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The main focus of the project was on the development of a method for three-dimensional
printing of matrixes of drug carriers. For implementation, a wide instruction was applied,
because for the solution of problems it was required to create a device and software to automate and improve the characteristics of the printing process. In addition, it is worth noting the specificity of the materials used in the project - mesoporous nanostructures, which
require pretreatment and loading of drugs. Different variations of the mesoporous matrix
/ solvent were used in the study, thereby achieving optimal printing conditions.As a result of the project, an analysis of geometric and morphological characteristics was carried
out using SEM and EDS, the distribution of magnesium-containing mesoporous material
Upsalite was estimated, the temporal dependence of the intensity of re-production of the
samples was determined using the method of volume indicatrix of static light scattering.
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1
1.1

INTRODUCTION
Background

The main aim of the project is to produce medications using binder jetting technology.
This approach allows the production of drugs with precisely defined characteristics, taking
into account many paramters such as: parameters of the human body, dosage of the drug,
type of mesoporous matrix, etc. This should make it easier for pharmaceutical companies
to predict behavior of the drug delivery systems and allows to improve the process of
controlling the amount of drug released.
The powder used in the binder jetting process serves as excipient and have a mesoporous
structure suitable for loading of active pharmaceutical ingredients (APIs). The mesoporous structure is known to stabilize the APIs amorphous state and will be beneficial
for increasing the solubility of APIs with low aqueous solubility. Successful implementation of the binder jetting process will enable production of personalized medications
which can be produced locally at hospitals to reduce the leadtime from ordering the drug
to administering it to the patient. In the project, processes for additive manufacturing
(AM) of medications was developed focusing on tuning properties of the excipient (e.g.
flowability), loading of the APIs (e.g. concentration), developing suitable binders (e.g.
viscosity, surface tension, binding properties), dissolution of the printed medications as
well as modifying the hardware and software of the binder jetting printer to enable it to
work efficiently in the process.
In the project was access to all necessary equipment was available. The Ångström Laboratory includes the full analysis and synthesis laboratory at the Nano division, which contains a multitude of materials synthesis, chemistry and characterization equipment such
as ultrasonic dispersers, gas and vapor adsorption analysis instruments, thermogravimetric analysis (TGA) instruments, UV and VIS spectrophotometers, DLS equipment, etc.
FDM, Binder Jetting, Inkjet and extrusion printers were also available. In the project
equipment from Ångström microstructure laboratory for XPS, SEM, TEM, etc was used.
This project is complex, which contributed to the cooperation with the Bio-Medical Center. At BMC we had full access to all equipment at the Department of Pharmacy, including µDISS (small-scale dissolution baths with real-time UV concentration determination),
DSC, and XRPD instruments, a wide range of microscopes for particle characterization,
UPLC-MS/MS instruments for concentration determination.
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1.2

Objectives and delimitations

The project is multidisciplinary, and successful implementation requires the solution of a
number of applied tasks that can be divided by disciplines: program part, material science
part, mechanical part. The mechanical part mainly includes the development of the device
for the possibility of additive printing:

• Installing the InkJet printhead and binder supply system design;
• Assembling the mechanical part of the printer including the powder supply system
and moving the gantry along the guides;
• Assembling the power supply system and connecting the microcontrollers with the
signal contacts of the printhead and all the electronics.

The material science part is crucial for successful implementation, requiring cooperation
with the BMC and selection of a number of parameters related to the theory of drug
delivery systems:

• Selection and preparation of the binder;
• Selection and preparation of the mesoporous powder, including the process of loading drugs;
• Preliminary analysis of prepared components and creation of printing conditions;
• Analysis of the obtained mesoporous structures and their characterization depending on the printing conditions;
• Evaluation of the possibility of applying the structures obtained for pharmacological purposes.

The program part includes the development of firmware for two microcontrollers responsible for the operation of the printer and the print head and the development of software:

• Development the Arduino firmware for the printhead;
• Development the Megatronics firmware for the printer;
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• Development of the graphical user interface by Python;
• Creation of parameter arrays for each printing component, the function of threedimensional visualization of the printed object, the function of calculating and
building the dependence of the releasing process of APIs;

In addition to the tasks listed above, experiments were conducted on the preparation of
mesoporous structures and their printing, the analysis of the structures obtained and a
number of preparatory works related to the literature review revealing the features of the
implementation of the chosen methodology.

1.3

Structure of the thesis

The first literature review Chapter 2 of the Master thesis is devoted to porous materials in
general and includes section about medical applications of porous materials, special emphasis is placed on the description of medical use, mainly depending on the pore size and
the medical field. The basic processes for the drug concentration and the mathematical
models that are satisfactory are described in Chapter 3. Examples and experimental data
related to DDs are described in Chapter 4, which is divided into 2 Sections on dosage and
release kinetics, respectively. A separate Chapter 5 is final literature review chapter and
devoted to the Upsalite mesoporous material, which describes the synthesis process and
basic characteristics. Chapter 6 fully describes the process of creating a printer in Section
6.1 and installing a print head with setting up the ink supply system in Section 6.2. Also
separate Sections are devoted to electronics, firmware for two microcontrollers and software development with the implementation of a graphical interface. Chapter 7 describes
the experiments carried out during the course of the project, the corresponding precursors
and the evaluation criteria. To describe the performance of each experiment, a separate
Section 7.3 is highlighted. The first experiment describes the assessment of printing capacity, experiment 2 was carried out to register the mass as an evaluation criterion for
determining the correlation between the substance concentration and the number of applied layers, the third experiment is fully devoted to characterizing the internal structure
of the sample and the degree of distribution of the magnesium-containing mesoporous
material, the last experiment describes the dissolution rate the obtained sample. The final
section (7.4) describes the results obtained during the experiments. Chapter 8 is devoted
to the analysis of the results obtained, the assessment of the set parameters and the results
obtained, the discussion of possible modernization. Finally, in Chapter 9 the conlusions
are given.
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2

Porous materials

Porous solids consist of two phases: the first is a solid phase, forming the main porous
structure, and the second phase forming pores in a solid structure. The second phase may
consist of gas or liquid, depending on the nature of the medium. Porous materials must
have two main characteristics: a large number of porous contained in the structure and the
fact that the pores are specifically designed to achieve the expected indicator of material
efficiency [1]. The uniqueness and importance of porous materials has long been known
when porous coal was used as a drug. The main interest of the application and study of
the structure of pores is related to their ability to create states of matter that cannot exist
in the outside world of a homogeneous bulk substance. [2]

2.1

Definitions and descriptions

The relative characteristics of various porous substances strongly depend on the type of
the internal structure of the pores of each matter. Therefore, for a better understanding
of the nature of the mechanisms and processes that occur inside a porous medium, an
assessment of a number of properties of pores materials, such as size of pores, internal
geometry, connectivity, etc. There is a quite large number of criteria for the classification
of porous structures, so this paper discusses only the main characteristics: porosity (the
number of pores), configuration, type of porous bodies. Depending on the amount of

(a)

(b)

Figure 1. Porous materials: (a) Low-porosity oxide ceramics composite [1]; (b) Highly porous
microstructure of stainless steel. [3]

pores, the porous materials can be divided as follows: low porosity degree, intermediate
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porosity degree, or high porosity degree. Usually, a description model for the impurity
phase is used for structures with low or intermediate porosity degree (Fig. 1a). Materials
with high porosity (Fig. 1b) are characterized in two ways, depending on the morphology
and the solid phase.
For the first case, the alignment of a 2D array of polygons is characteristic due to the
solid phase. In this case, the pores are isolated in space and take the form of polygonal
columns (Fig. 2). In the second case, there is a three-dimensional structure in the form

Figure 2. TiC ceramics with pores of quasi-square structure. [4]

of a grid, formed by a solid phase. Porous materials with a similar structure are called
three-dimensional reticulated foamed materials (Fig. 3a). This type of material has a
structure with open pores that are connected. For another case, a structure with spherical
pores, elliptical, as well as a structure in the form of polyhedra is characteristic. These
three-dimensional porous structures are called bubblelike foamed materials (Fig. 3b). [1]

(a)

(b)

Figure 3. 3D foamed material: (a) Reticulated iron foam [1]; (b) Aluminum foam with closed
bubble pores. [5]

Porous solids can be divided into two types, depending on the porous body: natural and
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artificial. The first type is obviously widespread in nature; corrals, bones and wood structures can be attributed to this type of structure. The second type of materials is industrially
produced and can be subdivided into porous metals, ceramics and polymeric foam.
As for the classification by origin and structure, the pores can be divided into two main
groups. Intraparticle pores that interact with individual particles. The newly formed pores
during a chemical reaction are defined as injected internal pores. The internal pores of the
external type appear as a result of a reaction for which the source material is impregnated
with foreign matter, which is subsequently removed using various modification procedures. If the foreign substance did not contain impurities, then the formed external pores
are called pure type. There is also a type of external pore with a pillar structure, obtained
using metal hydroxides [6]. Sometimes external intrapores can be interparticle pores. [7]
The works of J. Kodikar [8] describe the mechanisms for introducing various types of
pores into the structure, due to the large distribution of particles. These processes are
intercellular and pores are called intercluster (Fig. 4). Another classification of pores is

Figure 4. Structural elements and pore types . [7]

related to their accessibility to interaction with the environment. (Fig.5). If pores have
the ability to communicate with the external environment, they are called open pores: (b),
(c), (d), (e) and (f). They are available for molecules or ions in the environment. Separate
types can be open only on one side: (b and f). They are also called blind (dead ends) pores.
There is a case of open pores on both sides: (through pores, (e)). In case of insufficient
heating of the porous solid structure, the outer shell of the pores may be destroyed, which
is the process of formation of closed pores, this type has no communication with the
environment. [6].
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Figure 5. Classification of pores for possible interaction with the medium according to IUPAC. [9]
a - closed pores, b, f - pores open only at one side, c, d, g - openpores, e - open at two sides pores.

In the work of Bindra [10] the classification of pores according to the type of their geometry is described. Pores can be divided as follows Figure 6: cylinder type, ink-bottle
type slit-shape and cone-shape. The most interesting classification in this work is based

Figure 6. Pores geometry classification. [7]

on the pore size. There are several ways of this classification, which are presented in the
Table 1. The first method is described by Dubinin [11], which is based on the separation
of pores according to the diameter of a cylindrical pore or the distance between the two
sides of the slide-shaped pore depending on the type of catalysts. Another method is described by Cheremskoj [12] and is based on the classification of individual types of pores,
taking into account the criteria for relative pore sizes in the main structural elements of
the porous structure. J. Kodikara [8] proposed the following classification of pore width
in clay structures: intercluster (macropores with 104 ÷ 106 nm); interaggregation (with an
average diameter 1÷30×103 nm); interpatricle range(with an average diameter 25÷1000
nm); intraparticle (with an average diameter < 3 ÷ 4 nm). [6]
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Table 1. The most popular pore classification methods.

Classification
IUPAC
Dubinin
Cheremskoj
Kodikara

2.2

Macro

Types of pore classification, d [nm]
MesoMicroSupermicro- Ultramicro-

Sub-micro

> 50

2 ÷ 50

<2

0.7 ÷ 2

< 0.7

< 0.4

> 20 ÷ 400

> 3 ÷ 3.2

< 1.4

> 1.2

-

-

> 2000

-

2000 > d > 200

<2÷4

< 200

<3÷4

-

4

6

10 ÷ 10

3

4

10 ÷ 3 × 10

3

25 ÷ 10

Artificial Porous Materials

As mentioned above, there are three main types of artificial porous structures: porous
metals, polymeric foams and porous ceramics. For metals with a high degree of porosity,
the terms “cellular metals” or “porous metals” are used. Metals produced using foaming
processes are called “foamed metal” or “metallic foams” [13]. Special characteristics are
characteristic for such materials: good permeability, controlled pore size, structure stability, refractoriness and heat resistance. [14] An example of a porous metal with powdersintering porous structure is shown in Figure 7. [1]

Figure 7. Porous TiNiFe alloy (image obtained by SEM). [15]

There are two main classes of porous ceramics: cellular ceramics and ceramic foam.
(Fig. 8).The first has the structure of a two-dimensional array consisting of polygonal column pores, the second is characterized by the structure of a three-dimensional array of
hollow polyhedral pores. The grid structure is formed by connecting pores, which leads
to the formation of a ceramic foam with open porous type. In the case when the pores are
separated by walls with cells of a solid structure, a ceramic foam with a closed type of
pores is formed. Because of the wide variation in the creation of porous ceramics, there
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Figure 8. Three-dimensional open-cell reticulated ceramic foam. [1]

are different types of it: silicate, diatomite, carbon and so on. Good chemical stability is
characteristic of porous ceramics, which makes this type of structure resistant to various
corrosive conditions. In addition, porous ceramics has a high specific strength and stiffness, as well as heat resistance. Porous products made of heat-resistant ceramics are used
to filter molten steel or high-temperature combustible gases. [1]
Low density polymer nanocomposite foams are a promising new class of materials that
opens up new possibilities in various industries. Polymer foams can be classified according to various parameters:

• Open or close pore structure of the foam;
• Density of the polymer foam;
• Depending on the stiffness of the polymer foam can be classified as flexible, rigid,
semi-rigid.

Despite the variety of polymer foams, they are all characterized by high porosity, which
provides common characteristics.

• Low density. The polymer structure itself has a low density, so products from polymer foams are the lightest;
• Low thermal conductivity associated with a large number of pores filled with gas,
which in turn has a lower thermal conductivity than the solid structure.
• Effective impact energy absorption;
• Excellent specific strength. The specific strength is determined from the ratio of the
strength of the material to the relative density. [1]
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2.3

Medical applications of porous materials

In the case of the use of materials for medical purposes, it is important to determine
their biocompatibility, which leads to the appearance of the term “biomaterials”. This
term defines both synthetic materials (metals, polymers and composites) and biological
materials (proteins and cells). The study of biomaterials requires the study of various processes: the synthesis of materials and their description, surface modification, biostability
and biodegradation, interaction of cellular materials, etc. [16]
One of the potential areas of application of biomaterials is the creation of scaffolds based
on porous materials, allowing to stimulate tissue regeneration. To achieve this process, it
is necessary to take into account the hierarchy in the porosity of the structure, imitating
the natural materials found in nature. This principle will allow simulating the structures
of three-dimensional frameworks with hierarchical ordering, in the case of preserving the
mesoporosity of the structure. The combination of macroporosity in the case of tissue
growth and mesoporosity for the targeted delivery of the appropriate drug is the main
reason for the hierarchy. The table 2 presents data on the functional purpose of pores,
depending on their size. [17]
Table 2. The most frequently used pore size classifications.

IUPAC
classification

Pore size

Micro-scale

Below 2 nm

Meso-scale

2-50 nm
50 nm-100 µm
100-500 µm

Macro-scale

Above 500 µm

Function
Due to the increased active surface area, the ion exchange
process is provided as a consequence of the greatest
biological activity. A small amount of micropores is
observed in mesoporous structures, for example, in SBA-15.
Drug loading and release processes; high biological activity;
cell communication
Improved communication with cells
Improves the growth of soft and bone tissue. Accessibility
to the circulatory system; reduces the stiffness of the implant
with a change in the value of the Young’s modulus.
Improves the growth of soft and bone tissues;
allows for surgical implant fixation.

An example of the resulting hierarchical structures can add biologically active glasses,
first obtained using the sol-gel technology in the early 1990s. This type of glass can be

17
obtained at lower temperatures than glass obtained from the melt. Also for this type of
glass is characterized by the manifestation of the properties of rapid resorption [18].
After in vitro testing of sol-gel glass foams with osteoblasts, the result showed their potential for bone tissue repair [19]. The possibility of regeneration of such carcasses with
the help of osteoclasts, and ensuring the formation of the matrix and vascular network
in vitro was also studied. [20]. The porous structure of foamed scaffolds obtained using
sol-gel technology was studied in detail by computed microtomography (Fig. 9 ) and a
three-dimensional spongy bone tissue architecture was found close to trabecular.

Figure 9. Glass frame obtained using the sol-gel technology. [21]

For silica mesoporous materials characteristic porous structure SiO2 with a high degree
of orderliness with a with a large specific surface area of pores and, accordingly, volume (hundreds of m2 /g) and small pore size distribution. This type of nanomaterials is
synthesized through the process of self-assembly of composites silica-surfactant, with simultaneous condensation of inorganic substances, leading to mesoscopic orderliness of
the composite. The possibilities for using this type of material range from catalysis to
biomedicine; they were first proposed to use them as implants by the Vallet-Regi research
group in early 2000 [22]. After that, the drug delivery system in the bone structure was
examined using SiO2 mesoporous structures, such as MCM-41, MCM-48 and SBA-15.
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3

Pharmacokinetics

In the framework of pharmacokinetics, the ADME model is considered, which allows
characterizing the processes inside the human body (Fig.10):

• Absorption describes the process by which a substance enters the bloodstream or
specific tissue;
• Distribution describes the process of distribution of a substance and its interaction
between the tissues and the circulatory system;
• Metabolism allows you to determine the course of enzymatic reactions and analyze
the products obtained;
• Excretion describes the process of removing substances from the body through various organs.

Figure 10. ADME model.

The processes of metabolism and excretion that lead to the loss of a substance constitute
the overall elimination process. Almost all processes are characterized by an additional
transport process, which ensures the distribution of substances in the body. For the process
of excretion of the first order, we introduce the constant ke , then we write the differential
equation:
dCp
= −ke Cp (t),
(1)
dt
where Cp is the concentration in the compartment. As a result of solving the equation, we
obtain reduction of medicine concentration in blood plasma, described by the exponential
function:
Cp (t) = Cp (0)e−ke t
(2)
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As a result of dividing a given dose of the drug (D) by the initial concentration, you can
get the volume of distribution:
D
Vc =
(3)
Cp (0)
This volume characterizes the space with a naturally distributed substance. Thus it would
be possible to determine ke from data of the half-life which determined as:
T1/2 =

ln2
ke

(4)

Figure 11. Drug concentration by Bateman function.

In the case of oral administration of a drug, a first-order model is considered with at
least one membrane through which the substance penetrates. There are two equations to
describe the following case:
dAa
= −ka Aa (t) + Ain (t)
dt

(5)

dAp
= ka Aa (t) − ke Ap (t),
(6)
dt
where A(t) = Vc C(t) and it might be equivalent Ain (t) = D · δ(t), where δ(t) is the
dirac delta function. It is also possible to write the equation for substance which being
eliminated:
dAe
= ke Ap (t)
(7)
dt
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If we solve equations 5 and 6 by modelling Ain as a Dirac function we will obtain plasma
concentration Cp for a single oral dose:
Cp (t) =

D
ka
(e−ke t − e−ka t )
−Vc ka − ke

(8)

This function also called Bateman function. This will be used in subsequent chapters to
build a theoretical concentration of the drug in the blood plasma when creating software.
The definition of the meaning of the function of the Bateman is clearly shown in the
Figure 11. [23]
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4

Drug delivery systems (DDSs)

One of the most promising and developing applications for healthcare and the field of
biomedical materials science is the controlled drug delivery system (DDS). At the moment, the modernization of therapeutic drugs and the mechanisms of their introduction is
being implemented through the creation of new active molecules and the development of
potential treatment methods. To describe the drug delivery system, the concept of composition is introduced, which allows you to control the release dose over time and set a
specific area of impact in the human body. DDSs allow you to maintain a therapeutic
concentration of a drug in plasma at a constant level, unlike traditional drugs, which have
a peak concentration of drug in the blood plasma. [24]
Usually, the process of obtaining mesoporous structures consists in the supramolecular
synthesis of surfactants, which leads to the formation of inorganic components. After
using pyrolysis or dissolution removes the surfactant. The resulting mesoporous materials
based on Silica could be the good drug carriers and have the following characteristics:

• An ordered porous structure with a high degree of uniformity in size, which allows
controlling the drug loading and its release behavior;
• A sufficient pore volume is suitable for loading;
• Due to the large surface area, sufficient adsorption of the drug is ensured;
• Functionalization of the surface using silanol-containing groups provides better
control of drug loading and release.

For example, for such a wide range of purposes as catalysis, adsorption, sensors, etc. The
MCM-41 meterial with a mesoporous structure, which has a hexogonal mesopore grid of
one-dimensional channels in a periodic array, is used, the pore diameter is in the range
of 2-10 nm [25]. Typically, the preparation of mesoporous silica materials occurs in an
acidic environment due to the low rate of hydrolysis and condensation in an environment
with a low pH value [26].
The loss of activity of a medicinal product to achieve a certain tissue inside the body due
to degradation is one of the main problems in the development of DDS. To accomplish
this task, systems with "zero premature release" are reconfigured, which react to external
stimuli of the system. But there are also methods of treatment with a specific period of
drug release, which requires control of the rate of release at various stages of the disease.
Within the framework of this task, of particular interest are implantable systems that are

22
able to respond to external or internal influences (magnetic fields, changes in the pH
level). The development of these systems requires a high degree of orderliness of the
porsy structure with a large active surface area to maintain the chemicals responsible for
controlling the release of the drug.
When blood is exposed to a material, a certain sequence of biological reactions occurs,
which begins with the process of adsorbing a certain type of protein on the surface of
the material. During this process, platelet adhesion occurs, which depends on the type of
proteins. At the next stage, the body is protected with the help of immune and inflammatory cells, which isolate foreign material in the fibrous capsule. In the framework of
the concept of biocompatibility, the collagen capsule creates a barrier for further diffusion
of the encapsulated drug into the tissues and reverse diffusion to maintain the life of the
encapsulated cells. The activation of adhesive platelets causes the occurrence of blood
clots, which is characteristic of almost all biomaterials. This situation can cause medical
complications and change the drug release profile, an example of such a biocompatible
material is silica-based system. [24]
The implementation of the loading of the drug is usually produced by soaking the mesoporous matrix in solution with a high concentration of drug, followed by drying. Therefore, the basis of the process is the degree of adsorption of the mesoporous structure. The
size of the molecule adsorbed by the matrix is determined by the pore size in the porous
structure, which leads to dimensional selectivity. Basically, the diameter of the pores is
chosen larger than the diameter of the drug molecule to ensure sufficient adsorption of the
drug. From this it follows that the key characteristic affecting the process of release is the
pore size, which is confirmed by research [27].
For instance, experiments with structural agents C12 TAB and C16 TAB were carried out
(C12 TAB = dodecyltrimethylammonium bromide, C16 TAB = hexadecyltrimethylammonium bromide). The MCM-41 was obtained with using C16 TAB and showed released
68% of the loaded ibuprofen (IBU) after 24 h in simulated body fluid (SBF). In contrast, for MCM-41 with C12 TAB as structural agenr the release only 55% of the drug was
obtained after the same period of time (Figure 12).
Additional factors affecting the degree of porosity and emission kinetics were considered
by Anderson [28]. The effect of pore binding, the geometry and destruction of the matrix
in aqueous media, as well as the effect of pore size was found. Thermal treatment affects
the stability of the matrix structure, which determines the kinetics of drug release during
delivery. In addition, it was confirmed that the structure with the content of cellular or
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Figure 12. The graph of IBU release from MCM-41 within 24 hours as a function of pore diameter.
[24]

corrugated pores can be used as matrices for the long-term period of the release of the
drug.
As mentioned above, the adsorption properties of the material make the greatest contribution to the drug loading process. Therefore, the active surface area becomes a fundamental
factor in determining the substance that has been adsorbed. The problem with loading a
defined dose of a drug into a matrix structure can be solved in two different ways: changing the surface area or changing the affinity of the surface for the drug. For the first
approach, it is important to determine the surface area available for interaction with the
drug molecules. The larger the surface area, the greater the amount of drug substance that
can be loaded, which makes this parameter sensitive to surface area SBET . [24]
The direct impregnation method is one of the most popular for the implementation of
the process of loading and releasing the drug. For this, the mesoporous structure in the
form of a powder or compacted pieces is placed in a concentrated preparation solution.
For this impregnation procedure, several factors should be considered, such as solution
pH, temperature, solubility, polarity, and chemical nature of the drug. At the next stage,
the drug-loaded mesoporous structures are placed in a simulated body fluid to observe
the release process. The chemical nature of this fluid is similar to blood plasma or even
physiological serum, which facilitates the detection process. (Fig. 13).
The amount of drug loaded will depend on the specific type of solvent used. Consequently,
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Figure 13. Diagram of the process of loading and release of the drug in the mesoporous structure.
[29]

for polar drug molecules (amoxicillin, gentamicin) it is necessary to use a polar solvent,
such as water, that will provide a sufficient concentration of the drug inside the pores.
For example, for loading sodium alendronate, which is a water-soluble salt, an aqueous
saline solution is used. To load non-polar molecules (ibuprofen) a non-polar solvent such
as hesane is required. In addition, there are intermediate cases that require a certain type
of solvent, so the determination of such adsorption parameters must be carried out before
the loading and release processes. (Fig. 14). [29]

Figure 14. Molecular structure: (a)Ibuprofen; (b)Alendronate; (c)Amoxicillin; (d)Gentamicin;
(e)Erythromycin.

The maximum load on the matrix surface is associated with the value of SBET . Recently,
the possibility of a hybrid route has been described, which combines the high orderliness
and regularity of the mesoporous structure with the presence of organic groups in the DDS
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Table 3. Table of the ratio of drug and solvent.

A. Principle
Amoxicillin
Erythromycin
Ibuprofen
Gentamicin
Alendronate

Solvent
Water
Acetonitrile
Hexane
Water
Aqueous NaCl

Ratio
5:1
6:1
7:1
6:1
1:1

% Adsorbed
10
34
32
17.5
13.9

framework [30]. The compounds obtained are organometallic frameworks (MOF) characterized by a high SBET value and a high loading and release rate of the drug. Similar
materials were called MIL (Lavoisier Materials Institute); the structures of MIL-100 and
MIL-101 are shown in the Figure 15.

Figure 15. MIL-100(Cr) and MIL-101(Cr) self-assembly process.

4.1

Dosage in mesoporous materials

A critical factor in the correct application of drug delivery systems is the dosage, that
is, the actual amount of the substance released. In the case when the drug is completely
released according to the kinetics of zero order, the amount of the included drug should
correspond to the specified daily course of treatment. For long-term implantable drug
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delivery systems, additional factors need to be considered. For this case, characterized by
greater bioavailability than for oral administration, therefore, the release of the drug must
continue for a long time.
Table 4 shows the data for several implantable DDS, including the dosage of the drug
loaded in 10 g of mesoporous material. The indicated amount is appropriate in case of a
bone defect in case of a fracture of the femur.
Table 4. Examples of types of mesoporous matrices and dosages of drugs for DDS in the case of
implantation of bone systems.

Mesoporous matrix
SBA-15
SBA-15/PLGA
SBA-15
SBA-15
SBA-15-NH2
MCM-41-NH2
MCM-41

Drug
gentamicin
gentamicin
erythromycin
amoxicillin
alendronate
alendronate
ibuprofen

Daily dose
150-300 mg[a]
150-300 mg[a]
1.5-3 g[b]
1.5-2 g[b]
5-10 mg[b]
5-10 mg[b]
0.9-1.2 g[b]

Dosage[c]
2
4.5
3.4
2.5
2
2.5
7

Figure 16 shows the main types of drug release profiles. Profile a is characteristic in the
case of non-functionalized matrices, with a sharp increase and subsequent very slow drug
release. This type of profile can be used in the case of providing an immediate high dose.

Figure 16. Drug delivery profiles of mesoporous materials.

Profile b is described by diffusion or dissolution processes and ffollows the first-order ki-
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netics regarding concentration. A well-known example of this profile is the alendronate /
MCM-41 system. Profile c depends only on time, which indicates that the kinetics of the
zero order is consistent. This type of profile is suitable for long-term drug delivery systems, for example for the SBA-15 system with alendronate / amino functionality. Finally,
profile d is a sophisticated system that is able to respond to stimuli. These systems are
characterized by controlling the rate of release due to external factors (for example, pH,
temperature, magnetic field), which opens up a wide range of possible intelligent DDS.

4.2

Release kinetics

Various kinetic models exist for analyzing in vitro release data. The zero order speed
equation [31] describes systems in which the rate of release of a drug does not depend on
its concentration:
C = k0 t,
(9)
where k0 is the rate constant of zero-order (concentration/time). The first order equation [32] is used when the release rate is dependent on the concentration.:
log(C) = log(C0 ) −

kt
,
2.303

(10)

where C0 is the initial concentration and k is first-order constant. In the case of Fickian
diffusion, the Higuchi [33] model is used, which is described by the square root of the
process depending on time:
√
(11)
Q = k t,
where k is the constant described system parameters. If the system changes such parameters as the active area of the surface or particle diameter, then the equation of the cubic
root described by the Hixson-Crowell [34] model is used:
p
3

Q0 −

p
3
Qt = kHC t,

(12)

where Qt is the amount of medicine which was released in time t, Q0 is the initiatory
amount of the medicine in the pill and kHC is the rate constant for Hixson-Crowell rate
equation.
Korsmeyer [35] presented a simple equation which allow to estimate drug release from
a polymeric system. To find out the type of drug release process, first 60% drug release
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data was fitted in Korsmeyer–Peppas model:
Mt
= ktn ,
M∞

(13)

where Mt /M∞ is fraction of drug released at time t, k is the rate constant and n is the
release exponent. Visual use of the parameter n is presented in Table 5 for the cylindrical
matrix. Relaxation release in case II is a drug transport mechanism associated with the
influence of external stimuli, characteristic of hydrophilic polymers that swell in water or
biological fluids. [36]
Table 5. Indicator and diffusion mechanism for cylindrical shape.

Diffusion exponent
0.45
0.45 < n < 0.89
0.89
n > 0.89

Overall solute diffusion mechanism
Fickian diffusion
Anomalous (non-Fickian) diffusion
Case-II transport
Super case-II transport

To determine which model is most applicable to the description of the experimental data
obtained, the concept of a correlation coefficient R2 is introduced. In the case when the
data generated from the model differs from the linear dependence of the least squares
function, the value of r2 is defined as the second-degree correlation coefficient. In this
case, a correlation is found between the source and modeled data. It should be noted that
this approach allows only to assess the suitability of the predictor for this system.After
measurements and obtaining an array of experimental data, an array is simulated according to each kinetic model and values of r2 are estimated. The highest value of r2 indicates
that this model best suits the distribution of the data obtained.

29

5

Upsalite

Upsalite is a patented family of mesoporous materials based on magnesium carbonates.
The basis of the material - Magnesium is the eighth most common element in the crust. It
can form several structures of hydrated carbonates such as nesquehonite (MgCO3 · 3H2 O),
and lansfordite (MgCO3 · 5H2 O), a number of basic carbonates such as hydromagnesite
(4MgCO3 · Mg(OH)2 · 4H2 O), and dypingite (4MgCO3 · Mg(OH)2 · 5H2 O), as well as
the anhydrous and rarely encountered magnesite (MgCO3 ). Unlike other alkaline earth
metal carbonates, it was found that anhydrous magnesium carbonate is difficult to synthesize, especially at low temperatures. However, at lower temperatures, magnesium carbonates tend to form, causing what is called the "magnesite problem" [37].

5.1

Synthesis and characteristics

Figure 17. Synthesis of Upsalite. [38]

The synthesis of Upsalite is carried out well below 100◦ C. A schematic description of the
reaction steps is presented in Figure 17. In the first step MgO (s) is mixed with methanol
under 3 bar CO2 pressure at 50◦ C.

M gO + CH3 OH ↔ HOM gOCH3

(14)

After 2.5 h the HOMgOCH3 is formed in the solution, the pressure is lowered to 1 bar
and the heating is turned off. At the same time the methanol reacts with the CO2 and
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forms CH3 OCOOH (methyl hemicarbonic acid).

CH3 OH + CO2 ↔ CH3 OCOOH

(15)

HOMgOCH3 reacts with CH3 OCOOH and forms water and H3 COCOOMgOCH3 (methyl
esther of magnesium methyl carbonate).

CH3 OCOOH + HOM gOCH3 → H3 COCOOM gOCH3 + H2 O

(16)

At this point the solution changes colour from white to light yellow. H3 COCOOMgOCH3
reacts with the water formed in step (3) and forms HOMgOCOOCH3 (or MgCO3 · CH3 OH)
which upon (5) heating at 70◦ C releases CH3 OH and forms MgCO3 .
H3 COCOOM gOCH3 + H2 O ↔ HOM gOCOOCH3 + CH3 OH
HOM gOCOOCH3 → M gCO3 · CH3 OH → M gCO3 + CH3 OH ↑ (70◦ C)

(17)
(18)

Using the Dubinin-Astakhov model (D-A), the microporous properties of the material
were analyzed. From the comparison of the characteristic energy for the adsorption of
H2 O and N2 , the hydrophilic nature of the material was demonstrated (Tab. 6). Based on
Table 6. Structural and chemical characteristics of Upsalite.

Adsorbate
SSA (m2 /g)
Total pore volume (cm3 /g)
Limiting micropore volume (cm3 /g)
Equivalent surface area in micropores (m2 /g)
Characteristic energy of adsorption (kJ/mol)
Modal equivalent pore width (nm)

N2
800.0 ± 3.6
0.47
0.280 ± 0.001
549
11.4
1.75

H2 O
0.160 ± 0.010
478
41.0
1.09

the density functional theory (DFT), the dependences of the cumulative and incremental
pore sizes were calculated (Fig. 18). According to the graphs obtained, 98% of the volume
is occupied by pores with a diameter less than 6 nm. The remaining 2% is occupied by
pores with a wide variation in the diameter from 8 to 80 nm. [38]
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Figure 18. Incremental pore volume (violet) and cumulative pore volume (blue) obtained from
N2 sorption isotherm. [38]

Due to the drug loading process, it is possible to change the size of the pores in Uppsalite.
For example, Ibuprofen was introduced by evaporating the solvent. When dissolving 6
g of ibuprofen in 250 mL of ethanol, a solution was obtained with a concentration of 24
mg / mL. Next, the resulting mixture containing samples of Upsalite and ibuprofen-etenol
solution was placed on an orbital shaker at room temperature, in order to create conditions
for the Upsalite to diffuse into the matrix. Shaking was continued for 24 hours, after which
the solvent was removed by evaporation at 135◦ C. Samples loaded with ibuprofen were
dried in a vacuum oven at 70◦ C. Three types of ibuprofen-loaded sample were obtained:
upsalite-IBU-large (particle size > 200 µm), upsalite-IBU-medium (particle size 100-75
µm), upsalite-IBU-small (particle size 50-25 µm).
Figure ?? shows the dissolution profile of pure ibuprofen and the release profiles of
ibuprofen from various mesoporous structures based on Upsalite. It can be seen from
the profiles that the initial dissolution rate of crystalline ibuprofen is lower compared to
the release of Upsalite from the amorphous structure with different dimensional parameters. The limiting factor for crystalline ibuprofen is lattice energy. The dissolution profile
demonstrates that only about 21% of the starting crystalline ibuprofen, with a particle size
of µ, dissolved within the first 10 minutes, and after 60 minutes only about 61%. However, for the Upsalite-IBU structure - small, medium and large, this indicator corresponds
to 86%, 70% and 36% of the released drug, respectively, for the first 10 minutes. From
this relationship, it can be determined that a carefully selected particle size can serve as
a tool for controlling the amount and sacrosity of the drug being released, as well as the
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Figure 19. Dissolution of as-received ibuprofen and ibuprofen released from the different Upsalite
samples.

mesoporous structure of Upsalite itself. The presence of areas with a low rate of release
is explained by the interaction of carboxyl groups of ibuprofen molecules with hydroxyl
groups on the Upsalite walls left after the synthesis process.
During the experiment, an analysis of the release data was carried out according to the
Korsmeyere-Peppas model in order to obtain detailed information about the process of
drug release from the Upsalite particles. It is worth noting that the Korsmeyere-Peppas
equation is valid only for the first approximately 60% of the released drug:
Mt
= ktn
M∞

(19)

where Mt /M∞ is the fraction of the drug released at time t, k is a kinetic constant, and n is
the diffusional exponent characteristic of the release mechanism. This model can be used
for nonswelling systems such as Upsalite, which makes it possible to detect the difference
between Fickian diffusion, non-Fickian (anomalous) diffusion and the model of release of
zero order. Diffusion of a Fickian or quasi-Fickian is characteristic of spherical particles
with an n value of 0.43 or lower. The model of zero order is observed when the value
of n is equal to 1.0. In the case of an intermediate value, there is a combination of the
mechanisms of release or non-Fickian transfer.

33

6

PROPOSED METHODS

The main task of this work is the development of a device and a method allowing to
provide controlled printing of carrier matrices from mesoporous structures. This complex
project consists of several parts, which can be divided in to:

• Hardware includes main and additional structural elements and mechanical parts;
• Printhead and ink supply system;
• Electronics contains all components which provide correct work of the system and
communication between different parts;
• Firmware for printhead microconroller and separate microcontroller responsible for
the operation of the mechanical parts of the system;
• Software provides calculations, visualyzing of data and printer control for different
conditions.

6.1

Hardware

The main part of the hardware is a open build 3D-printer called "Plan-B". The main
characteristics of the construction are shown in table 7. The "Plan-B" has features that
ensure high accuracy and speed of printing process.
Table 7. Construction characteristics.

Parameter
Dimensions
Weight
Frame material
Linear guides

Value
550 × 450 × 350
16
Aluminium and ABS plastic
Slide bearings

Units
mm
kg
LM8UU

The front view of the construction scheme is shown in figure 20. The base of the printer
are three divided containers for loading powder (hoppers), made of sheet metal (1). In the
top part is linear guide (4) for movement of spreader and linear guide (2) for movement of
gauntry with printhead holder (5) for movement along the y-axis. Linear guides are fixed
with holders made using 3D-printing.
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Figure 20. Front view scheme of the construction. 1 - hopper walls; 2 - gauntry y-axis linear
guide; 3 - timing belt; 4 - spreader linear guide; 5 - printhead holder; 6 - aluminium pulley.

All movements along the axes are provided with the help of timing belts (3) attached to
the gears of the stepper motors at one end and on the aluminum pulleys (6) to the other.
The top view of the construction scheme is shown in figure 21. There is a spreader (1),
the main task of which is layering powder of a given thickness. This process is due to
the displacement of the feeder plate (2) and the base plate (4) with the help of integrated
pistons. When creating a new layer, feeder plate is shifted up and the base plate down,
after which the spreader is rolled and the layer is applied. Excess powder is throwed off
into the space on the storage plate (5). Directly the process of printing and obtaining the
final sample occur on the base plate. Printing occurs by moving the gauntry with printhead along the x-axis linear guide (3). Since the printing process uses additive printing
technology. Further, each plate is equipped with a heater that ensures uniform evaporation
of the moisture adsorbed by the original powder and the binder itself after each layer is
applied.
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Figure 21. Top view scheme of the construction. 1 - spreader; 2 - feader plate; 3 - gauntry x-axis
linear guide; 4 - base plate; 5 - storage plate.

6.2

Printhead and ink supply system

The technology of inkjet printing is based on the sequential generation of droplets of a
given diameter and their subsequent spraying along a given trajectory. Inkjet printing is
divided into two large classes depending on the type of formation of droplets: continuous inkjet (CIJ) and drop-on-demand (DOD), but the process itself may be acoustically,
thermally, or piezoelectric. In DOD, the liquid is supplied by condensing the flow into
one microdrop of the desired diameter. This principle of operation makes DOD ideal for
accurate dimensional printing. A surge occurs due to a controlled drive, which can create
pressure at a given frequency. Most often, these drives are made in the form of piezo
actuators.
The main elements ensuring the operation of the technology is piezoelectric ceramics
(PZT). In the case of application of stress, a change in the size and shape of the material
occurs at the expense of bending and stretching. The print head allows you to control the
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distortion of the channels in the PZT unit using the electrode located along the walls of
the channels. When voltage is applied and the walls are subsequently deformed, a pressure wave arises that pushes ink through the nozzles of the print head. After the jet is
released, the main drop is formed due to surface tension. it is followed by a long globule,
which is the source of small satellite drops. One of the features of the piezoelectric printheads is their low power consumption. In addition, a high frequency of droplet generation
are ensured and there is the absence of mechanical stress caused by heating or moving
parts. But on the other hand, this type of printheads is expensive and requires constant
maintenance.
When choosing a printhead, the following characteristics were taken into account: price,
possibility of installation outside official equipment, printing with various types of organic
solvents, high resolution. The most satisfying of these requirements is the XAAR XJ128
printhead. The XJ128 printhead consists of the following main components, as shown in

Figure 22. Isometric views of the XJ128 printhead.

the figure. 22. The plastic coating (1) protects piezoelectric actuators and chips from static
electricity. An electrical connector (2) provides interface to the outside user electronics.
At the bottom is the nozzle plate (3), which is the thin plastic coat and forms the nozzle
lines. The ink supply is provided through the ink inlet port (4). Protection of nozzles
and the drive from pollution is provided with the special steel mesh filter. Using the
chassis (6) you can install the printhead. The chassis has fixation holes in the mechanical
assembly, there is also insulator (5) to protect nozzles from static charge. In addition, the
chassis provides thermal desipation from the electric drive during the printing process.
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The specifications of the XJ128 printhead listed in the table 8.
Table 8. XJ128 printhead spicification.

Description
Active nozzles
Nozzle pitch
Nozzle diameter
Nominal drop volume
Drop velocity
Maximum drop deviation
Maximum frequency
Maximum linear speed
Pixel resolution
Weight
Dimensions
Printing distance

Value
128
137.1
50
70
5.0
1.8
5.55
705
200 × 200
15.5
37.2 × 40.8 × 11.3
1.0

Units
µm
µm
pL
m/s
degrees
kHz
mm/s
dpi
g
mm
mm

Figure 23 shows a scheme of the connection of the ink supply system to the inlet port of
the printhead. A flexible-type PVC (polyvinyl chloride) tubes was used to connect the
ink inlet with the ink tank. PVC is chemically resistant to acids, salts, bases, fats, and
alcohols. It is also resistant to some solventst which makes it possible to use acetone and
other specific solvents as a binder.
For correct operation of the printhead, it is necessary to provide a slight negative pressure,
i.e. through the location of the ink container below the level of the nozzles. Operational
ink pressure supply is (−0.2) ÷ (−1.0) KPa and absolute ink pressure supply is (−800) ÷
2000 mBar. Negative pressure is needed to prevent ink from flowing through the printhead
nozzles. The nozzle initialization process itself works on the principle of a pump, which
helps to pump out the necessary amount of ink from the reservoir (2) which is located
below of the printhead (1) nozzles as shown in figure 23. The liquid pump KHF-10 (3)
supplies the ink through tubes from a main ink tank (4). It’s important that the distance
between nozzles and the substrate (5) must be at least 1 mm to avoid clogging of nozzles.
The liguid pump is shown in figure 24 and has the following characteristics: voltage - 24
V; power consumption 3 W; flow - 100÷200 ml/min.
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Figure 23. Ink supply system.

Figure 24. Ink liquid pump KHF-10.

6.3

Electronics

All the electronics used in the project can be divided into two parts: the electronics ensuring the operation of the printhead and the electronics responsible for the operation of
all the mechanical parts of the printer, including the operation of the ink supply system.
As the power supply for both parts the model S-250-12 was chosen to provide a direct
current with voltage of 12 V. The specifications of the S-250-12 DC power supply listed
in the table 9. The first one provides power to the printhead, the second one supplies the
mechanical parts of the printer, and the ink supply system.
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Table 9. S-250-12 DC power supply spicification.

Description
Output voltage
Output current range
Output power
Input voltage range

6.3.1

Value
12
0 ∼ 20
240
AC 110 ∼ 230

Units
V
A
W
V

Printer electronics

To manage the printer was chosen Megatronics v.3, which has a powerful Atmega 2560
processor with. The board is connected to a PC via USB cable. It will register by the OS
as FTDI FT232R device. Figure 25 shows the Megatronics board scheme and the location

Figure 25. Megatronics board scheme.

of the main contacts and connections used during installation. The data exchange takes
place through the SERIAL-communication via the USB-port (5), thus it is possible to
rewrite the microcontroller with the created sketch. A DC power supply with a voltage of
12-24 volts is connected to the terminals (4). The operation of logic electronics operating
in a smaller range (5 V) is protected by the use of MOSFET transistors. In addition to
downloading data through the serial port, it is possible to write and read a text file using
the built-in card-reader (6) and an external SD card. At the top are pins for connecting
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bipolar stepper motors (1). One of the advantages of the selected board is the presence
of 6 adapters for installing drivers for stepper motors (2). Pololu A4988 was chosen as a
driver for the stepper motor. The driver connection is provided by connecting the VDD
Table 10. Stepper motor spicification.

Parameter
Value

Holding torque, N·cm
47.0

Rated voltage, V
3.1

Step angle
1.8

Rated current, A
2.5

and GND contacts to the motor power contacts (VMOT and GND). For correct operation
of the circuit board, decoupling capacitors are installed to ensure a stable current value.
The operation of a stepper motor is characterized by a step size; the driver A4988 allows
improving this characteristic by supplying the internal coils with intermediate current
values. For example, for a quarter-step mode, the driver will provide 800 microsteps
instead of the standard 200. For the movement of the mechanical parts of the printer were
selected stepping motors 42BYGHW 811, the spicification of which listed in table 10.

(a)

(b)

Figure 26. Stepper motor connection. (a) Model; (b) Principal electrical scheme.
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In total, the project uses six stepper motors: to move the gauntry along the x-axis; to move
the gauntry along the y-axis; to move the spreader above the printing plate; to lifting and
lowering the feeder plate, the base plate and the storage plate. The selector resolution
inputs (MS1, MS2 and MS3), or rather their combination allows you to adjust the step
resolution: full step, 1/2 step, 1/4 step, 1/8 step or 1/16 step. The correct functioning of the
selected mode (for example, the avoidance of microstep gaps) of the microstep is ensured
by a low current limit for timely switching. An example of connecting the driver and
stepper motor is shown in the figure 26, where the stepper motor (1) is connected with the
A4988 stepper driver (2) via pins in the Megatronics board (3). To control the movement

(a)

(b)

Figure 27. Opto endstop connection. (a) Model; (b) Principal electrical scheme.

of the gauntry, spreader and pistons for the base plate and feeder plate opto endstops were
used. This allows to return all mechanical elements to their home position and to avoid
determining the position of the shift through the number of steps for the stepping motor.
In the work PCB TCST-2103 opto endstops were used. The basis of the optical stopper is
the TCST-2103 sensor. Its principle of operation is to interrupt infrared radiation with an
aluminum element, which is detected by a phototransistor. This ensures timely stopping
of the stepper motor operation. To be able to connect to the board, the optical stopper
is supplied with a three-pole terminal. The required voltage for correct operation is 5 V.
An example of connecting the opto endstop is shown in figure 27. Additional principal
electrical schemes for all components are in the appendix 1 and 2.
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6.3.2

Printhead electronics

In the project the XAAR XJ128 printhead was used, which includes 128 nozzles, controlled by two programmable chips and a piezo-actuator. Full control occurs with the use
of 30 pins, giving various functional signals. The electrical component scheme and pin
designation are shown in Figure 28. Each pin has certain signal description, but only 15

Figure 28. XJ128 printhead pin-out convention.

pins are required for correct operation:

• nSS1 and nSS2. Selection of driver chip 1 or 2. In the case of a low signal level, a
64-channel segment is selected for data transmission using MOSI;
• VDD. Logic power supply (+5.0 V);
• VPPL. Printhead power supply with high voltage and low current (+35 V);
• VPPH. Printhead power supply with high voltage and high current (+35 V);
• GND, GNDL, GNDH;
• nRESET. Reset the specified sequence in the driver chip;
• MOSI. Serial data port. Print data is loaded through this line;
• SCK. To fully determine the print pattern, 128 load operations are needed that
correspond to a single pixel and a separate nozzle. The data transmitted using pulses
of the SSCs are transmitted with a maximum frequency of 2 MHz. In the process
of printing, parallel loading of information about the state of a pixel is possible;
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• nFIRE. The level of this signal corresponds to the process of "spraying" from the
nozzle. Its activation occurs after loading data on the chips in the appropriate register;
• READY. The output signal processed by the microcontroller signals the completion
of the process of downloading data to the chips. Also used as a clock pulse to
synchronize print and load processes;
• MISO. The output line is a data serial controlled by the signals nSS1 and nSS2.
Used to exchange data between the printhead and the microcontroller;
• CLK. The time line of control and synchronization of printhead logic. The frequency of the signal is 1 MHz.

Table 11. Electrical operating conditions.

Parameter
Logic supply voltage
High voltage high current supply
High voltage low current supply
High voltage supply high current
High voltage supply low current
Clock frequency

Symbol
VDD
VPPH
VPPL
IPPH
IPPL
CLK

Min.
4.5
−
34.0
−
−
0.95

Typ.
5.0
35.0
35.0
−
1.7
1.0

Max.
5.5
36.0
36.0
400
5.0
1.05

Unit
V
V
V
mA
mA
MHz

To provide power to the printhead, three different power lines are required: there are
two with a high voltage value for the operation of the piezo actuator and there is one
with a low voltage for the operation of the logic circuit of the printhead. To stabilize the
voltage and current, capacitors are integrated into the print head circuit that are sensitive
to the time sequence of switching on of one or another power lines. Table 11 shows
the recommended values of currents, voltages and frequencies for correct and long-term
operation of the printhead. To ensure the conditions given in Table 11, and the power
source separation into two lines with high and low noise levels, the scheme presented in
Figure 29 was created.
Model S-250-12 is used as a power source in the project. It provides a constant voltage
of 12 volts. In accordance with table 11, a printhead voltage of 35 volts is required.
Therefore, the XL6009E1 4 Amp step up (boost) converter (Fig. 31), which can take
input voltages as low as 5V and step up the output to as high as 35V was included in
the circuit. This module has a multi-turn trimpot (potentiometer) which can be used to
adjust the output voltage. The converter is based on module XL6009 with N-chanel power
MOSFET which provides stable work with different power supply types.
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Figure 29. High voltage printhead power supply.

Direct power separation occurs using a two-module relay SRD 05VDC-SL-C (Fig. 30).
The relay is driven by a step-down power module of the LM2596 DC-down converter.
The output voltage is controlled by a high-precision potentiometer. Maximum available
current - 3 A. The operation of the converter is based on the use of the LM2596 switcher.

(a)

(b)

Figure 30. 2 channel relay module. (a) Model; (b) Scheme.

The LM2596 series of regulators are monolithic integrated circuits. The relay is controlled by the signals (in1 and in2) generated by the digital pins of the microcontroller
Arduino Mega 2560. Pre-filtering of the signal takes place with the help of a filter inside the step-up converter, but this is not enough because it is used by the ribbon cable
to connect to the print head. Therefore, for additional filtering, ceramic capacitors with a
capacity of 100 nanofarads were installed on lines with high voltage. An Arduino Mega
2560 microcontroller was used to control the printhead and transmit data using the SPI
communication. Also the microcontroller is used to control the relay. Data for one pixel
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(a)

(b)

Figure 31. XL6009E step up converter. (a) Model; (b) Scheme.

line is loaded by a sequence of two 64-bit load operations. For data synchronization, a
SSC signal is used. To ensure that data is loaded onto the selected chip (according to the
order of the nozzle), a low signal level should be applied. With double buffering, a logic
program inside the printhead allows the loading of a new data line during the printing
process. After downloading the data, a high “FIRE” signal arrives, which is the start of
droplet release using a piezo-actuator. The timeline for each signal and their sequence
is presented in the figure 32. For a reliable connection with the microcontroller and the
printhead, a 30–16-pin connector was used in the project.

Figure 32. XJ 128 print data loading and control signals.
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6.4

Firmware

The project used two boards: The Megatronics to control the mechanical component of
the printer and Arduino Mega 2560 to control the printhead. Both boards based on the
ATmega2560 microcontroller. The open-source Arduino Software (IDE) was used for
their programming, which makes it easy to write code and upload it to the board. It
runs on Windows, Mac OS X, and Linux. The environment is written in Java and based
on Processing and other open-source software, but the libraries used in the project are
written in the language C/C++.

6.4.1

Megatronics firmware

Before executing the setup cycle of the program, libraries are connected, pin designations
and input of necessary constants. Further, in the setup() loop, the state of all pins of the
microcontroller is recorded, after which the functions of calibrating the initial position of
the mechanical elements of the printer are performed. The first is the gantry positioning
function described in Algorithm 1.
Algorithm 1 Home gantry function
Input: x-offset (-800), home speed (200), home backstep (50), y-offset (-1200)
Output: Stepper commands along x and y axes.
1. The enable state of stepper motors corresponding to the axes of the x and y.
2. Sets the positive motion of the stepper motor along the x axis.
3. While x endstop==0 step along the x axis with home speed.
4. If x endstop==1 stop moving along x axis and set opposite x direction and y direction.
5. While y endstop==0 step along the y axis.
6. If y endstop==1 stop moving along the y axis, set opposite directions for both steppers.
7. Set possitions equal offsets.
8. Disable state for both steppers.

After this, the spreader is set to the initial position with a one-second delay. The function
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is described in Algorithm 2. If the principles of positioning the spreader and gantry are
Algorithm 2 Home spreader function
Input: s-offset (0), home speed (200), home backstep (100).
Output: Stepper commands along the y direction.
1. The enable state of the stepper motor responsible for the movement of the spreader
2. Sets the positive motion of the stepper motor along the y direction.
3. While spreader endstop==0 step along the y axis with home speed to reach the
initial position.
4. If spresder endstop==1 stop moving along the y axis and set direction.
5. Set possitions equal the offset.
6. Set opposite direction.
7. Disable state for stepper.

similar, then the piston method was used to set the feeder, storage and base plates, where
the shift value is set manually to provide the necessary space for filling with powder. The
positioning process is similar for all plates and is given as an Algorithm 3 for the feeder
plate.
Algorithm 3 Home feeder plate function
Input: f-offset (-2000), home speed (100), home backstep (40000).
Output: Feeder plate stepper commands.
1. The enable state of the stepper motor responsible for the movement of the feeder
plate.
2. Sets the positive motion of the stepper motor.
3. While feeder endstop==0 step up with home speed to reach the initial position.
4. If feeder endstop==1 stop moving and set opposite direction.
5. If position<"home backstep" then step down.
6. Set possitions equal the offset.
7. Disable state for feeder plate stepper.
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After performing positioning commands, the printer is ready for operation and printing
layers. The printing process combines the work of both the Megatronics board and the
Arduino board, in this section we will show the functions used directly in the Megatronics
board. Before printing, you must apply a layer of powder on the base plate with a spreader.
All operations are included in the function described in Algorithm 4.
Algorithm 4 New layer function
Input: spreader feed speed(100), gantry speed (60), piston speed (1), piston overfeed(10),
opposite piston distance (50), center (9000)
Output: Feeder plate stepper commands
1. The enable state of the all stepper motors.
2. Sets the positive direction of the x-axis stepper motor.
3. While x-axis endstop==0 step along the x axis with gantry speed.
4. If x-axis endstop==1 stop moving and set opposite direction.
5. Shift of the feeder plate up to reach "opposite piston distance" value with piston
speed.
6. Shift of the base plate down to reach "piston overfeed" value with piston speed.
7. The movement of the spreader along the plane and the application of powder.
8. The return of the spreader to the initial position.
9. If position<"center" then move gantry along the x-axis to reach the center position.
10. Disable state for all steppers.

6.4.2

Arduino firmware

The program allows you to print as an object, i.e. a given number of layers, and each
layer separately. This is due to the serial port communication providing the connection
between the computer and the Arduino board. To start the data exchange, it is necessary
to execute the instruction "Serial_begin" and specify the serial port number. The program
is divided into two parts: an installation - setup() and an infinite loop - loop(). For the
correct operation of the printhead, the "xaar128" library was created, consisting of two
files: the description file - "xaar128.h" and the function file - "xaar128.cpp". To connect
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the library used command #include "xaar128.h". In the "xaar128.h" file, an indication of
the selected board is made, in this case, Arduino 2560, pin designation, but not their state
and all functions specified in the library are indicated. In the "xaar128.cpp" file, the state
of the pins and the description of all the functions are described:

• Xaar128::init(). The function allows you to set the initial state of all the pins,
according to the sequence specified by the manufacturer, and to ensure the initialization of the SPI communication;
• Xaar128::powerUp(). The function sets the power pins into active state according
to the sequence shown in Figure 33;
• Xaar128::powerDown(). The function sets the power pins into inactive state according to the sequence shown in Figure 33;

Figure 33. Power on/down sequencing.

• Xaar128::loadBuffer64(byte). Function performs byte loading on chips.
• Xaar128::loadData(int). The function processes the data array line by line and
initializes the operation of the chips. Inside the Xaar128::loadBuffer64(byte) is
performed.
• Xaar128::fire(). This is the Boolean function and checks the state of READY,
provides a time delay according to Figure 32 and the operation of the nozzles.

In the setup() loop, only function Xaar128::init() is executed. In the loop(), all subsequent
functions are performed, ensuring the printing process. It receives data from the software
and sets the power pins into the active state, after which the signal is transmitted to the
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Megatronics board to begin printing. Then, a specified number of printing cycles are
performed, which include the transmission of data via the SPI and the control of nozzles.
A detailed description of the process is presented in Algorithm 5.
Algorithm 5 Printing process
Input: Communication speed (250000), image.h, cycles (100)
Output: motor, new_layer: HIGH/LOW
1. The setup() cycle with Serial.begin (250000);
2. The loop() cycle begins;
3. If (Serial.available) then c=Serial.read();
4. Check incoming data and fill the array. If (c!=’n’) then command[]=c;
5. If (command[0]==S) then start printing process;
6. Xaar128::powerUp();
7. A signal to the printer to start printing: digitalWrite(motor, HIGH);
8. For (int i=0, i<cycles, i++):
(a) Xaar128::loadData(int) with image.h;
(b) Xaar128::fire();
9. A signal to the printer to apply the new layer: digitalWrite(new_layer, HIGH);
10. A signal to stop the printing process: digitalWrite(motor, LOW);
11. Xaar128::powerDown().

6.5

Software

The software was developed using the Python language to provide printer control and
print parameter calculations. The program has a wide functionality and allows you to
enter a series of data. To calculate the required dosage of the drug, the following data is
entered: height, weight, age, blood group, body surface. To calculate the parameters of the
sample to be produced, it is necessary to select the drug carrier matrix (Upsalite,SBA-15,
MCM-48), the type of binder (Acetone, propanol), the type of solvent, the concentration of drug in the solvent, the type of drug (Ibuprofen, Alendronate, Amoxicillin), and
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the shape of the desired structure (Spherical, Cylindrical, Donut-shape). Data for each
option is stored in a multidimensional array, taking into account the structure density,
mass, etc.Data entry is carried out using a graphical user interface (GUI), an example of
which is shown in Figure 34. The graphical interface consists of data entry and selection

Figure 34. Graphical User Interface.

fields, and three buttons for saving data, calculating the required concentration using the
Bateman function, and presenting the visualization of the molecular structure of the drug.
Figure 35 shows an example of the program. After entering the patient’s parameters, the

Figure 35. An example of the calculation function.

concentration is calculated (200 mg of ibuprofen for this example) and the plotting of
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the concentration versus time. The image of the molecular structure of ibuprofen is also
displayed in a separate field; this can be useful for taking into account the interaction of
the drug with the pore walls in the case of functionalization. In the additional printing tab

Figure 36. An example of 3D visualization.

(Fig. 36), you can load an existing file for printing, the left part of the screen will allow
you to view each separate layer. On the right side, a 3D model of the structure is rendered,
the individual layers are marked with different colors.

Figure 37. Visual description of the printing process.
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The full scheme of interaction of individual components in the printing process is presented in Figure 37. All processes have a strict sequence, which is determined by the
numbering in the figure.
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7

EXPERIMENTS

7.1

Precursors

To be able to create a given structure, the work uses the process of dissolving a powder
(binder) with each applied layer. Various types of powders and their combinations were
used as a binder:

• Cellulose acetate;
• Cellulose acetate phthalate;
• Amorphous mesoporous material Upsalite.

Acetone was used as a solvent in the process of additive printing, allowing to dissolve
cellulose acetate followed by rapid solidification. Also acetone was used to simulate
dissolution of the resulting structure in the body.

7.2

Evaluation criteria

To evaluate the method performance and to compare the methods, the following performance measures were used. The most significant conditions for additive printing of a
sample are: the uniformity of the applied layer, which correlates with the mass of the
sample, which varies with each applied layer; the concentration of the drug in the final
structure of the carrier matrix. The first condition depends on a number of factors, such
as the evaporation rate of the solvent, the pressure in the ink supply system, the humidity
of the environment, etc. The only way to control this parameter is to estimate the mass
of each layer obtained, obtained by an imbric method and described in experiment 3. To
estimate the concentration of a medicinal product, the calculation of the theoretical share
of the medicinal product when mixing the binder and the estimation of the share of the
medicinal product in the pores of the mesoporous structure are used. Next, an analysis is made of the amount of the medicinal product sold in the process of dissolving the
structure and estimating the ratio of the calculation and the imperically obtained data.
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7.3

Description of experiments

In the course of the project, a series of experiments were carried out to assess the quality
of printing, the possibility of its adjustment and regulation. In addition, the obtained
structures were analyzed using scanning electron microscopy (SEM). The main link is
the category of experiments that reveal the possibility of using the developed method for
the formation of drug carrier matrices.

7.3.1

Experiment 1

Before printing structures from mesoporous materials as a powder, it was necessary to
carry out printing tests with various parameters that affect the layer quality and integrity
of the structure. For this purpose, cellulose acetate was chosen as a powder and acetone as
a binder. During the deposition of the layer is the process of dissolution.The influence of
the following printing parameters was investigated: the thickness of the deposition layer
and the number of printing cycles.The influence of the following printing parameters was
investigated: the thickness of the deposition layer and the number of printing cycles. After
the printing process, we measured the mass of the structures obtained, the data obtained
are given in Table 12. The methodology of the experiment was to apply a single layer
Table 12. Experiment 1.

Number
1
2
3
4
5
6

Layer thickness, µm
300
300
300
200
200
200

Number of cycles
5
10
3
5
10
3

Mass, g
0.0272
0.0353
0.0152
0.0396
0.0483
0.0366

of binder on the main surface filled with powder. After hardening and drying, weighting
was carried out to estimate the amount of the adsorbed powder and assess the correlation
of the mass with the number of applied layers. The assessment of the integrity of the
structure is presented in the Results section.
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7.3.2

Experiment 2

In this experiment, a mixture of cellulose acetate and an amorphous mesoporous material
Upsalite was used as a powder in a ratio of 4 to 1. Acetone was used as a binder. After
the test print, satisfactory process parameters were selected: layer thickness - 200 µm,
number of cycles - 10. The purpose of this experiment is to determine the reproducibility
of the structures obtained. The evaluation criterion is the value of the mass of the sample
before and after drying. Drying was carried out at a temperature of 70 ◦ C for 12 hours.
In the course of the experiment, 5 samples from 5 layers and three samples from 9 layers
were obtained.

7.3.3

Experiment 3

For a successful printing process, it is especially important to estimate the amount of
drug loaded in the carrier matrix. Obviously, this parameter correlates with the mass
of the obtained sample, but due to the drawbacks of the solution supply system and the
different degrees of adsorption in the new application, it is necessary to evaluate the trends
in weight increase with each new layer. For this, an estimate was made of the mass of
samples with different numbers of layers before and after drying. A mixture of cellulose
acetate and an amorphous mesoporous material Upsalite was used as a powder in a ratio
of 4 to 1. Acetone was used as a binder. In addition, the geometry of the obtained samples
was studied:

• The change in geometry with each new application of the layer;
• Analysis of the cross-section morphology of the obtained sample using a digital
microscope;
• Analysis of the cross section of the obtained sample using an electron-scanning
microscope (ESM);
• Structural analysis of the cross-sectional surface and the assessment of the distribution of the atoms of a substance using energy dispersive X-ray spectroscopy (EDS).

7.3.4

Experiment 4

After creating the structure, it is necessary to determine the rate of dissolution of the sample and how it correlates with the number of applied layers. For this purpose, the method
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of 3D indicatrices of static light scattering (SLS) was used, which is the basis of the device developed earlier. The model of the device is presented in Figure 38. In the process

Figure 38. Model of the device for measuring 3D indicatrices.

of measurement, a red low-power laser is used, located in the holder 1. On the measuring
arc (3) there are 14 photodiodes that allow recording the intensity values of the scattered
sample. To obtain volumetric indicatrices, the measuring arc rotates relative to the sample
(4) with the help of a stepping motor (5) located in the holder 6. For smooth rotation, a
bearing (2) is embedded in the system. As a result of the experiment, an array of data is
generated that characterizes the intensity of the scattered light in a spherical coordinate
system. For the case under consideration, volumetric indicatrices were analyzed and the
angle of maximum deviation of values was chosen, which simplifies the subsequent interpretation of the time dependence. At a given angle, measurements were made in the
polar coordinate system for each sample. The temporal dependence of the indicatrix form
characterizing the degree of sample dissolution in acetone was recorded. It is worth noting that this is only the process of dissolving the basic structure - cellulose acetate, and
not the drug releasing process.

7.4

Results

The results of the first experiment (Table 12) are presented in Figure 39. It can be seen
from the figure that the best integrity of the structure is observed for samples 1, 4 and 6.
Rectangular shape and uniformity indicate sufficient application of the binder to allow the
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Figure 39. Cellulose acetate structures with acetone as a binder.

formation of a layer. For samples 2 and 5, there is a deformation of the structure associated
with the movement of the printhead and an insufficient amount of binder for uniform
adsorption over a larger area. Sample 3 has a smaller size due to the greater thickness
of the layer and the premature evaporation of the binder. For subsequent printing, the
parameters set for obtaining the best sample-4 were chosen.
In the second experiment, three-dimensional structures with different numbers of layers
were produced and the mass after acetone evaporation was additionally estimated.The
results of the second experiment are presented in Table 13. We may notice that for fivelayer structures, the average weight is 300 mg before drying and 178 mg after.
Table 13. Experiment 2.

Number
1
2
3
4
5
6
7
8

Layer thickness, µm
200
200
200
200
200
200
200
200

Layers
5
5
5
5
5
9
9
9

Mass, mg
279.2
297.5
298.6
313.36
312.73
547.17
553.64
512.73

Mass after drying, mg
156.79
182.79
183.94
186.22
182.43
299.19
301.13
286, 53

losses,%
43.84
38.56
38.39
40.57
41.67
45.32
45.61
44.11

An assessment of the weight loss after drying was also carried out:
L = 100 −

m
,
M

(20)
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where L is the weight loss, m is a mass after drying, M is a mass before drying. The
average loss is 41 percent. For nine-layer structures, the average weight before drying is
538 mg after drying - 296 mg and the average loss is 45 percent.
Table 14. Experiment 3.

Number
1
2
3
4
5
6

Layer thickness, µm
200
200
200
200
200
200

Layers
1
2
3
4
5
9

Mass, mg
55.6
120.6
150.71
188.9
279.2
547.17

Mass after drying, mg
43.08
83.11
106.21
132.97
156.79
299.19

losses,%
22.5
31.1
29.5
29.6
43.8
45.3

The results of the third experiment are presented in Table 14. On the basis of the data
obtained, graphs of the mass of the sample (Figure 40) as a function of the number of
applied layers were obtained. This allows you to determine the growth of substances in
the structure with each new layer, thus the resulting dependence will allow you to calculate
the required number of layers for a given dosage of the drug. The geometry of the samples

Figure 40. The dependence of the mass on the number of layers.

was also evaluated. Figure 41 shows samples with different numbers of applied layers.
Sample 1 - 1 layer, sample 2 - 2 layers, sample 3 - 3 layers, they are characterized by
surface bending. A more stable structure is characteristic of sample 4 (4 layers). Samples

60
5 and 6 with the number of layers 5 and 9, respectively, have a full three-dimensional
geometry. To analyze the internal structure of the sample, a cross-section of a 9-layer

Figure 41. Geometry of samples with different number of layers.

sample was photographed using a digital microscope (Figure 42a). The resulting image
was processed using the Gwyddion software package, as a result of which a mask was
applied (Figure 42b) to the visible pores in the structure. This mask correlates with the
distribution and pore size in the cross-section of the sample, which allows us to analyze
the surface area of each pore.

(a)

(b)

Figure 42. Cross-section 9-layer sample. (a) Before masking; (b) After masking.

The distribution of the number of pores with a certain surface area is shown in Figure 43.
The dependence obtained makes it possible to estimate the degree of porosity of the struc-
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ture and to classify it by pore size. It should be noted that this structure is a consequence

Figure 43. The distribution of the number of pores on the surface area.

of the evaporation of acetone and is not ordered and specially obtained. In the drug delivery system, pores are used directly in the magnesium-containing structure of Upsalaite,
which do not correlate with the pores obtained. At the next step, a sample was studied
using an SEM, which allowed obtaining images of the surface and cross-section with high
resolution 44. From the photo of the cross-section it is possible to see the presence of a

(a)

(b)

Figure 44. SEM images of the sample. (a) Surface; (b) Cross-section.

porous structure with an uneven distribution, but at the same time with a rigid and elastic framework. Analyzing the surface, one can note the presence of undissolved powder
distributed over the solid surface of the sample in the form of granules.But the obtained
images do not allow us to estimate the presence and degree of distribution of magnesiumcontaining amorphous Upsalite within the structure, therefore, the EDS method was used.
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At the first stage, a layer of an alloy of gold and palladium was deposited to remove static
charge from the surface, after which a image of the surface (Fig. 45a) was taken. Then
an EDS was carried out and an atomic distribution spectrum was obtained on the surface
(Fig. 45b). In the resulting image, we can see the presence of magnesium correspond-

(a)

(b)

Figure 45. EDS images of the sample. (a) SEM image; (b) Atoms distribution.

ing to amorphous mesoporous materials; gold and palladium atoms corresponding to the
deposited con-ductive layer; the presence of oxygen and carbon, which are the basis of
cellulose acetate and the carboxyl group of the Upsalite. The greatest interest is the de-

Figure 46. Atom distribution of Mg on the sample cross-section.

gree of uniformity of the distribution of amorphous material, which is described by the
uniform distribution of magnesium atoms, which is clearly seen in Figure 46. The figure shows a uniform distribution, which indicates a high-quality mixing and ap-plication
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of sample layers. This observation suggests the possibility of predicting the amount of
amorphous mesoporous material in the sample structure. According to the data obtained,
the mass fraction of magnesium was 20% and the atomic fraction was 12%. That speaks
about the compliance of the predictable concentration with the obtained one.
The results of the fourth experiment for 5 layer structure are presented in figure 47.
The graph shows a time dependence of the growth of the intensity of the scattered light
relative to all directions. In the process of dissolving a solution arises, the concentration
of which depends on the time and amount of the solute. Due to this, there is a change in
the light scattering properties of the solution, which are described by indicatrices. After

Figure 47. The time dependence of the indicatrix forms of the five-layer sample.

analyzing the graph, it can be argued that the largest deviation in values is observed at
the position of 90◦ . For this angle, a time dependence of the intensity of the scattered
light was created (Figure 48) for samples with different number of applied layers, which
will determine how strongly the number of layers affects the time of complete dissolution
and the concentration of material in the solution. The graph also allows to determine the
saturation region when changes in the intensity values become negligibly small, and the
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time of complete dissolution of the sample:1 layer - 23 min; 2 layers - 47 min; 3 layers 60 min; 5 layers - 70 min; 9 layers - 135 min.

Figure 48. The time dependence of the intensity of the scattered light for samples with different
number of applied layers.

At the final stage of the experiment, the indicatrices were compared (Figure 49) for samples with different numbers of applied layers. This figure shows not only the deviations

Figure 49. Comparison of indicatrices form for different samples.

of the intensity value for a given angle, but also a change in shape.
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8

DISCUSSION

8.1

Current study

Within the framework of this project, a wide range of tasks was carried out, which make it
possible to realize the method of additive printing of drugs on the basis of the Upsalite and
Acetate cellulose mesoporous amorphous material. The main purpose of this technology
is the possibility of personalized treatment of patients (especially children, for whom a
specific dosage of the drug is required). As a result, with the help of equipment and
components provided by the Ångström laboratory were created:
• Hardware including: construction and mechanical elements, binder supply system.
The operation of the hardware is provided by a system of DC power supplies and
microcontrollers. Separately, integration of a piezoelectric printhead was carried
out.
• Firmware for microcontrollers, software with the ability to calculate the concentration of the drug and visualization of the printed structure using a graphical interface.

The created printing system made it possible to obtain samples with a different number
of applied layers, the geometry of which is shown in Figure 41. Analyzing the obtained
samples, a linear dependence of the mass of the structure on the number of applied layers
was found, which allows us to simplify the process of calculating the loaded drug. It is
also worth noting that a non-evaporated binder (acetone) makes a significant contribution
to the mass of the structure (about 40%), which was removed by drying. Also, samples
with a small number of applied layers are characterized by surface distortion (concavity),
caused by adsorption of the binder from the edges of the applied structure and subsequent
non-uniform drying.
The presence of acetone in the structure is the reason for the uneven porosity of the structure obtained (Figure 42). It should be noted that these pores have average diameter more
than 50 nm, since they are formed as a result of the dissolution of cellulose acetate and do
not correlate with the pore sizes characteristic of mesoporous Upsalite.
Studies carried out with the help of SEM (Figure 44) made it possible to study in detail
the cross-section and surface of the sample. The image of the cross-section confirms
the porosity of the framework formed by cellulose acetate, as well as its heterogeneity
and macroporosity. The image of the surface shows granules of undissolved material
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covering the entire outer layer. This observation includes two conclusions: the presence
of an unrecorded proportion of the medicine on the surface of the structure and the risk
of damage to the soft tissues while taking the medicine. Further study of the samples
using the EDS (Figure 46) allowed us to found the uniformity of the distribution of the
magnesium-containing mesoporous material in the structure of the obtained sample, and
the mass fraction of magnesium correlates with the ratio of Upsalite and cellulose acetate
- 20%.
At the final stage, the dissolution rate of the samples was studied using the method of volumetric indicatrices of static light scattering. The obtained dependence (Figure 48) shows
a different point of solubility start. These effects are explained by the light-scattering
properties of the solvent and by the fact that some samples, due to the difference in density in the initial period of time, were at the bottom of the cuvette. It is also worth noting the nonlinearity in the dependence of the complete dissolution of the sample on the
number of applied layers, which is explained by adsorbing the solution inside multilayer
structures and their accelerated dissolution. The forms of indicatrices for different time
intervals (Figure 47) and for different structures (Figure 49) also differ. The most noticeable change in the shape of indicarises is from dumbbell to spherical. This fact confirms
an increase in the concentration of the material in solution and its increasing contribution
to light scattering.
The listed amount of work was performed by the student himself. The preparation of
precursors and the study of samples with the help of the EDS and the SEM were conducted
by the supervisor and Ångström laboratory researcher Jonas Lindh.

8.2

Future work

The implementation and results of this project indicate the possibility of serious potential
application of additive printing technology for the personalized manufacture of drugs. At
the next stage, a number of upgrades are planned:
• Use as a precursor for the preparation of cellulose acetate phthalate powder, due to
its widespread use in the pharmaceutical industry and high biocompatibility;
• Carrying out the loading of various drugs into the mesoporous material Upsalite
and the subsequent study of the rate of sale of the drug using UV spectroscopy;
• The addition of a heating element for the base plane to ensure the evaporation of
acetone directly in the printing process, which makes it possible to achieve a more
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uniform internal structure of the sample;
• Change of binder supply system, addition of vacuumizer and pressure sensor. This
upgrade will provide a constant flow of fluid into the reservoir of the printhead,
which will improve the accuracy and identity of the layering.
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9

CONCLUSION

The main result of the project is the successful development of the method of additive
printing of drugs for personalized reception.. During the work were created: printer,
firmware, electrical circuit, software. Based on these elements, a prototype of a platform for printing drugs with various types of precursors and binders was assembled. In
addition, a successful testing of the device was carried out, during which samples with
different geometrical characteristics were obtained.
Separately, various parameters of the obtained samples were analyzed: geometric properties, surface morphology and porosity level using a digital microscope and an SEM, the
degree of distribution of magnesium-containing porous material within the structure and
its mass distribution, the rate of dissolution of samples using the method of volumetric
indicatrices of static light scattering. All the data obtained indicate a correlation of the results obtained with the tasks set and the given parameters. However, this project requires
significant improvements to improve the quality of printing and printing with a loaded
drug inside the mesoporous structure.
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Appendix 1. Principal electrical schemes of the Megatronics board.
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Appendix 2. Principal electrical schemes of the Megatronics board.
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