 
long-lasting drug is needed to treat such chronic pain (U. S. Food and 
Drug Administration, 2016). By utilizing our method to fabricate the 
customizable drug tablets, long-lasting relief can be achieved. Other 

Y.J.N. Tan et al.                                                                                                                                                                                                                                



International Journal of Pharmaceutics 598 (2021) 120370

6

examples of medical conditions that require long-lasting relief include 
attention-deficit/hyperactivity disorder (ADHD) and schizophrenia 
(Najib et al., 2017). These medical conditions are usually tough to treat 
with conventional treatments and instead require long-term treatments. 

2.4. Customizable duration of release by varying the height of the tablets 

We varied the total duration of release by varying the height of the 
drug tablets. Because the design of our tablet involves the one- 
dimensional erosion of the drug tablet, a tablet with a smaller height 
directly corresponds to a shorter total duration of drug release, and vice 
versa. The variation of height was thus a convenient way of customizing 
the duration of release, besides changing the amount of excipient. In this 
experiment, we fabricated tablets that consisted of phenylephrine as the 
drug and Eudragit as the excipient with different heights. Results from 
the dissolution tests of the drug tablets showed that when the tablets 
were fabricated with a higher height, the duration of release was longer 
as expected (Fig. 5a). The difference was distinct: the difference in 
height of the tablets produced a large difference in the duration of 
release. For investigating the generality of the method, we used a 
different type of excipient: an excipient that consisted of a combination 
of microcrystalline cellulose (MCC), sodium carboxylmethylcellulose 
(Na CMC), and carnauba wax. This same type of excipient was used for 
fabricating two types of drug tablets containing the drug paracetamol 
and phenylephrine HCl respectively. Wax (such as the carnauba wax) is 
known to be a very hydrophobic material; thus, it is expected to have 
surface-eroding properties that will allow the tablet to produce the 
constant release profile. The results from the dissolution tests of these 
tablets showed similar trends; the duration of release was again longer 
when the height of the tablet was larger (Fig. 5b and c). These results 

showed that height is a simple, convenient, and intuitive way for 
customizing the duration of release of the drug using our design of the 
drug tablet (i.e., the structure that allows the one-dimensional release of 
the drugs). In addition, the usage of this formulation of the excipient (i. 
e., wax) achieved the constant release profiles as desired. 

2.5. Parallel release of multidrug tablet 

We fabricated a single drug tablet that contained a combination of 
three types of drugs: paracetamol, phenylephrine HCl, and diphenhy-
dramine HCl (Fig. 6). The scheme of the drug tablet is illustrated in 
Fig. 6a. For simplicity of fabrication, we prepared the three types of 
drugs separately and then assembled them together. The low-dosage 
drugs, phenylephrine HCl, and diphenhydramine HCl, were fabricated 
to be relatively small disc-shaped materials that had a diameter of 3 to 5 
mm. The high-dosage drug, paracetamol, was prepared as a larger disc- 
shaped material that had a diameter of 14 to 15 mm but had a hollow 
center of diameter 3 to 5 mm. The 

two disc-shaped low-dosage drugs were stacked on top of one 
another as illustrated in Fig. 6a and then placed in the hollow center of 
the high-dosage drug. This assembly of the three drugs was then placed 
within a 1 mm thick white wax coating covering only the sides. Hence, 
in this design, both the top and bottom surfaces of the tablet were 
exposed to the dissolution medium. The assembled tablet had a total 
height of 5 mm. The ability to fabricate each type of drug with a desired 
size separately (i.e., a small diameter for the low-dosage drug and large 
diameter for the high-dosage drug) indicated that the method can be 
used to produce a multidrug tablet with customizable dosages for each 
individual drug. 

Two experiments were performed with this multidrug tablet. The 

Fig. 3. Customizable drug tablets with constant release profile of the low-dosage drug, diphenhydramine HCl. (a) 10 mg of diphenhydramine HCl with 5 mg, 10 mg, 
20 mg Eudragit. (b) 25 mg of diphenhydramine HCl with 25 mg, 30 mg, 40 mg, 50 mg, 125 mg Eudragit. (c) 40 mg of diphenhydramine HCl with 30 mg, 40 mg, 50 
mg Eudragit. 
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first was dissolution test with a simple and constant pH of 7.4 (Fig. 6b). 
This test mimicked the common physiological pH of the small intestine 
of the human body in which most drugs get absorbed (i.e., because of the 
length of retention, high surface area, and absorption rate of the small 
intestine) (Masaoka et al., 2006). Sufficiently low amounts of Eudragit 
were used as the excipients for all the three types of drugs (see Table S1k 
for the exact formulations of the different drugs used). Because of the 
low amounts of Eudragit used, the multidrug tablet was able to produce 
approximately constant release profiles for all the three types of drugs 
used. Importantly, the formulation chosen allowed the releases to be 
similar for all the three types of drugs used in the multidrug tablet. In the 
second experiment, the pH conditions of the various stages of the 
digestive system were used (Fig. 6c). Specifically, the drug tablet was 
first immersed in a pH 1.2 solution for 2 h. It was then removed and 
placed into a pH 5.5 solution for another 1 h. After that, the drug tablet 
was immersed in a pH 7.4 solution until the drug tablet fully dissolved. 
These changes in pH mimicked the process that the tablet goes through 
the GI tract (i.e. the stomach, duodenum, and small intestine) (Anal 
et al., 2003; Du et al., 2006; Popat et al., 2014). Comparing to the 
dissolution test that had a constant of pH 7.4 only, we observed that the 
releases were different when the pH of the solution changed. First, we 
observed that the rate of dissolution of the paracetamol decreased very 
significantly in the second experiment. In addition, the relative rates of 
release changed: in the first experiment, phenylephrine released faster 
than diphenhydramine, whereas the opposite was true in the second 
experiment. 

The results showed that the release profiles of different drugs over 
time were significantly affected by changes in the pH of the medium. In 
general, it is desirable to achieve specific well-defined types of release 
profiles of different drugs despite the changes in pH of the medium when 
the tablet goes through the digestive system. The reason is because 
specific types of release profiles may be required by a specific set of 
medical treatments for personalized medicine to be effective. For 

personalized medicine to be effective, there is a need to achieve the 
desired release as required by a specific set of medical treatments. 
However, it is challenging to achieving the desired release profile when 
the release profiles are different at different regions of the body with 
different pH conditions. On the other hand, our technology as described 
in this section shows the possibility of addressing the challenge. Each 
drug containing section of the multidrug tablet can be customized and 
optimized separately (e.g., by changing excipient amounts) based on the 
expected pH conditions at different regions of the body. This customized 
release profile will then enable the multidrug tablet to release according 
to the specific medical treatment at the different parts of the body. 

3. Conclusions 

This manuscript described a simple, convenient, inexpensive, and 
effective method for fabricating customizable drug tablets with the 
important constant release profile via the 3D printing technology. We 
demonstrated that the drug tablets can be customized with specific 
dosages of drugs and durations of release. The customization was ach-
ieved by the selection of a specific type of formulation or height of the 
tablet. Our results included a wide range of durations of release for 
different medical purposes, and constant and/or sustained release for a 
prolonged period of release. This feature is highly convenient: patients 
may only need to take one long-lasting drug tablet instead of taking drug 
tablets many times a day. We further demonstrated the customization of 
a multidrug tablet; importantly, the release profile of each drug in the 
multidrug tablet can be customized individually and separately. 
Therefore, patients who need to take multiple drug tablets at once (e.g., 
due to several health conditions) may only need to take one single 
customized multidrug tablet. This feature circumvents the hassle of 
taking multiple different drug tablets for different illness and makes 
achieving medication compliance easier. 

In addition, we demonstrated other advantageous features of the 

Fig. 4. Customizable drug tablets with constant release profile of the low-dosage drug, phenylephrine HCl. (a) 5 mg of phenylephrine HCl with 25 mg, 30 mg, 35 mg, 
50 mg Eudragit. Both the top and bottom surfaces of the tablet were exposed to the dissolution medium. (b) 10 mg of phenylephrine HCl with 25 mg, 50 mg, 75 mg, 
100 mg Eudragit. (c) 15 mg of phenylephrine HCl with 50 mg, 75 mg Eudragit. (d) 20 mg of phenylephrine HCl with 50 mg, 70 mg, 100 mg Eudragit. 
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technology. Surprisingly, even low amounts of excipient were found to 
be able to produce the constant release profiles of the drug tablets. We 
used only FDA-approved drugs and excipients in our experiments to 

ensure that the tablets produced were safe for consumption. Specifically, 
we tested three common types of drugs and Eudragit as the key excip-
ient. The fabrication method is generally applicable for different types of 

Fig. 5. Customizable duration of release by varying the height of the drug tablets. Varying the height of tablets that consisted of (a) phenylephrine and Eudragit. 
Varying the height of tablets that consisted of (b) paracetamol or (c) phenylephrine HCl with the excipient that consisted of a combination of microcrystalline 
cellulose (MCC), sodium carboxylmethylcellulose (Na CMC), and carnauba wax. 

Fig. 6. Parallel release of a combination of multiple drugs from a single tablet. (a) Design specifications and image of multidrug tablet consisting of phenylephrine 
HCl, paracetamol and diphenhydramine HCl. (b) Release of the drugs in dissolution medium at a pH of 7.4 (i.e., the PBS buffer solution). (c) Release of the drugs in 
dissolution medium with varying pH: pH 1.2 from 0 to 2 h, pH 5.5 from 2 to 3 h, and pH 7.4 from 3 h onwards. 
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drugs and safe to perform in any location. 
Most importantly, the technology involves the very simple structure 

of the customizable drug tablet coupled with the use of the templating 
method via the 3D printing technology. The very simple structure 
involved only a disc-shaped drug matrix coated with an impermeable 
layer on all sides except for one surface that is exposed to the sur-
rounding medium for achieving the one-dimensional release and the 
constant release profile. At the same time, the use of templates printed 
by the 3D printer addresses all the challenges faced by current methods 
that use the 3D printer to print the drug tablets directly (e.g., clogged 
nozzles due to the viscous drug solution). Because of the combination of 
the simplicity of the structure and method, the technology is precise (i. 
e., for accurately delivering the specifically desired customized release), 
reproducible, simple, and effective. Together with the use of the 3D 
printing technology, the process of fabricating the tablets is quick, 
efficient, and inexpensive. 

All these advantageous features allow the customized drug tablets 
made specifically for individual patients to be easily and swiftly fabri-
cated on the spot. This technology thus can potentially be implemented 
at dispensaries in hospitals, polyclinics, and pharmacies. The process 
may involve a clinician or doctor that prescribes a specific customized 
drug regime for a specific patient. The required drug tablet is then 
designed, fabricated, and given to the patient on the spot. This process 
allows the drug tablets to be made customized to individual patients, 
and at the same time, widely accessible to the general public. In this 
way, the full potential of personalized medicine can be realized. 

4. Experimental section 

Materials: Paracetamol, white wax, PEG 1000, and triethylamine 
were all purchased from Sigma Aldrich Chemical Co. and were used as 
received. Eudragit S100 was purchased from Evonik Industries. Micro-
crystalline cellulose and carboxymethylcellulose sodium salt were pur-
chased from Alfa Aesar. Croscarmellose sodium (CNa) was purchased 
from Spectrum Chemical mfg. corp. Phenylephrine HCl and diphenhy-
dramine HCl were purchased from Tokyo Chemical Industry Co. Ltd. 
Carnauba wax was bought from Alfa Aesar. Acrylonitrile butadiene 
styrene (ABS) filaments and the 3D printer (UP! PLUS 2) were brought 
from Axpert Global Pte Ltd. (Singapore). These filaments were needed 
for supplying the 3D printer with the material to print. Sylgard 184 
Silicone Elastomer kit was purchased from Dow Corning Co. (US) and 
was used to make polydimethylsiloxane (PDMS). Phosphate-buffered 
saline solution (PBS) was purchase from Vivantis Inc. (USA). Potas-
sium dihydrogen phosphate was purchased from J&K Scientific Ltd. 
Ultrapure water with a resistivity of 18 MΩ cm was used in all 
experiments. 

Preparation of 3D printed templates: Two types of templates were 
prepared. The first type involved printing template (i.e., acrylonitrile 
butadiene styrene, ABS, with a glass-transition temperature of 105 ◦C 
that was higher than the melting points of the waxes used, such as 
carnauba wax at 82 ◦C) with a complementary shape as the desired 
matrix of the tablet by the 3D printer. The printing of the template by the 
3D printer typically took around 20 min. Alternatively, a second method 
involved printing templates (made of ABS) with embossed features using 
the 3D printer. PDMS was then prepared separately by mixing the 
degassed elastomer base with the crosslinker in a 10:1 w/w ratio. This 
pre-polymer mixture was then poured into a petri dish containing the 
templates with embossed features. After pouring, the petri dish was 
placed in a vacuum pump to remove any air bubbles. Subsequently, the 
pre-polymer was cured at 65 ◦C for 24 h. After curing, we extracted the 
solid PDMS from the objects with embossed features; thus, the PDMS 
had a cavity that consisted of a shape that was complementary to the 
embossed features of the templates. Any of these two methods was able 
to produce molds with cavities that were used for fabricating the 
matrices of the tablet. Although the second method involved one more 
step of preparing the PDMS, the solid dosage form could be extracted 

from the flexible PDMS with greater ease and the molds can also be 
reused. 

Preparation of tablets: Three drugs were used in our experiments: 
paracetamol (450–550 mg), phenylephrine HCl (5–20 mg) and 
diphenhydramine HCl (10–40 mg). In a typical experiment, each drug 
was mixed with Eudragit (80–180 mg) and isopropyl alcohol (400 µL). In 
some experiments, PEG (79–125 µL) was also added into the mixture for 
fabricating the tablets with 10 wt% PEG. The mixture was stirred and 
mixed with a spatula in a Falcon 50 mL Conical Centrifuge tube. The 
mixture was then filled into the cavity of the mold with the desired di-
mensions as shown in Fig. S1. The mold was completely filled with the 
liquid so that the shape of the tablet would be exactly the same as the 
shape of the mold. The liquid was filled slightly above the brim of the 
mold to take into account of the shrinkage due to the evaporation of the 
solvent. After filling the liquid mixture into the mold, it was left in the 
vacuum oven at 30 ◦C overnight for evaporating the solvent. IPA was a 
volatile solvent that allowed the tablet to dry quickly. As a demonstra-
tion, we first dissolved 522 mg of Paracetamol and 28 mg of Eudragit in 
170 mg of IPA. We then placed the liquid mixture in a mold. We 
measured its initial mass immediately after filling the mold with the 
liquid mixture and after leaving it in ambient air conditions for 45 min. 
We repeated the experiment for three tablets fabricated in this way. Our 
results showed that there was an average loss of 154 mg after leaving the 
tablet to dry for 45 min. Hence, <10% of the IPA remained in the tablet 
after drying in a vacuum oven at 30 ◦C for 45 min. The remaining 15 mg 
of IPA was well within the allowable limits stated by the U.S. Food and 
Drug Administration (i.e., 50 mg for IPA; https://www.fda.gov/m 
edia/71737/download). The matrix that contained the drug was 
extracted from the mold after drying. For preparing the outer imper-
meable coating, white wax was heated to 65 ◦C for a few minutes until 
the wax melted. The resulting molten wax was poured into the cavity of 
the mold. After extracting the respective components from the molds, 
the tablet was then made by manually assembling the matrix that con-
tained the drug and the outer coating together with pairs of tweezers. 
For preparing the tablets that contained multiple drugs, the three 
different drugs used (i.e., paracetamol, phenylephrine HCl, and diphe-
nydramine HCl) were each prepared separately according to the sizes as 
illustrated in Fig. 6a of the main text and dried. They were then 
assembled accordingly for the dissolution test. 

For the study on varying the height of the drug tablet for varying the 
duration of release, we used another type of excipient: the combination 
of carnauba wax, sodium carboxymethyl cellulose, and microcrystalline 
cellulose. The preparation of the tablet involved first mixing the drug (i. 
e., phenylephrine HCl and paracetamol) with the excipient and heating 
the mixture to 82 ◦C. The exact formulations used are stated in Table S1h 
in the Supplementary Information. The mixture was heated for a few 
minutes until the wax melted. The resulting melted paste was filled into 
the cavity of the mold. The paste was left in ambient air conditions to 
solidify. It was then extracted from the mold. The tablet was made by 
assembling the solidified paste that contained the drug and the outer 
coating. 

Dissolution and in vitro release: After preparing the tablet, it was first 
placed in a small basket that was printed by the 3D printer. The basket 
was cubic with a length of 20 mm and was hollow inside. The outer 
structure that made up the basket had large opening on each face; each 
face had 4 square openings, each with a length of 6 mm. The basket 
containing the tablet was immersed in a solution containing 800 mL of 
PBS at pH = 7.4 and fixed in position using a clamp. We placed only one 
single tablet in the dissolution medium for all our experiments. The 
solution was constantly stirred at 250 rpm, and the temperature was set 
at 37 ◦C. Samples (1 mL) of the solution were withdrawn at regular time 
intervals and replaced with the same amount of fresh PBS buffer. For the 
parallel release of drug in different stages of pH, the experimental pa-
rameters and conditions were the same except that the drug tablet was 
first immersed in a pH 1.2 solution for 2 h. It was then removed and 
placed into a pH 5.5 solution for another 2 h. After that, the drug tablet 
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was immersed in a pH 7.4 solution until the drug tablet fully dissolved. 
HPLC test and analysis: The samples were analyzed by High Perfor-

mance Liquid Chromatography (HPLC; Shimadzu UV-3600). HPLC 
separation was performed on an Agilent Eclipse Plus C18 column (4.6 
mm × 150 mm, 3.5 µm). The flow rate was 1.0 mL/min, and the in-
jection volume was 10 μL. The elution times of diphenhydramine HCl, 
phenylephrine HCl and paracetamol were at 2.0 min, 2.75 min and 5.5 
min respectively. Sharp peaks were detected at the wavelength of 215 
nm for phenylephrine and diphenhydramine and 254 nm for paraceta-
mol. The mobile is a 50:50 mixture of a pH 4.0 buffer solution and 
acetonitrile. The pH 4.0 buffer consisted of 0.013 M potassium dihy-
drogen phosphate, 0.01 M trimethylamine, and phosphoric acid (i.e., 
added for achieving the pH 4.0). The experiments were performed in 
triplicate. 
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