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A B S T R A C T   

Oromucosal patches for drug delivery allow fast onset of action and ability to circumvent hepatic first pass 
metabolism of drugs. While conventional fabrication methods such as solvent casting or hot melt extrusion are 
ideal for scalable production of low-cost delivery patches, these methods chiefly allow for simple, homogenous 
patch designs. As alternative, a multi-material direct-ink-write 3D printing for rapid fabrication of complex 
oromucosal patches with unique design features was demonstrated in the present study. Specifically, three print- 
materials: an acidic saquinavir-loaded hydroxypropyl methylcellulose ink, an alkaline effervescent sodium 
carbonate-loaded ink, and a methyl cellulose backing material were combined in various designs. The CO2 
content and pH of the microenvironment were controlled by adjusting the number of alkaline layers in the patch. 
Additionally, the rigid and brittle patches were converted to compliant and stretchable patches by implementing 
mesh-like designs. Our results illustrate how 3D printing can be used for rapid design and fabrication of 
multifunctional or customized oromucosal patches with tailored dosages and changed drug permeation.   

1. Introduction 

Drug delivery using oromucosal patches has several advantages. It 
bypasses the hepatic first pass metabolism, provides fast onset of action, 
and has good patient compliance (Chinna Reddy et al., 2011; Lam et al., 
2014; Madhav et al., 2009; Sudhakar et al., 2006). It is especially rele-
vant for potent drugs where the metabolism associated with conven-
tional oral administration can be a major challenge. Drug release 
kinetics from an oromucosal patch and subsequent transport across the 
buccal mucosa is dependent on the physico-chemical properties of the 
drug(s) in question, as well as the carrier materials applied in the patch. 
For instance, 40% of approved drugs and nearly 90% of drugs in 
development are poorly water soluble (Kalepu and Nekkanti, 2015; 
Loftsson and Brewster, 2010), some of them are weakly ionizable with 
pH-dependent solubility (Bassi and Kaur, 2010; Taniguchi et al., 2014). 
In such cases, the carrier materials applied in an oromucosal patch 
present an opportunity to locally and transiently control drug solubility 
and improve drug absorption (Bergström et al., 2004; Sieger et al., 2017; 
Taniguchi et al., 2014). In addition, the patch should be of minimal 
discomfort to the recipient and contain an appropriate or even tailored 
dosage. 

A smart and delicate fabrication method needs the ability to tune the 
fundamental properties of oromucosal patches. At present, solvent 
casting (SC) and hot melt extrusion (HME) are the standard methods for 
fabrication of oromucosal patches (Krampe et al., 2016; Vetchý et al., 
2014). Of these, SC is the widely used one in industry due to its relative 
simplicity and low cost. In SC, the components of the formulation are 
dissolved in a suitable solvent, that is cast onto a horizontal plate/ 
release liner and dried to obtain layered patches (Morales and McCon-
ville, 2011; Pechová et al., 2018). In HME, patch formulations are mixed 
and heated, extruded, and cut into the desired size (Dixit and Puthli, 
2009). While these methods provide means of large-scale fabrication of 
uniform patches, they offer limited opportunities to integrate multiple 
functional materials in complex designs for optimized or patient-tailored 
dosing and release. On the other hand, emerging additive manufacturing 
technologies –widely referred to as 3D printing– are highly appealing for 
generating pharmaceutical delivery systems with personalized dosages, 
drug combinations, mechanics, and release characteristics (Alomari 
et al., 2015; Buanz et al., 2015; Daly et al., 2015; Seoane-Viaño et al., 
2021b). 

Several printing techniques have been explored for design and 
fabrication of oral patches (Krampe et al., 2016; Preis et al., 2015; Tian 
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et al., 2019), including inkjet and flexographic printing (Genina et al., 
2013, 2012; Janßen et al., 2013; Raijada et al., 2013; Wickström et al., 
2015), fused deposition modelling (FDM) (Eleftheriadis et al., 2020) and 
direct ink writing (DIW) (Cho et al., 2020; Ehtezazi et al., 2018; Elba-
dawi et al., 2021; Eleftheriadis et al., 2019; Musazzi et al., 2018; Rah-
man and Quodbach, 2021; Seoane-Viaño et al., 2021a; Speer et al., 
2018) – also known as robocasting or pressure-assisted micro-syringe 3D 
printing. DIW relies on volumetric or pneumatic extrusion of viscous or 
viscoelastic inks composed e.g. of particles or polymers in a carrier 
solvent, that solidifies or dries following extrusion. DIW is particularly 
interesting for printing of complex oromucosal patches, as it allows for 
combining several materials and solvents in a single procedure (Lind 
et al., 2017). Moreover, materials and casting solutions used in tradi-
tional SC can generally be applied in DIW either directly or following 
minor modifications. DIW thus opens for new concept and designs based 
on well-studied and regulatory approved materials. For instance, 
Tagami et al. printed mono-material mucoadhesive patches based on 
hydroxypropyl methylcellulose (HPMC) inks loaded with catechin in 
various macroscopic geometries (Tagami et al., 2019). More recently, 
Elbadawi et al. combined HPMC and pullulan loaded with caffeine, in 
macroscopic-side by side or layered designs and studied the influence on 
patch mechanics (Elbadawi et al., 2021). 

The present study demonstrates the use of DIW 3D printing for 
creating truly complex and multi-functional patches through sub- 
millimeter integration of three inks based on well-established carrier 
materials such as HPMC and methyl cellulose (MC). More specifically, 
the patches were designed for buccal delivery of antiretroviral drug 
saquinavir, a poorly water-soluble compound with low oral bioavail-
ability, due to extensive hepatic first pass metabolism (Branham et al., 
2012; Caon et al., 2015; Kim et al., 1998; Kupferschmidt et al., 1998). 
Drug dose of the oromucosal patches was rapidly altered by changing 
the digital design of the patches during fabrication. Further, a slightly 
acidic saquinavir ink optimized for high drug solubility(Buchanan et al., 
2008; Obonga et al., 2013; Takano et al., 2016) and an ink containing 
alkaline effervescent carbonate were printed side-by-side, to alter the 
microenvironment pH (pHM) and saquinavir transport across a buccal 
barrier in an ex vivo assay. Moreover, highly stretchable patches were 
created by implementing simple mesh-like designs that provides a better 
patient comfort, especially for long-term dosing applications, when it is 
applied in mechanically active spots in the oral cavity. 

2. Materials and methods 

2.1. Chemicals 

Saquinavir mesylate (SQM) was obtained from Hoffmann-La Roche 
Ltd (Basel, Switzerland). Malic acid, glycerol (˃99%), agarose (type I), 
Nile red, Sulforhodamine B acid chloride and bovine serum albumin 
were purchased from Sigma-Aldrich (MO, USA). Hydroxypropyl meth-
ylcellulose (HPMC) K100 LV (viscosity: 80–120 mPa•s, 2% (v/v %) at 20 
◦C) (DOW chemical company, 2013.) and methyl cellulose (EC) NF 50 
were obtained from Dow Chemical Ltd (MI, USA). HPMC K200 M (vis-
cosity: 75,000–140,000 cP) (DOW chemical company and Colorcon, 
2021.) was purchased from Colorcon Inc. (PA, USA). Monopotassium 
dihydrogenphosphate anhydrate, dipotassium hydrogenphosphate 
anhydrate, sodium chloride, phosphoric acid (85%) and citric acid 
anhydrate were obtained from Merck KGaA (Darmstadt, Germany). 
Lucifer Yellow CH was purchased from Thermo Fisher (Invitrogen, 
USA). Purified water from a SG ultra pure water system (SG Water, 
Barsbuttel, Germany) was used. 

2.2. Preparation of the inks 

Separate polymer-based inks were prepared for backing membrane, 
saquinavir layer with malic acid, and alkaline layer containing sodium 
carbonate, as detailed in Table 1. For the backing membrane ink, 

suitable amounts of MC, glycerol and Nile red were dissolved in 20 mL of 
methanol at 60–65 ◦C. For the saquinavir drug ink, saquinavir mesylate, 
glycerol and malic acid were dissolved in 20 mL of water at 70–75 ◦C, 
followed by suspending HPMC K100 LV gradually to form a white 
HPMC-saquinavir suspension, which was cooled down to 4–6 ◦C to 
obtain a transparent ink. For the alkaline ink, sodium carbonate, glyc-
erol and HPMC K200 M were dissolved in water at 70–75 ◦C. 

2.3. Rheological studies of the inks 

The rheology of each ink was analyzed using a Discovery Hybrid 
Rheometer (TA instruments, DE, USA) equipped with a Peltier plate 
thermal controller and a plate geometry with a diameter of 40 mm. The 
measurements were performed at 25 ◦C. The inks were equilibrated at 
25 ◦C for 30 s prior to conduction of the measurements. The storage (G′) 
and loss (G′′) moduli were measured as a function of oscillatory strain 
(0.01–10,000%) at constant frequency (1 Hz). The viscosity of the inks 
was measured as a function of shear rate (0.01–100 1/s). 

2.4. 3D printing of oral delivery patches 

All patches were 3D printed using a 3D-Discovery printer (RegenHU, 
CH) and the accompanying BioCAD software for print design. 3 CC 
cartridges (Nordson EFD, US) were applied for containing ink, using 
pneumatic pressure for saquinavir and alkaline ink extrusion. 10 CC 
cartridges (Nordson, EFD, US) were used for extrusion of the backing 
membrane. 

2.4.1. Preparation of the single-material patches for stretchability study 
To compare the tensile strength and elasticity of different designs 

based on the MC backing membrane ink, cylindrical steel nozzles with a 
diameter of 0.2, 0.4 and 0.6 mm (Cellink, SE) were used, at a pneumatic 
pressure of 250, 100 and 50 kPa, respectively. The ink was extruded at 
RT onto a heated polystyrene plate (45 ◦C) at a feed rate of 15 mm/s in 
the shape of a meander with different line sizes A and B. In addition, a 
uniform layer was added on top and on the bottom of the design for 
further mounting of the sample on a biaxial stretcher. The prints were 
left drying for 1 h prior to testing. 

2.4.2. Preparation of multi-material patches 
The stretchable patches used to determine the drug-content and 

drug-permeability were printed with varying number of layers and 
nozzle sizes to determine the effect of the alkaline ink on the local pH. 
The backing membrane was printed in 3 layers using a 0.6 mm cylin-
drical steel nozzle at a pressure of 40 kPa and a feed rate of 10 mm/s on a 
pre-heated polystyrene plate (45 ◦C). The printed backing membrane 
was left on the polystyrene plate and dried for approx. 30 min before 

Table 1 
Composition of the inks.   

Ink for saquinavir 
layer, g (%)* 

Ink for alkaline 
layer, g (%)* 

Ink for backing 
membrane, g  

Saquinavir 
mesylate 

0.10 (0.45) –  –  

HPMC K100 LV 1.50 (6.78) –  –  
Malic acid 0.22 (0.99) –  –  
Glycerol 0.30 (1.36) 0.20 (0.9)  0.60  
Sodium 

carbonate 
– 0.25 (1.13) –  

HPMC K200 M – 0.50 (2.26) –  
Methyl 

cellulose 100 
FP 

– –  6.00  

Nile red – –  0.004  
Methanol (ml) – –  0.04  
Water 20.0 (90.42) 30.0 (96.93)  –  

* Percentage of components in the inks is wt%. 
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further printing. The drug-laden-ink was printed on the dry backing 
membrane, and the patches with different number (1, 2 and 3) of drug- 
laden layers used for the drug content measurement were printed using 
different nozzles with diameters of 0.1, 0.2 and 0.4 mm, respectively. 
For further experiments, a nozzle size of 0.4 mm was chosen for drug- 
laden and alkaline inks, which were printed with a 0.4 mm cylindrical 
steel nozzle at a feed rate of 15 mm/s and a pressure of 30 and 15 kPa, 
respectively. The drug-laden ink was printed in 3 layers. Afterwards, the 
alkaline ink was printed in parallel to the printed drug-laden ink in 0, 1, 
2, 3, 4 and 5 layers. The final prints were left drying on the polystyrene 
plate until further use. 

2.5. HPLC system for the quantification of saquinavir 

The Elite LaChrom HPLC system (VWR International, Tokyo, Japan) 
equipped with an L-2130 pump with degasser, an L-2450 diode array 
detector and L-2200 autosampler was applied to quantify saquinavir in 
different samples. Reversed phase chromatography was performed using 
a C18 column at 30 ◦C and a mobile phase of 10 mM ammonium acetate 
buffer: acetonitrile 60:40 (v/v). A flow rate of 0.5 mL/min and an in-
jection volume of 20 µL were applied. Saquinavir was detected at 240 
nm with a retention time of 5.5 min. The chromatograms were analyzed 
using EZChrom Elite software Version. A linear calibration curve with a 
R2 value of 0.9987 was obtained in the range of 0.45–160.50 µg/mL for 
the drug content study. For permeation study, a linear calibration curve 
was used in the range of 25–850 ng/mL (R2 = 0.9964). The quantifi-
cation limit was 25 ng/mL. 

2.6. Analysis of saquinavir content in the printed patches 

Each printed patch as described in Sections 2.4.1 and 2.4.2 was put 
into a volumetric flask followed by adding water to 100 mL. The flask 
was sonicated in an ultrasonic bath at 40 ◦C for 10 min to obtain sa-
quinavir solution (backing membrane was insoluble in this solution). 
With suitable dilution, the sample was analyzed using the HPLC method 
described in Section 2.5. 

2.7. Morphology study 

The printed pHM modifying patches described in Section 2.4.2 were 
observed using a Dino-Lite digital microscope (USB) (AnMo Electronics 
Corporation, Taiwan, China) and a bright-field microscope (Zeiss Axi-
oskop 40, Jena, Germany). For visualization studies, different fluores-
cent agents were added to each ink and the dry patches with fluorescent 
agents were imaged using a Zeiss Observer Z1 microscope with a 
mounted Zeiss AxioCam Mrm (Jena, Germany). To differentiate be-
tween the inks, the backing membrane was visualized using Nile Red 
(exc. 559 nm/ emis. 636 nm), for the saquinavir and alkaline ink sul-
forhodamine B acid chloride (exc. 543 nm/ emis. 565 nm) and Lucifer 
yellow (exc. 236 nm/ emis. 542 nm) were used, respectively. 

2.8. Mechanical study 

The thickness of backing membranes with 1, 2 and 3 layers printed 
with a nozzle diameter of 0.2, 0.4 and 0.6 mm was determined using a 
Stylus profiler (Dektak 150, Veeco, NY, US). The mechanical properties 
of the printed backing membranes was analyzed using a biaxial stretcher 
(Instron, Illinois Tool Works Inc., MA, US). The width and length of the 
stretchable part of the backing membranes were also measured. The 
additional attachment sites were used to place the samples on the uni-
axial stretcher with a load cell of 500 N. The ultimate tensile strength 
was determined by recording the load force (N) as a function of exten-
sion (m). The effective stiffness was determined by plotting the load 
force (N) over tensile strain (%) and performing a linear fit of the linear 
regime before first break. 

2.9. Investigation of pHM during the dissolution 

Each patch was placed in an Eppendorf tube followed by adding 400 
µL of phosphate buffer solution (PBS, 13 mM potassium phosphate and 
145 mM sodium chloride, pH 6.8) simulating human saliva pH and 
buffer capacity as previously described (Gittings, 2017; He et al., 2020). 
Immediately, the pH close to the surface of the patch was measured 
using a pH meter (744 pH meter, Mettler Toledo, OH, USA) with a 
micro-electrode (Biotrode, Metrohm AG, Herisau, Switzerland) and the 
values at predetermined time intervals were recorded. 

2.10. Ex vivo studies of saquinavir permeation 

2.10.1. Preparation of the tissues 
Cryo-protected porcine buccal tissues were used for the permeation 

study. The preparation procedure of the tissues was described in a pre-
vious study (Marxen et al., 2016). Briefly, fresh porcine buccal mucosae 
obtained from healthy experimental control pigs (approx. 30 kg Danish 
Landrace/Yorkshire × Durox (D-LY)) were kept cold on ice and moist-
ened using phosphate buffered saline (pH 7.4, 0.1 M, 290 mOsm/kg). 
The connective tissue of the mucosae were trimmed using surgical 
scissors until a thickness of approximately 5 mm. The trimmed mucosae 
were submerged in a cryoprotectants (the phosphate buffered saline 
containing 40% (w/v) glycerol and 20% (w/v) sucrose) for 1 h followed 
by storing at − 80 ◦C before use. 

To thaw and equilibrate the tissues before the permeation study, the 
frozen mucosae were defrosted in the phosphate buffer saline (approx-
imately 40 mL) and washed by replacing the phosphate buffered saline 
four times every 20 min at 4 ◦C on a shaking plate. The connection tissue 
of the defrosted mucosa was trimmed again using a Thomas Stadie-Riggs 
tissue slicer (Thomas Scientific, Swedesboro, NJ, USA) until a thickness 
range of 500–700 µm as determined by a tailor-made micrometer. Glass 
Franz diffusion cells (orifice diameter: 5 mm, diffusion area: 0.2 cm2) 
with a receptor volume of 3 mL were applied in this study. Each trimmed 
mucosa was mounted between the donor and the receptor chambers 
with the epithelium facing the donor chamber. Each mucosa was 
equilibrated for 0.5 h at 37 ◦C with 250 µL of PBS simulating human 
saliva (as described in Section 2.9) in the donor chamber, and 3.00 mL of 
0.05% (w/v) bovine serum albumin solution in the receptor chamber. 

2.10.2. Saquinavir permeation study 
The PBS in the donor chamber was withdrawn after the equilibrium, 

and there was no change for the medium in the receptor chambers. 
Afterwards, the diffusion cell was disassembled, and the mucosa was left 
on the top of the donor chamber and dried using a lab tissue. A volume of 
50 µL fresh PBS was added onto the epithelium again and the perme-
ation experiment was initiated by attaching the printed patch on the 
epithelium. Immediately, the donor chamber was mounted and was 
sealed with a piece of Parafilm®. Samples (250 µL) were withdrawn 
from the receptor chambers at predetermined time intervals (15 min, 30 
min, 45 min, 1 h, 2 h, 3 h, 4 h and 5 h). Air bubbles induced by sampling 
were removed via the side arm by carefully tilting the Franz cell after 
each withdrawal. The removed samples were replaced with 250 µL of 
pre-heated BSA solution followed by sealing the receptor chamber using 
small Parafilm® pieces to prevent water evaporation. The samples were 
diluted two times before centrifugation (13,500 rpm, 10 min, at ambient 
temperature), and subsequently analyzed using the HPLC method 
described in Section 2.5. 

After the permeation study, each buccal mucosa was flushed with 
water to remove the residual patch matrix on the tissue surface, and then 
dried under ambient condition for 24 h. The dried mucosa was kept in 1 
mL of phosphoric acid solution (phosphoric acid (85%): water 10:3, v/v) 
at 65 ◦C for 10 min followed by disrupting and homogenizing using a 
pestle. The homogenized tissue suspension was diluted 10 folds using 
water followed by centrifugation (13,500 rpm, 10 min, at ambient 
temperature). The supernatant was subsequently analyzed using the 
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HPLC method described previously. 

3. Results and discussion 

3.1. Rheological properties of the inks and optimization of printing 
procedure 

The overall design of the multi-functional patches was composed of a 
meandering backing membrane, onto which a drug-laden ink and an 
alkaline ink are printed in parallel without overlapping (Fig. 1a). This 
requires high spatial resolution in the print procedure, with control over 
extrusion rate and material spreading. The printability of the formulated 
inks was evaluated by characterizing their rheological properties. For all 
the inks, oscillatory studies show a dominating loss modulus G′′ over 
storage modulus G′ indicating predominantly viscous materials 
(Fig. 1b). Flow experiments further show shear thinning behavior, i.e. 
the viscosity decreases with increasing shear rate (Fig. 1c), which is 
beneficial for maintaining resolution when extruding inks through 
narrow nozzles. Still, since all inks are in a liquid state, shape fidelity 
relies on solvent carrier evaporation. To increase solvent evaporation 
and facilitate multi-material and multilayer prints, a slightly heated 
stage was set at 45 ◦C, as higher temperatures may cause solvent boiling 
and bubble formation. The backing membrane was printed with a 0.6 
mm nozzle. It spread after printing due to the low viscosity and provided 

a sufficiently large surface to print the drug-laden and alkaline inks. The 
drug-laden and alkaline inks were printed in parallel with a 0.4 mm 
nozzle and a line distance of 0.25 mm to avoid overlapping between 
printed traces and the acid-base reaction between the malic acid and 
sodium carbonate. The printing procedure and design was evaluated via 
fluorescence microscopy to demonstrate that the drug-laden and alka-
line inks were indeed printed in parallel without overlapping (Fig. 1d 
and 1e). The viscosity of inks are increased by using polymers with a 
high viscosity grade or/and increasing the concentration of polymers in 
the inks. The viscosity of the inks affects the manufacture process of the 
patches and saquinavir release from the patches. Optimal ink formula-
tions should be printable and their viscosity should not hinder the 
release of saquinavir. 

3.2. Tuning of stretchability of printed patches by varying the design 

3D printing allows for rapid design prototyping and tailoring of 
macroscopic properties through simple design alterations. To enable the 
fabrication of stretchable and compliant patches, a simple mesh-like 
design was systematically varied and the resultant mechanical proper-
ties were evaluated. Specifically, the backing membrane was printed in 
six different designs (Fig. 2a & 2b). First, the line distance “A“ was tuned 
to 2.5, 4.5 and 7.5 mm, respectively, using the same nozzle size of 0.6 
mm. Secondly, three different nozzle sizes (0.6, 0.4 and 0.2 mm) were 

Fig. 1. a) Schematic illustration of multi-material printing of complex oral patches using a backing membrane (red), drug-laden (green) and alkaline (blue) ink. b) 
Rheology of the backing membrane, drug-laden and alkaline inks. The G moduli were recorded as a function of oscillation strain at constant frequency (1 Hz). c) The 
viscosity was recorded as a function of shear rate. d), e) Fluorescence imaging of printed patches based on alkaline (blue), drug-laden (green) ink and backing 
membrane (red). SB: 3 mm, zoom-in SB: 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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used to change the line distance “B” when A was fixed to 7.75 mm 
(Fig. 2a & 2b). The thickness of the backing membranes was affected by 
the number of the printed layers and nozzle diameters (Fig. 2 c). 
Compared to a control uniform patch without geometrical cues, a drastic 
decrease in effective stiffness of the patches was observed with 
decreasing line distance A and decreasing nozzle size (Fig. 2e). In 
addition, the stretchability of the patches could be tuned by varying line 
distance A and B. Patches printed with the smallest nozzle size and 
longest line distance A showed an extension capacity of up to 200% 
compared to the uniform patch (Fig. 2f). The stretchable patches 
(Fig. 2d) will improve the comfort and adaptation of using in the buccal 
cavity. For the drug-loaded patches, 0.6 mm nozzle was used for the 
backing membrane to ensure maximum surface area to deposit drug- 

laden and alkaline ink, while maintaining an extension capacity of up 
to 50% at negligible stiffness. 

3.3. Digitally controlling drug dose in printed patches 

In order to control and adjust dose in each printed patch, nozzles 
with three different diameters were used in the evaluation of the drug 
content as a function of key printing parameters. As expected, the sa-
quinavir content of the patches increased with increasing the diameter 
of the nozzles (Fig. 3a). Additionally, for patches printed using the same 
nozzle diameter, the saquinavir content increased linearly with the 
increased number of printed layers. The drug content of the patches can 
easily be adjusted from ~20 to 200 µg through these parameters. The 

Fig. 2. a) Illustration of print procedure of backing membrane with varying line distances A and B, as well as varying nozzle diameter Ø. b) Fluorescent images of 
designs with line distance A = 2.5, 4.5, 7.75 mm at constant B = 1.2, Ø = 0.4 mm and B = 1.5, 1.2, 0.5, mm at Ø = 0.6, 0.4, 0.2 mm with fixed line distance A = 7.75 
mm. SB: 3 mm. c) Layer thickness of printed backing membrane with nozzle diameter Ø = 0.2, 0.4, 0.6 mm with 1, 2, 3 layers, respectively. N = 3. d) Stretching and 
twisting of printed patches with line distance A = 7.75 mm and B = 1.2 mm. e) Effective stiffness (Force (N) / Strain (%) of printed patches compared to the 
uniformly printed patch (Uni. patch). N = 3. f) Strain (%) until first break (grey) and complete failure (white) of printed patches compared to the uniformly printed 
patch. N = 3. Error bars indicate SEM. 
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Fig. 3. a) Saquinavir content-number of layers scatter profiles for the patches printed using different nozzles. The average values of saquinavir content and the linear 
regression equation for the data are indicated in the figure. N = 3. The size of nozzle indicated in the figure was the diameter of nozzle. b) Images of the saquinavir 
microenvironmental pH modifying patches obtained using a digital camera. c). Select images of partial structures of the microenvironmental pH modifying patches 
(effervescent type) obtained using a bright-field microscope. 
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saquinavir content of each layer in the patches printed using the largest 
nozzle (Ø = 400 µm) was ~70 µg. This nozzle size was applied in the 
final patches for both the alkaline and drug-laden inks. The mass and 
saquinavir content of the pHM modifying patches are presented in 
Table 2. 

3.4. Morphology of the patches 

The images (Fig. 3b) show that the mesh-like patches were printed 
successfully using the polymer-based inks and the predetermined 
design. White precipitation was observed in the patches containing 
alkaline layers due to precipitation of sodium carbonate in the prepa-
ration of the patches. Similar to the results obtained from the patches 
containing fluorescent agents (Fig. 1e), a minimal interface between the 
alkaline layer and the saquinavir layer was observed (Fig. 3c). 

3.5. Modifying the microenvironmental pH (pHM) 

The pHM in the vicinity of the patches during dissolution was 
measured using a micro-pH electrode and the results are shown in 
Fig. 4a. After 10 min of dissolution, the pHM in patches containing no 
sodium carbonate decreased from 6.8 to 5.9, while the pHM for the 
patches with 5 layers of alkaline-ink increased from 6.8 to 7.4. As ex-
pected, the pHM generally increased with the increasing number of 
alkaline layers in the patches. The pH was stable in the time period of 
6–10 min during the study period, suggesting that the effervescent re-
action between malic acid and carbonate stopped. Overall, the studies 
show that DIW is a rapid and effective method (without reformulating 
the inks) to modulate the pHM by adjusting the layers of acidic and 
alkaline materials printed in the patches. 

3.6. Ex vivo permeation studies 

According to Hederson-Hasselbalch equation, shifts in pH might 
affect the dissociation degree of a weakly dissociable drug. The union-
ized form of the drug is more lipophilic than its ionized form, hence it 
can better cross the lipid-rich biological membrane. Previous studies 
showed that saquinavir (pKa values 7.0 and 5.5) (Branham et al., 2012) 
has a pH-dependent solubility, increasing pH decreased the solubility of 
saquinavir and saquinavir mesylate in the pH range of 4.5 to 7.0 (Pathak 
et al., 2010). Therefore, pH might influence the solubility and tissue 
partitioning of saquinavir, consequently affect its permeation across oral 
mucosa. Additionally, CO2 can enhance drug permeation across mucosal 
membrane as previous described (Eichman and Robinson, 1998). In the 
present study, microenvironmental pH modifying oromucosal patches 
with and without CO2 effervescence were fabricated. An ex vivo 
permeation study spanning 5 h was conducted to evaluate the perfor-
mance of the printed patches. No saquinavir was detected in the receptor 
chamber. This might be caused by the following reasons: 1) saquinavir 
content in the patches was too low, 2) saquinavir was too lipophilic (log 
P = 4.1) and accumulated in the lipid-rich tissue, 3) saquinavir con-
centration in the receptor media was lower than the detection limit of 

the HPLC method. As no saquinavir was detected in the receptor 
chambers, the amount of saquinavir accumulated in the tested tissues 
was evaluated, as means of quantifying the permeation of saquinavir 
(Fig. 4b). 

Among the tested effervescent patches, the patches containing three 
and five alkaline layers likely induced approximately the same amount 
of CO2, because the amount of acidic drug-loaded ink was kept constant. 
The patches with five alkaline layers exhibited a lower penetration of 
saquinavir than the patches containing three alkaline layers, which 
could be due to the higher pHM hindering the dissolution of saquinavir. 
Thus, the pHM had a crucial impact on the permeation of saquinavir for 
the patches containing three and five alkaline layers. Interestingly, the 
pHM around the patches with three alkaline layers and with one alkaline 
layer appeared similar (Fig. 4a), although more sodium carbonate was 
added in the patch with three alkaline layers. This might be attributed to 
that the patch with three alkaline layers produced more CO2 which 
decreased the pHM. The patches with three alkaline layers exhibited a 
higher penetration of saquinavir than the patches with one alkaline 
layer, which also suggests the amount of CO2 played a significant role on 
saquinavir permeation across mucosal membrane when pHM around the 
patches was similar. Although the effervescent patches with three 
alkaline layers had a higher accumulation of saquinavir in tissues than 
the patches without effervescence, the difference in saquinavir accu-
mulation upon application of the two types of patches was not 

Table 2 
Mass and saquinavir content of the designed patches.   

Saquinavir microenvironmental pH (pHM) modifying patch 

Patch without 
alkaline layer 

Patch with three 
alkaline layers 

Patch with five 
alkaline layers 

Saquinavir 
content (µg) 

79 ± 9 – – 

Mass (mg) 9.5 ± 0.0 10.4 ± 0.1 10.6 ± 0.1 

* The results are present as mean ± SD, n = 5 for the result of saquinavir content. 
For others, n = 3. The number of saquinavir layer in the all pHM modifying 
patches was the same and fixed (3 layers), so we only measured saquinavir 
content of the patches without alkaline effervescent layer. 

Fig. 4. a) Microenvironmental pH-time profiles for the patches with or without 
sodium carbonate layer during the dissolution process. Results are presented as 
mean ± SD. “NO. of layers” indicates the number of the alkaline effervescent 
layer printed in the patches. For the patch with three layers of sodium car-
bonate, n = 5. For the other patches, n = 3. pH value after 10 min of dissolution 
are presented in the figure. b) Amount of saquinavir in porcine buccal tissues 
after permeation study. Values are mean ± SD, n = 4. Symbols above the bars 
(&, # and §) indicate statistical significance. Bars with similar letters are not 
significantly different from each other. One-way analysis of variance (ANOVA) 
was employed and the level of significance was α = 0.05. Tukey’s test was then 
preformed. A p value below 0.05 was considered statistically significant. 
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significant. This phenomenon might attribute to that the pHM around 
the patches with three alkaline layers was not low enough or/and the 
amount of CO2 induced by the patches was low. The results indicate that 
by printing an alkaline effervescent ink and an acidic drug-loaded ink 
side by side, the pH and the amount of CO2 can be locally modulated. 
However, the optimal effervescent oromucosal patches should have an 
appropriate pHM and induce a suitable amount of CO2 to promote sa-
quinavir penetration in buccal mucosa. However, further studies are 
required to clarify the mechanism of the increased penetration of sa-
quinavir in the buccal mucosa caused by CO2. 

4. Conclusion 

The present work demonstrates the use of multi-material direct-ink- 
write printing for rapid design and manufacturing of complex oromu-
cosal patches where several materials are integrated on a sub-millimeter 
scale. By applying inks based on well-established hydroxypropyl meth-
ylcellulose (HPMC) and methyl cellulose (MC) carrier polymers, it was 
possible to create saquinavir-loaded, pHM-modifying buccal patches 
with mesh-like geometries that displayed programmable doses as well as 
unique stretchable mechanical properties. Based on alterations in the 
digital design, effervescent pHM-modifying buccal patches with inter-
mediate amounts of carbonate and weakly acidic microenvironments 
could be prepared. However, an optimal effervescent oromucosal 
patches should have an appropriate pHM and induce a suitable amount 
of CO2 in order to promote saquinavir penetration in buccal mucosa. The 
presented methodology is widely applicable and may thus serve as an 
inspiration for programmable producing patches for personalized buccal 
drug delivery with unique patient comfort and compliance. 
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Determination of dependencies among in vitro and in vivo properties of prepared 
mucoadhesive buccal films using multivariate data analysis. Eur. J. Pharm. 
Biopharm. 86 (3), 498–506. https://doi.org/10.1016/j.ejpb.2013.12.002. 

Wickström, H., Palo, M., Rijckaert, K., Kolakovic, R., Nyman, J.O., Määttänen, A., 
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