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3D printing technology has enabled unprecedented flexibility in the design and manufacturing of complex
objects, which can be utilized in personalized and programmable medicine. The aim of this study is to eval-
uate the potential of 3D printing by digital light processing to fabricate drug-loaded systems with special
designs and unique drug-release characteristics, which otherwise are not possible to fabricate by conven-
tional pharmaceutical manufacturing methods. Oral dosage forms of pH responsive hydrogels were 3D
printed using acrylic acid monomer, cross-linker (polyethylene glycol diacrylate) and photoinitiator (2,4,6-
trimethylbenzoyl-diphenylphosphine oxide [TPO] nanoparticles). Sulforhodamine B, a pH independent
fluorescent dye, was used to model a small molecule hydrophilic drug. The printed structures exhibited
pH responsive swelling and the effect of pH and tablets’ surface area were studied on drug release. The
tablets showed higher swelling and faster drug release at higher pH, making them a promising system
for enhancing drug absorption in the intestine. Structures with large surface area and complex structures
showed enhanced swelling and faster drug release and vice versa.
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3D printing or additive manufacturing is a process of making a solid object from a digital model. 3D printing
is achieved using an additive process where successive layers of materials are laid down in different shapes by a
printing process [1,2]. Currently, 3D printing is provoking a great interest and is becoming a very useful method in
a variety of fields such as tissue engineering [3], medical devices [4,5] pharmaceutics [6–8], dentistry [9], aerospace [10],
construction [11] and automotive [12]. This is due to some clear advantages such as rapid manufacturing with
unprecedented flexibility in material composition, special geometries, complex microstructure, surface texture,
product performance (release kinetics) and capability of fabricating parts directly from computer aided design
models. Nowadays, the main 3D printing technologies are based on the following three approaches: the first is
selective polymerization of photo-sensitive monomer by UV [13]. The second is selective sintering or binding of
particles in powder (binder jetting) [14] and the third technology is selective deposition of filaments or cutting sheets
of paper/nylon [15]. Each approach requires suitable materials and tailoring the printing composition (‘ink’) for
optimal performance according to the printing technology.

Recent advances in pharmaceutical oral formulations are focused on the development of drug delivery systems that
can improve drug availability and absorption in the gastrointestinal track [16]. A more recent effort is being invested on
developing oral formulations with programmable properties that can be used for personalized medicine [17,18]. Such
systems demand tight control over the dose, composition and bioavailability, than that achieved by conventional
dosage forms [19]. Bioavailability of drugs depends on the drug absorption, which can be modulated by the use
of selected excipients and forms of drug-delivery systems. Conventional manufacturing of pharmaceutical dosage
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forms (e.g., tablets, capsules) is typically restricted to certain designs and materials, and is being commonly used in
generic form of tablets or capsules with or without enteric coating [20].

The first US FDA approved 3D printed tablet, levetiracetam (SpritamTM, Aprecia Pharmaceuticals, OH,
USA), demonstrates the use of 3D printing by binder jetting for making rapidly disintegrating structures for
high-dose epileptic medications [21]. The current 3D printing of drugs is focused on powder-based and melt-based
freeform fabrication methods. These have been used to prepare dosage forms with varying geometries and surface
areas by the selective deposition method [22]; multiple drug and multiple release kinetics by fused deposition
modeling [23]; and floating drug-delivery systems by binder jetting [24].

One of the great promises in the field of drug delivery system are smart hydrogels [19]. Hydrogels are 3D cross-
linked network of hydrophilic polymers which can absorb large amount of water or biological fluids by swelling.
The hydrogels may respond to chemical and physical stimuli such as temperature, pressure, pH, ionic strength
and magnetic or electric field [25]. Due to their biocompatibility and swelling capability in different stimuli, they
can be used for drug-delivery systems for controlled drug release [26–28]. In oral formulation, the enhancement of
bioavailability is a central issue. Therefore drugs that are sensitive to stomach conditions, in other words, the high
enzymatic activity and low pH are often administered within an enteric coated tablet, which protects the drug
and prevents premature drug release in the stomach while enabling a maximal absorption in the small intestine.
Therefore by using smart hydrogels, it is possible to minimize drug release in the stomach while enhancing its release
in the intestinal pH [29]. The aim of this research is fabrication by 3D printing and investigation of pH responsive
hydrogel tablets with complex structures, and controlled release of drugs by digital light processing (DLP) printing
technology. The technology is based on photopolymerization, enabled by DLP for curing photoreactive polymers.
The localized polymerization is performed within a bath filled with a polymerizable ink, usually by proper focusing
of UV light. DLP allows high-resolution, low printing cost and large build size [30].

We have developed a hydrogel formulation that could function as a model for 3D printed controlled drug
delivery system. Hydrogel tablets with complex structures were printed by using acrylic acid as the monomer and
polyethylene glycol diacrylate (PEGDA) as a cross-linker, resulting in pH responsive drug-delivery system.

Materials & methods
Materials
Acrylic acid was purchased from Acros (Belgium). TPO photo-initiator diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide was obtained from BASF (Germany). The surfactant Brij 58 and the dye Sulforhodamine B were purchased
from Sigma Aldrich (Merck, Germany). PEGDA was acquired from Sartomer-Arkema ( azuewah, France). Sodium
hydrogen phosphate (Merck-Germany), sodium chloride (Bio-Lab, Israel), potassium phosphate monobasic (Sigma
Aldrich, Merck-Germany) and hydrochloric acid (J. T Baker, Avantor, USA) were used for the dissolution medium.
Triple distilled water (TDW) was obtained from NANOpure R©-DIamondTM (TDW; 0.0055 μS.cm-1; Barnsted
system, IA, USA).

Methods
Preparation of aqueous ink containing Sulforhodamine B as a drug model

Aqueous inks containing Sulforhodamine B as a drug model were prepared in three steps:

� Dissolving the following components by magnetic stirring: TDW (58% w/w), acrylic acid (38% w/w), PEGDA
(2% w/w) and TPO nanoparticles powder (2% w/w). The TPO nanoparticles were prepared by lyophilizing clear
solutions containing 23.75% w/w Brij 58, 1.25% w/w TPO, 25% TDW and 50% 2-propanol. Lyophilization
was performed using laboratory-scale benchtop freeze-drying system (Labconco Freezone 2.5, MI, USA). The
solution (30 ml sample in a 100 ml round bottom flask) was lyophilized at a temperature of -47 ± 3◦C and
absolute pressure of approximately 0.470 mbar. The samples were kept in these conditions for 24 h [13].

� Preparation of Sulforhodamine B stock solution: 0.02 g of Sulforhodamine B powder was dissolved in 10 g of
step A solution by magnetic stirrer in order to have a 0.2% (w/w) concentration of Sulforhodamine B in the
aqueous ink.

� Preparation of the printed aqueous ink containing Sulforhodamine B: 83 g of the aqueous ink (step A) (99%
w/w) was mixed with 0.83 g of Sulforhodamine B stock solution (step B), (1% w/w). Chemical structures of
the relevant molecules are presented in Figure 1.
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Figure 1. Chemical structures of the printed solution components: (A) Monomer, (B) photo-initiator, (C) dye.

3D printing of drug-loaded, pH responsive hydrogel tablets

A predesigned hydrogel model was 3D printed using a 3D printer (Pico 2, Asiga, Australia). This printer operates
by stereolithography system with digital mirror device and UV-LED light source (385 nm). 3D printing of the
hydrogel was performed at a rate of 3 s per layer (100 μm layer thickness with 3 s irradiation to each layer). Each
structure (build size 16 × 16 × 5 mm/24 × 24 × 10 mm) was printed within 20–40 min.

The 3D printed hydrogels were lyophilized for 24 h in order to remove all the water and then the dry mass was
recorded. The structures were then observed under an environmental scanning electron microscope (Quanta 200
FEG, Holland) to visualize gross morphology.

Measurement of swelling index

In order to measure the swelling of the hydrogel, the 3D printed dried samples were first weighed (Wi) and then
immersed in buffers of different pH at 37 ± 0.5◦C. After each predetermined time interval, the hydrogels were
removed from the medium, blotted dry in order to gently remove excess water and weighed again (Wt). The
swelling index of the printed hydrogel was determined from the ratio of the swollen mass and dry mass.

Swelling index
Wt Wi

Wi







100

Measurement of drug release

The in vitro dissolution tests were performed with USP apparatuses 2 (ERWEKA R© and VanKel R© ERWEKA,
Germany), equipped with paddles rotating at 50 rpm. The tests were run in triplicates on the four tablets described
in Figure 2. A volume of 900 ml dissolution medium (phosphate buffer pH 7.4 or 1.2) was maintained at
37◦C and 200 μl was collected in a 96-well black plate at 0, 1, 2, 4, 8 and 24 h without replacing the volume
removed. The samples were quantified using fluorescence measurements by a microplate reader (Synergy-HT,
Biotek, USA) at excitation/emission of 530/590 nm according to a pre-prepared calibration curve. The percentage
of Sulforhodamine B dissolved during each collection time was calculated relative to the amount of Sulforhodamine
B loaded within each tablet. Due to the removal of water from the tablet after printing, only the solid content of
the printing solution was taken into consideration.
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Figure 2. Images of the 3D printed
hydrogel tablets using digital light
processing technique. (A) Box. (B)
Hemisphere. (C) 5 × 5. (D) Hive. (E–F)
are scanning electron microscopy
images of D and C shapes,
respectively.
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Kinetic models

Drug release data from all shapes were fitted to various kinetic models to evaluate the release pattern. The correlation
of the release to each kinetic model was calculated and the coefficient of determination (R2) was obtained. The
different kinetic models examined were zero order, Korsmeyer–Peppas and Higuchi model given by equations
below [31].
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Where Mt/M∞ is the ratio between the cumulative amounts of drug released (up to 60% release only at
Krosmeyer–Peppas model) at time t (Mt) and infinite time (M∞), K0, Km and KH are the zero order, Krosmeyer–
Peppas and Higuchi model release constants, respectively, and n is the release exponent indicative of the drug release
mechanism. An n value ≤ 0.45 indicates Fickian mechanism that occurs mainly due to diffusion. For n ≥ 0.89,
the release rate is independent of time and the mechanism is mainly controlled by erosion. Intermediate values
(i.e., 0.45 ≤ n ≤ 0.89) represent a non-Fickian or anomalous transport and suggest mechanism of release influenced
from both erosion and drug diffusion [32].

Cells viability assay

In order to evaluate the safety of the tablet materials and their effect on intestinal epithelium cells, Caco2, viability,
the tablets were incubated for 72 h in 50 ml of double deionized water (DDW) under gentle stirring. The condition
medium was collected, diluted and supplemented to the cell medium for 72-h incubation. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide viability assay was performed according to manufacturer instructions and
optical absorption was measured by plate reader (570 nm) [33].

Results & discussion
Preliminary experiments were conducted in order to evaluate the optimal composition of the 3D aqueous ink, for
selection of the optimal cross-linker, photoinitiator and monomer type. We searched for such a monomer which
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Figure 3. Images of
sulforhodamine B-loaded 3D printed
tablets with different shapes, before
and after 24 h swelling in phosphate
buffer (pH 7.4). (A) Box. (B)
Hemisphere. (C) 5 × 5. (D) Hive.

can exhibit very low solubility in acidic conditions thus can pass through the stomach without releasing the drug
which is loaded within the hydrogel [34–36]. The photoinitiator (PI) nanoparticles were used based on our previous
demonstration of 3D printing in water [13]. The acrylic acid was selected due to its ability to swell at a certain
pH after polymerization [37]. Sulforhodamine B, a pH-independent fluorescent dye, was used to model a small
molecule hydrophilic drug in the release experiments. After optimizing the printing parameters, four different
shapes of tablets were printed and evaluated for their substance release and swelling. The fabricated structures are
shown in Figure 2 and are referred as: A – box, B – hemisphere, C – 5 × 5 and D – hive.

In general, when the printed objects were immersed in phosphate buffer (pH 7.4), they swelled about 3- to
15-times of their initial size (Figure 3), depending on the shape of the delivery system. Each tablet structure had
a different release profile as could be expected from the reports about correlation between swelling characteristics
and drug release behavior of pH responsive hydrogels and the reports on tablets with different shapes. For example,
Sohail et al. reported that drug release from pH-sensitive polyvinylpyrrolidone–acrylic acid hydrogels, prepared by
a mold, was increased by increasing the pH of the medium and acrylic acid content in the hydrogels [38–40]. Goyanes
et al. reported the effect of geometry on drug release from 3D printed tablets fabricated by using hot melt extrusion
3D printing. It was found that the drug release from tablets was dependent on the ratio of surface area to volume,
indicating the possibility of controlling the drug release by tailoring the shape of the tablets, such as a sphere,
pyramid, cube and cylinder [22]. In the present study, by utilization of the DLP printing approach, we were able
to evaluate both the shape and the swelling of objects with complex geometries, on the release and swelling behavior.

Measurement of swelling indices
Under the assumption that the main release mechanism is governed by the swelling ability of the 3D printed tablets,
the swelling index of tablets with each of the shapes was measured under the same sink conditions. The calculated
surface areas of the four shapes are presented in ascending order; hemisphere, 5 × 5, box and hive: 6.2, 9.1, 22.4
and 89.6 cm2, respectively. In order to accurately predict the swelling abilities, the tablets were weighted and the
surface area was normalized according to the average weight of each shape. Normalized surface area of hive, 5 × 5,
hemisphere and box were; 58.2, 20.1, 4.22 and 4.15 cm2/g, respectively. As shown in Figure 4, the swelling index
of hive and 5 × 5 tablets (17.4 and 16.6, respectively) is significantly higher than the hemisphere and the box
shapes (2.8 and 2, respectively) as expected. We speculated that shapes presenting higher swelling abilities would
show correlated higher Sulforhodamine B release.

pH-dependent drug release
Sulforhodamine B was selected as a drug model for hydrophilic small molecules due to its high solubility in all
tested pH ranges and its pH independent absorption over the range of pH between 3 and 10 [41]. The release
mechanism of Sulforhodamine B was found to be governed by the pH dependent swelling properties [42]. The
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Figure 4. Swelling index of different 3D printed tablets with different shapes.

effect of pH on release from the 3D tablets was evaluated by measuring the cumulative release at pH 1.2 and 7.4.
The results shown in Figure 5 indicate a major difference in release from the hive and 5 × 5 shapes, compared with
the hemisphere and box shapes.

After 24 h, the release from shapes 5 × 5, hive, box and hemisphere in pH = 7.4 was: 61, 65.7, 12.3 and 25.6%,
respectively, and in pH = 1.2 was: 25, 44.4, 8.5 and 18.9%, respectively. The ratio between these values, referred
to as responsiveness index (RI) was calculated for each shape; 5 × 5 shape presented in Figure 5B has shown the
largest RI of 2.4 after 24 h. Hive shape has demonstrated a RI of 1.48. Both box and hemisphere shapes exhibit
similar low RI of 1.4 and 1.3, respectively. Using such differences in the extent of drug release could potentially
facilitate the fine-tuning of drug release profile in vivo.

Cross-linking effect
The effect of the cross-linker concentration on the release (pH 7.4) was also evaluated. Tablets with the 5 × 5
shape were printed at the same printing conditions, while using solutions with various cross-linker concentrations
(1–3.5% w/w). As shown in Figure 6, the tablet which was printed with the lowest concentration of cross-linker
(1% w/w), yielded the highest cumulative release, 80.5% after 24 h. Tablets containing 1.5, 2.5, 3 and 3.5 cross-
linker (% w/w) demonstrated cumulative release percentage of 70.5, 67.7, 66.6 and 65.5, respectively, indicating
a reverse correlation between the cross-linker concentration and the cumulative release: the higher the cross-linker
concentration, the lower the cumulative release. This finding is in agreement with previous reports on the release
from cross-linked hydrogels [43,44].

Release & swelling correlation
In order to better understand the relation between swelling and drug release, we compared the percentage of
cumulative Sulforhodamine B release in all four shapes at pH 7.4 (Figure 5) to the swelling index at each time
interval (Figure 4). Data are calculated for up to 60% release, in accordance with the kinetics model of Korsmeyer–
Peppas. We have evaluated the correlation between the ability of each tablet to expand with its ability to release the
drug, shown as the cumulative release of Sulforhodamine B as a function of swelling index (Figure 7). Hive and
5 × 5 shapes have reached the highest values of both release and swelling, while box and hemisphere reached the
lowest values. The correlation was evaluated by R2, which range from 0.944 to 0.995, thus indicating a direct linear
association between release and swelling [45,46]. These results clearly show the important effect of tablet design on
the ability to control the extent and duration of drug release.
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Figure 5. Effect of pH on the cumulative release of Sulforhodamine B from different 3D printed shapes. (A)
Hemisphere. (B) 5 × 5. (C) Box. (D) Hive.
Full lines represent pH 7.4 release while dotted lines represent 1.2 pH release ±SD (n = 9).
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Kinetics models
Mathematical models of drug release are used to evaluate the mechanism in which a drug is discharged from the
tablet. The data acquired from the dissolution tests were analyzed in order to find the most representative kinetic
model. As shown in Table 1, all four shapes demonstrated poor coefficient of determination (R2) in zero order
kinetic model. Korsmeyer–Peppas model was found to be best fitted for box, hemisphere and hive (0.996, 0.998
and 0.987, respectively). Nonetheless, 5 × 5 shape presented a better fit toward Higuchi’s models (0.977) assuming
Fickian diffusion is the rate limiting step and the predominant release mechanism. All four shapes exhibited a
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Figure 7. Correlation between the tablet expansion and drug release in different 3D printed shapes.
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Table 1. Parameters obtained from various kinetic models.
Shape Zero order Korsmeyer–Peppas Higuchi’s

R2 K0 R2 (n) R2 KH

Box 0.90 0.54 0.996 0.646 0.965 2.284

Hemisphere 0.887 1.15 0.998 0.607 0.975 4.837

5 × 5 0.735 2.89 0.9 0.871 0.977 12.532

Hive 0.176 4.46 0.987 0.66 0.96 2.419

K0: Zero order; KH: Higuchi model release constant; n: Release exponent; R2: Coefficient of determination.

value of n in the range of 0.45 < n < 0.89, representing a non-Fickian diffusion mechanism. Such behavior is
related to the response rate in which the polymer structure alters post absorption of the surrounding molecules [47].
Anomalous diffusion mechanism obtained here is in accordance with polyacrylic acid glassy character at 37◦C [48]

and extensive swelling of glassy polymers often abstained from following Fickian concentration-dependent release.
Instead, glassy polymer tends to react slowly to changes in their environment. System parameters such as stress,
temperature, medium type and concentration are time-dependent resulting in an anomalous release.

Tablet biocompatibility & cell viability
The biocompatibility and potential toxicity effect of the tablets and their condition media were studied in human
epithelial colorectal adenocarcinoma cells, Caco2 cells, which are the acceptable model for intestinal absorption
studies. Figure 8 shows viability level after 72 h of treatment normalized to the untreated cells. Cells supplemented
with DDW (control) reached values of 0.9 OD and served as a reference for treated cells. The tablets condition
media and dilutions of 1:2 and 1:4 reached values of 0.87, 0.86 and 0.90 OD, respectively. Statistical tests were
performed showing no significant difference between treated and untreated cells, suggesting that there is no cytotoxic
effect (Figure 8).

As presented in this research, 3D printed drug-loaded hydrogels can be used for targeted and delayed drug release
in the small intestine as they can pass intact through the acidic environment of the stomach with minimal drug
release. Hydrogels of polyacrylic acid exhibit very low solubility in acidic conditions due the carboxylic acid groups,
which remain unionized at low pH. As the pH of the surrounding media increases, these groups in tablet matrix
begin to ionize, thus resulting in increased hydrophilicity and solubility. These structures can be used to protect
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drugs from the acidic conditions of the stomach, as well as to prevent gastric irritation that is caused by a variety
of drugs.

Conclusion
In this study, we have demonstrated the utilization of 3D printing to improve performance of classic solid dosage
forms by offering new ways to control drug release as function of pH and surface area, while controlling geometry
parameters. We have shown a good correlation between the swelling of the tablets and the release of a model drug,
meaning we can tune the drug release by designing specific shapes with the desired surface area. It is expected that
advancing this technology would eventually allow to provide an important means for personalized drug delivery by
controlling critical parameters for drug action and absorption.

Future perspective
Utilization of various 3D printing technologies for additive manufacturing of drug delivery systems is expected to
lead to exciting and unique products for the pharmaceutical industry. Future products will take advantage of the
possibilities to form delivery systems with complex geometries that would enable formation of programmable and
personal medicine. For example, printed multidrug tablets that are composed of compartments that can open up
and release specific drugs at a specific time or pH and tablets that can float in the stomach for a prolonged time
due to presence of printed channels filled with air. Future applications will depend on progress in rapid printing in
large scale and availability of printing materials approved for medical applications.
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Summary points

� Utilization of 3D printing to improve performance of classical solid dosage forms by offering new ways to control
drug release as function of pH and surface area, while controlling complex geometry parameters.

� The swelling index of 3D printed structures can be controlled through the structure of the printed delivery
systems.

� For each geometry, the release increases with the swelling index of the printed object.
� Kinetic models suggest that the drug release from 3D printed tablet is mostly governed by tablet swelling as well

as diffusion from the tablet surface.
� 3D printed drug-loaded hydrogels can be used for targeted and delayed drug release in the small intestine, as

they can pass intact through the acidic environment of the stomach with minimal drug release.
� Biocompatibility and potential toxicity effect of the tablets were studied in human epithelial colorectal

adenocarcinoma cells, Caco2 cells,) and showing no significant difference between treated and untreated cells,
suggesting that there is no cytotoxic effect.

� Advancing this technology would enable providing important means for personalized and programmable
drug-delivery systems.

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1. Jones N. Three-dimensional printers are opening up new worlds to research. Nature 487, 22–23 (2012).

2. Moulton SE, Wallace GG. Three-dimensional fabricated polymer-based drug delivery systems. Jconrel. 193, 27–34 (2014).

3. Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nature Biotech. 32(8), 773–785 (2014).

4. Letourneau CA, Davies CT et al. 3D printing of medical devices: when a novel technology meets traditional legal principles. Reed
Smith (2015).

5. Researchers use 3D printers to create custom medical implants. Phys.
Org.(2014). https://phys.org/news/2014-08-3d-printers-custom-medical-implants.html

6. Yu DG, Zhu LM, Branford-White CJ, Yang XL. Three-dimensional printing in pharmaceutics: promises and problems. J. Pharm.
Sci. 97(9), 3666–3690 (2008).

7. Goole J, Amighi K. 3D printing in pharmaceutics: a new tool for designing customized drug-delivery systems. Ijpharm. 499, 376–394
(2016).

8. Goyanes A, Chang H, Sedough D et al. Fabrication of controlled-release budesonide tablets via desktop (FDM) 3D printing.
Ijpharm 496, 414–420 (2015).

9. Professional grade 3D printer microlay dentalfab. 3D printing for digital dentistry.microlay.com/dentalfab

10. 3D printing takes off with aeronautics & aerospace.sculpteo.com/blog/2015/11/25/3d-printing-takes-off-with-aerodinamics-aerospace

11. Top 10 3D printed construction
innovations.https://3dprintingindustry.com/news/top-10--3d-printed-construction-innovations-83578/

12. Nadgorny M, Xiao Z, Chen C, Connal L. Three-dimensional printing of pH-responsive and functional polymers on an affordable
desktop printer. Am. Chem. Soc. (8(42), 28946–28954 (2016).

13. Pawar AA, Saada G, Cooperstein I et al. High-performance 3D printing of hydrogels by water-dispersible photoinitiator
nanoparticles. Sci. Adv.2(4), e1501381, 1–7 (2016).

• Using water-dispersible photoinitiator nanoparticles enable avoiding the use of organic solvents.

14. Weiland S, Petzoldt F. Binder jet 3D-printing for metal additive manufacturing: applications and innovative approaches. Ceramic Forum
Inter.10, E26–E30 (2016).

15. Davies MJ, Costley E, Ren J, Gibbons P, Kondor A, Naderi M. On drug–base incompatibilities during extrudate and fused deposition
3D printing. J. 3D Print. Med. 1(1), 31–47 (2017).

16. Kalepu S, Manthina M, Padavala V. Oral lipid-based drug-delivery systems: an overview. Acta Pharm. Sinica B. 3(6), 361–372 (2013).

17. Alhnan MA, Okwuosa TC, Sadia M, Wan KW, Ahmed W. Emergence of 3D printed dosage forms: opportunities and challenges.
Pharm. Res. (2016).

18. Alomari M, Mohamed FH, Basit AW, Gaisford S. Personalized dosing: printing a dose of one’s own
medicine. Ijpharm. 494, 568–577 (2015).

19. Sandeep C, Harikumar SL, Kanupriya . Hydrogels: a smart drug delivery system. IJRPC 2(3), 603–614 (2012).

•• Emphasizes the importance of the type of matrix carrying the drug.

228 J. 3D Print. Med. (2017) 1(4) future science group



3D printing of responsive hydrogels for drug-delivery systems Research Article

20. Miller DS, Parsons AM, Bresland J et al. A simple and inexpensive enteric-coated capsule for delivery of acid-labile macromolecules to
the small intestine. J. Zhejiang Uni-Sci B. 16(7), 586–592 (2015).

21. FDA approves the first 3D printed drug.2015https://www.spritam.com/#/patient

22. Goyanes A, Robles-Martinez P, Buanz A, Basit AW. Effect of geometry on drug release from 3D printed
tablets. Ijpharm 494, 657–663 (2015).

•• Indicates the effect of shape on drug release.

23. Goyanes A, Wang J, Buanz A et al. 3D printing of medicines: engineering novel oral devices with unique design and drug release
characteristics. Am. Chem. Soc. 12, 4077–4084 (2015).

24. Zhang XF, Yu DG, Zhu LM, Branford-White C, Dowden S, Yang XL. Sustained-release floating drug delivery systems prepared using
three-dimensional printing. IEEE (2009).

25. Krishna Rao KSV, Ha CS. pH sensitive hydrogels based on acryl amides and their swelling and diffusion characteristics with drug
delivery behavior. Polym. Bull. 62, 167–181 (2009).

26. Ahmed EM. Hydrogel: preparation, characterization and applications: a review. J. Adv. Res. 6, 105–121 (2015).

27. Peppas NA, Bures P, Leobandung W, Ichikawa H. Hydrogels in pharmaceutical formulations. Euro. J. Pharm. Bio. 50, 27–46 (2000).

28. Hoffman AS. Hydrogels for biomedical applications. Adv. DD Rev. 54, 3–12 (2002).

29. Rizwan M, Yahya R, Hassan A et al. pH sensitive hydrogels in drug delivery: brief history, properties, swelling and release mechanism,
material selection and applications. Polym. 9, 137 (2017).

30. Patel DK, Hosein Sakhei A, Layani M, Zhang B, Ge Q, Magdassi S. Highly stretchable and UV curable elastomers for digital light
processing-based 3D printing. Adv. Mater. 29 (15) 1-7 (2017).

31. Dash S, Murthy PM, Nath L, Chowdhury P. Kinetic modeling on drug release from controlled drug delivery systems. Acta. Pol.
Pharm. 67(3), 217–223 (2010).

32. Siahi-Shadbad MR, Asare-Addo K, Azizian K, Hassanzadeh D, Nokhodchi A. Release behavior of propranolol HCl from matrix tablets
containing psyllium powder in combination with hydrophilic polymers. AAPS PharmSciTech. 12(4), 1176–1182 (2011).

33. Riss TL, Moravec RA, Niles AL et al. Cell viability assays: assay guidance manual. Eli Lilly & Company and the National Center for
Advancing Translational Sciences 2–3, (2013).

34. Almeida H, Amaral MH, Lobao P. Temperature and pH stimuli-responsive polymers and their applications in controlled and
self-regulated drug-delivery. JAPS 2(6), 1–10 (2012).

35. Karolewicz B. A review of polymers as multifunctional excipients in drug dosage form technology. SpharmJ. 24(5), 525–536 (2016).

36. Swift T, Swanson L, Geoghegan M, Rimmer S. The pH-responsive behavior of poly(acrylic acid) in aqueous solution is dependent on
molar mass. Soft Matter. 12, 2542–2549 (2016).

37. Kraus K, Tieke B. pH- and temperature-responsive hydrogels of acrylic acid, n-isopropylacrylamide and a nonionic surfmer: phase
behavior, swelling properties and drug release. Colloid Polym. Sci. 292(3), 3127–3135 (2014).

38. Sohail K, Khan IU, Shahzad Y, Hussain T, Ranjha NM. pH-sensitive polyvinylpyrrolidone-acrylic acid hydrogels: impact of material
parameters on swelling and drug release. Pharm. Sci. 50(1), 173–184 (2014).

39. Bartil T, Baunekhel M, Cedric C, Jerome R. Swelling behavior and release properties of pH-sensitive hydrogels based on methacrylic
derivatives. Acta Pharm. 57, 301–314 (2007).

40. Krishna Rao KSV, Ha CS. pH sensitive hydrogels based on acryl amides and their swelling and diffusion characteristics with drug
delivery behavior. Polym. Bull. 62, 167–181 (2009).

41. Coppeta J, Rogers C. Dual emission laser-induced fluorescence for direct planar scalar behavior measurements. Exp. Fl. 25, 1–15 (1998).

42. De SK, Aluru NR, Johnson B, Crone WC, Beebe DJ, Moore J. Equilibrium swelling and kinetics of pH-responsive hydrogels: models,
experiments and simulations. JMS 11(5), 544–555 (2002).

43. Wong RSH, Ashton M, Dodou K. Effect of cross-linking agent concentration on the properties of unmedicated hydrogels.
Pharmaceutics 7, 305–319 (2015).

44. Maitra J, Shukla VK. Cross-linking in hydrogels: a review. Am. J. Polymer Sci. 4(2), 25–31, (2014).

45. Sriamornsak P, Thirawong T, Weerapol Y. Swelling and erosion of pectin matrix tablets and their impact on drug release behavior. Eur.
J. Pharm. Biopharm. 67, 211–219 (2007).

• Presents various kinetic models related to drug release.

46. LCS Wan, PWS Heng, Wong LF. Relationship between swelling and drug release in a hydrophilic matrix. Drug Dev. Ind.
Pharm. 19(10), 1201–1210 (1993).

47. Crank J. The mathematics of diffusion. Ox. Sci. Pub. 11, 254–256 (1979).

48. Kricheldorf Hans R, Oskar Nuyken, Graham S. Handbook of Polymer Synthesis (Second Edition). Chapter 4, page 279

future science group www.futuremedicine.com 229





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


