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Abstract
Continuous progress of personalized medicine is insistently calling the pharma-
ceutical sector to increase product variability more than ever before. One of the
challenges consists in personalization of the drug release rates and doses from
drug-containing media. Herein is introduced an innovative methodology which
resolves this problem by combining inkjet printing and rolling up procedure,
allowing for the production of capsules with tailorable distributions of medi-
cal compounds. The prototype capsules consist of rolled-up polymeric films over
which fluorescent probes have been deposited via inkjet printing prior to rolling.
The position of the probes inside the capsules are determined by the printed 2D
pattern. The delay and the rate of the release of the probes in dissolution media
can be shaped by the number of rolls and the position of the drug reservoir on
the polymeric film before rolling. The innovative method proposed in the paper
paves the way to a novel family of drug delivery devices with a broad range of
therapeutic applications and it stands alongside other additive manufacturing
techniques but allows to avoid their usual constraints.
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1 INTRODUCTION

Personalized medicine, a novel medical model that tai-
lors the therapy on the patient needs,[1,2] is having a
strong impact over all the health care system and novel
drug entities are continuously being approved by the
FDA,[3] but still many challenges need to be overcome
before its general acceptance. The emergence of new indi-
vidualized therapies indeed, requires a dramatic change
over the pharmaceutical manufacturing and supply chain
landscape,[4] which has historically relied on large volume
production with limited variability. Nevertheless, the cur-
rentmanufacturingmethodologies display a smallwindow
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for customization and the number of dose and type of for-
mulations available on the market is limited.[5,6]
Adaptation of drug release kinetics to a patients’

metabolism rate [7] and its individual circadian rhythm[8,9]

are important parts of the drugs personalization strat-
egy. Many pathologies, including hypertension, cancer,
bronchial asthma, myocardial infarction can be more
effectively treated by optimization of drug administration
timing. By ensuring higher dosage flexibility, multi-dose
formulationsmight be considered themost immediate and
effective solution to the problem, but they usually suf-
fer from poor dose accuracy and reduced shelf life which
cannot be always accepted especially for drugs with high
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potency and low therapeutic index.[10] Instead, flexible
technologies such as additive manufacturing and inkjet
printing are the most promising tools for personalized
medicine production at industrial scale.[11,12] In fact, by
enabling customizable and small batch production, they
allow increasing product variety meanwhile keeping low
inventory levels.[4]
With the first FDA approval of 2015,[13] additive man-

ufacturing, also known as 3D printing, is for sure one
of the front-line technology for patient-specific medicine
with high-resolution control over dosage composition and
customization of release profiles.[5,14] However, each of
the 3D printing methodologies shows constraints which
limit their real adaptability. Indeed, the stability of the
active principle should be evaluated case by case, espe-
cially for techniques employing thermal or light-induced
curing, furthermore removal of residual monomers, sol-
vents or initiators must be considered.[15,16]
Even though inkjet printing is a rather new concept

for the pharmaceutical industry,[17] it is a very well-
established technology in othermanufacturing sectors as a
non-contact surface patterning technique.[18] Thanks to its
deposition accuracy and precision, inkjet printing revealed
itself as a valuable tool for the production of low-dose
medicines[11] and promising results have been obtained to
increase the water solubility of poorly soluble drugs.[19,20]
The intrinsic flexibility of inkjet printing paved the way

for development in personalized dosing methodologies.
Interesting are the works of Voura et al.[21] and Genina
et al.[22] which independently introduce a similar method
for preparation of dose-customizable dosage forms via a
continuous manufacturing process.
In the preset paper, we propose further development of

personalized low-dosemedicines characterized by control-
lable and programmable release kinetics by combining the
ink-jetting technique with the rolling-up microfabrication
approach. Rolling-up is a powerful yet simple method for
creation of objects with complex internal structure, which
find numerous applications in such different fields as
microfluidics,[23] optics,[24] andmany others.[25,26] It is not
surprising that it can be useful for the design of medicines
with tailorable characteristics. The first steps in this direc-
tion were made a half of century ago by Higuchi, who has
invented a “swiss-roll” tablet,[27] which was designed to
release the drugs in course of erosion of the matrix. Yet,
his systemdidnot find broad application, probably because
erosion is generally a poor controllable process. The sys-
tem proposed in the present paper is based on the diffu-
sion and dissolution-controlled release from a drug reser-
voir, embedded in a biopolymer membrane. The rate and
the lag time of the release are determined by the drug dis-
tribution on the polymer stripe before rolling.

Apart of the experimental study, we have undertaken
computer simulation of the drug release from the reser-
voirs embedded in between the layers of a rolled-up cap-
sule. Themodel is particularly useful for prediction of non-
trivial kinetics, which can be realized by combining several
drug reservoirs, characterized by their individual surface,
amount of loaded drug, and the positionwith respect to the
capsule’s surface. In particular, it is shown that the proper
choice of the parameters of the reservoirs can result in the
kinetics with two quasi-zero-order release phases. More
complex kinetics, including the multidrug ones, seem to
be also realizable in frames of the approach.

2 MATERIALS ANDMETHODS

2.1 Fabrication of capsules

The proposed system is a cylinder formed by rolling up a
chitosan acetate (CA) film, over which has been printed
fluorescein disodium (FD) pattern. FD (Figure S1a of the
S.I.) was chosen as the model drug due to its detectabil-
ity at very low concentrations in water solutions. The CA
(Figure S1b of the S.I.) film was prepared by casting solu-
tion of lowmolecular weight chitosan in glacial acetic acid
with the use of a film casting knife and drying in controlled
conditions. It’s average thickness in dry statewas estimated
as ℎ0 ≈ 42𝜇𝑚. The homogeneity of the film was measured
with a micrometric screw and the standard deviation was
found to be in the limit of 11% of the mean value. The
model drug pattern was printed over the polymeric film
with a drop-on-demand inkjet Dimatix materials printer.
In order to provide good adhesion of the ink to the CA
films, polyethylene glycol (PEG) was added to the ink for-
mulation (see the Section S1 of the Supporting Information
[SI] formore details). The filmwas rolled over a polycapro-
lactone (PCL) stick, prepared by extrusion. The number of
the layers in the roll varied from 𝑛𝑡𝑢𝑟𝑛𝑠 = 2 to 𝑛𝑡𝑢𝑟𝑛𝑠 = 11.
The radius of the stick, 𝑅 = 2.3𝑚𝑚, was essentially greater
than the largest thickness of the multilayer membrane in
the swollen state, ℎ = 11ℎ0𝛼 ≈ 0.73𝑚𝑚, where 𝛼 ≈ 1.58

is the swelling factor of the films in the phosphate buffer
solution, served the release media. This value has been
obtained by the square root of the area swelling ratio (see
the Section S1 of the Supporting Information [SI] for more
details) (Figure 1).
The film can be virtually divided on zones correspond-

ing to each turn of the film around the PCL stick. The
winded film is best described by the Archimedean spi-
ral, 𝑟 (𝜑) = 𝑅 +

ℎ0

2𝜋
𝜑. Since 𝑅 ≫ ℎ0, the winded mem-

brane can be approximated by set of concentric cylin-
drical shells. The perimeters of the shells follow the
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F IGURE 1 Roll’s fabrication procedure. A, The model drug is
printed over the polymeric film with the inkjet printer, then (B) a
supporting stick have been attached over its extremity corresponding
to the inner turn of the roll. C, During the rolling two drops of the
water-resistant adhesive are placed at the two extremities of the film
at each turn, then the excess of film and supporting stick are cut away.
D, the axial extremities of the roll are coated with beeswax. At the
right bottom side, the picture of two rolls is reported, the red onewith
rhodamine B chloride printed at the 10th turn the orange one with
disodium fluorescein printed at the 10th turn

arithmetic progression 𝑙𝑛 = 2𝜋𝑅 + 2(𝑛 − 1)𝜋ℎ0, which
determine the length of the zones on the stripe, corre-
sponding to the shells (see Figure S2 of the SI). The
coordinates of the limits of the 𝑛th zone are calcu-
lated as the respective sums of the progression, 𝑠𝑛−1 =
2𝜋(𝑛 − 1)𝑅 + 𝜋(𝑛2 − 3𝑛 + 2)ℎ0, 𝑠𝑛 = 2𝜋𝑛𝑅+π(𝑛2 − 𝑛)ℎ0,
that is, [𝑠𝑛−1, 𝑠𝑛 ]=[0, 2𝜋𝑅] , [2𝜋𝑅, 4𝜋𝑅 + 2𝜋ℎ0], . . . In the
following, we use the nomenclature 𝑝∕𝑛𝑡𝑢𝑟𝑛𝑠 to designate
a roll, which consists of 𝑛𝑡𝑢𝑟𝑛𝑠, and has the printed pat-
tern on the 𝑝𝑡ℎ shell. For instance, 4∕11will mean the roll,
which consists of 11 total turns, and contain the reservoir
at the 4th shell. The films are rolled so that the printed
pattern is on the concave side of the shell. Therefore, in
the aforementioned example of the 4∕11 roll, the distance

from the ink reservoir to the PCL core is 𝑎 = (𝑝 − 1) 𝛼ℎ0 ≈

200𝜇𝑚; the distance from the reservoir to the surface is ℎ −
𝑎 = 𝑛∗ 𝛼ℎ0 ≈ 530𝜇𝑚, where𝑛∗ = (𝑛𝑡𝑢𝑟𝑛𝑠 − [𝑝 − 1]) is the
number of the barrier layers between the reservoir and
the surface of the capsule. The film rolling is performed
with the help of a rolling machine built for the scope. It
consists of an engine at which shaft has been attached a
drill’s chuck. Prior to rolling, the CA film was attached
to the PCL stick by water-resistive adhesive (Eudragit RS
PO). To perform the rolling, one extremity of the stick is
inserted inside the chuck by letting the film fall vertically.
To keep the film under constant tension during the rolling,
a weight was connected with a clamp at the falling extrem-
ity of the film. The length of the polymeric film was calcu-
lated to have a precise number of turns over the supporting
stick, plus an excess of one cm in length reserved for this
weight’s clamp. During the rolling, at the end of each turn,
two drops of thewater-resistant adhesivewere deposited at
the two sides of the film. Once the rolling was finished the
excess of polymeric film and supporting stickwas cut away.
Finally, the axial extremities of the obtained cylinder were
coatedwith beeswax to prevent water penetration from the
extremities during the dissolution assay.
The average approximate characteristics of the ink, the

CA film and the ink reservoir are summarized in the
Table 1.

2.2 Fluorescein release study

Dissolution study were performed with Flow through cell
closed loop offline system purchased by Erweka. There
were used 22,6 mm tablet cells with one glass ball. Flow
was kept at 8 mL/min.
The dissolutionmediawas phosphate buffer 0,2M, pH=

7,40 at 37◦C. For F first release study inwhichwas changed
the total number of turns of the roll, 1020mL of dissolution
media were used, meanwhile 250mL for multi model drug
release 250 mL.
Quantification of fluorescein concentration were done

in phosphate buffer 0,2 M pH = 7,40 by fluores-
cence with the microplate reader Varioskan LUX in
(Ex/Em: 490 nm/520 nm for fluorescein with Thermo
Scientific NUNC 96 well black plates for fluorescence
measurements.

2.3 Computer simulation model

The possibilities of the rolling-up approach for the kinet-
ics programming was explored via computer simulation,
based on the standard theoretical methods.[28,29] Since the
radius of the supporting PCL stick is about three times
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TABLE 1 Parameters of the film and the ink reservoir

𝑪𝟎, 𝝁𝒈 ⋅ 𝒄𝒎−𝟑 𝒉𝟎, 𝝁𝒎 𝑺, 𝒄𝒎𝟐 𝑴𝒊𝒏𝒌, 𝝁𝒈

7.01 ⋅ 105 42 0.75 640

F IGURE 2 To the computer simulation of the of the model drug release. A, Transformation of a cylindrical drug release system into the
equivalent rectangular system. B, Structure of the release system in the direction normal to the membrane

larger than themaximal thickness of themultilayer rolled-
up membrane, the cylindrical drug-release system was
replaced by equivalent rectangular system (Figure 2A).
This approximation, which seems to be justified at the
present level of accuracy of the release kinetics measure-
ments, allows to simplify greatly the model by passing
from the cylindrical coordinates to the cartesian ones. It
is assumed also, that the diffusion and the partition coef-
ficients (and 𝐾, respectively) do not depend on the ink
concentration. Under these assumptions, it is possible to
obtain the analytical solutions for the kinetics in form of
Fourier series.
The structure of the release system is shown schemati-

cally by the Figure 2B. A infinitely thin reservoir is embed-
ded between two layers of the membrane at the distance
𝑥 = 𝑎, and contains 𝑀𝑖𝑛𝑘 micrograms of the model drug.
The drug reservoir is considered as constant concentration
source, that is, the concentration in the membrane at the
source is sustained at the constant level 𝐾𝐶0 (𝐾 is the par-
tition coefficient, and 𝐶0 is the saturation concentration of

FD in the buffer) until the drug is completely dissolved.
The surface of themembrane, opposite to the PCL core and
adjacent to the buffer solution, is supposed to be the per-
fect sink, since the concentration of the drug in the buffer
is sustained at small level compared to the FD concentra-
tion in the membrane. We also suppose the membrane to
be monolitic, that is, assume that ink diffuses as if there is
no interfaces between the layers.
Concisely, the algorithm of solution for the release pro-

files is the following one. Suppose that τ is the time at
which all drug is dissolved and evacuated from the reser-
voir. For 𝑡 ≤ 𝜏 one should solve separately the diffusion
equation on the concentration 𝐶0𝑎(𝑥, 𝑡), defined on the
interval 𝑥 ∈ [0, 𝑎], and on the concentration 𝐶𝑎ℎ(𝑥, 𝑡),
defined on the interval 𝑥 ∈ [𝑎, ℎ]. The boundary condi-
tions (B.C.) for 𝑡 ≤ 𝜏 read

𝜕𝐶0𝑎
𝜕𝑥

||||𝑥=0 = 0, 𝐶0𝑎 (𝑎, 𝑡) = 𝐾𝐶0 (1)

𝐶𝑎ℎ (𝑎, 𝑡) = 𝐾𝐶0, 𝐶𝑎ℎ (ℎ, 𝑡) = 0 (2)
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The B.C. (1) have the physical meaning of the absence
of flux through the membrane/PCL interface, and the
constant concentration at the model drug reservoir. The
B.C. (2) signify the constant concentration at the drug
source, and the perfect sink at the membrane/buffer
interface.
The initial conditions (I.C.) read for the two intervals:

𝐶0𝑎 (𝑥, 0) = 0 for ∈ [0, 𝑎[ ; 𝐶𝑎ℎ (𝑥, 0) = 0 for 𝑥 ∈ ]𝑎, ℎ]

(3)
The drug is evacuated from the reservoir by the flux

𝐹𝑎− (𝑡) = 𝑆𝐷
𝜕𝐶0𝑎

𝜕𝑥
|𝑥=𝑎 in the direction of the PCL core, and

by the flux 𝐹𝑎+ = −𝑆𝐷
𝜕𝐶𝑎ℎ

𝜕𝑥
|𝑥=𝑎 in the direction of the cap-

sule’s surface. The moment 𝜏 is determined by the numer-
ical solution of the equation

𝜏∫
0
𝐹𝑎− (𝑡) 𝑑𝑡 +

𝜏∫
0
𝐹𝑎+ (𝑡) 𝑑𝑡 = 𝑀𝑖𝑛𝑘 (4)

For 𝑡 ≥ 𝜏, the diffusion equation for the concentration
𝐶(𝑥, 𝑡) is solved on the interval [0, ℎ] with the B.C.

𝜕𝐶

𝜕𝑥

||||𝑥=0 = 0, 𝐶 (ℎ, 𝑡) = 0 (5)

and the I.C.

𝐶 (𝑥, 𝜏) =

{
𝐶0𝑎 (𝑥, 𝜏) , 𝑥 ∈ [0, 𝑎]

𝐶𝑎ℎ (𝑥, 𝜏) , 𝑥 ∈ [𝑎, ℎ]
(6)

The flux from the surface of the membrane into the
buffer is

𝐹ℎ (𝑡) =

⎧⎪⎨⎪⎩
−𝑆𝐷

𝜕𝐶𝑎ℎ

𝜕𝑥

|||𝑥=ℎ, 𝑡 ≤ 𝜏

−𝑆𝐷
𝜕𝐶

𝜕𝑥

|||𝑥=ℎ, 𝑡 ≥ 𝜏
(7)

The released amount is, respectively,

𝑀 (𝑡) = ∫
ℎ

0

𝐹ℎ (𝑡) 𝑑𝑡 =

⎧⎪⎨⎪⎩
−𝑆𝐷 ∫ 𝑡

0

𝜕𝐶𝑎ℎ(𝑥,𝑡)

𝜕𝑥

|||
𝑥=ℎ

𝑑𝑡, 𝑡 ≤ 𝜏

−𝑆𝐷 ∫ 𝜏

0

𝜕𝐶𝑎ℎ(𝑥,𝑡)

𝜕𝑥

|||
𝑥=ℎ

𝑑𝑡 − 𝑆𝐷 ∫ 𝑡

𝜏

𝜕𝐶(𝑥,𝑡)

𝜕𝑥

|||𝑥=ℎ𝑑𝑡, 𝑡 ≥ 𝜏
(8)

The explicit expressions for (5) - (7) are rather bulky
(although their calculation is straightforward); for this rea-
son, they are given in the S.I., Section S2.
The above formulas assume that the dissolution in

the drug reservoir starts at 𝑡 = 0. In reality, one should
take into account the lag time 𝜃, which is due to non-

instantaneous penetration of the buffer from the surface
of themembrane to the position of the reservoir, and possi-
bly due to competition of PEG and FD for water, discussed
below.
The fitting procedure of the experimental kinetics by the

model ones is described in the S.I., Section S3.

3 RESULTS AND DISCUSSION

3.1 Kinetics for the drug reservoir at the
PCL core and increasing number of CA
layers

Figure 3 shows the experimental kinetics of FD release
from the capsules with the drug reservoir placed at the
second turn of the film, for the increasing total number
of the turns 𝑛𝑡𝑢𝑟𝑛𝑠 running from 4 to 11. The solid lines
on the same figure show the fitting of the experimental
curves by computer simulation, according the procedure
described in the Section S3 of S.I. It is possible to identify
on the experimental kinetics the intervals of quasi-linear
grow of the released amount of drug (zero-order release).
The release rate during this phase, 𝐹𝑧.𝑜., determined by the
means squares method, is shown by the solid line on the
Figure 4A as the function of the number of layers, sepa-
rating the reservoir from the surface of the capsule (num-
ber of barrier layers, 𝑛∗, defined above). From the formula
𝐹𝑧.𝑜. =

𝐾𝐷𝐶0𝑆

ℎ−𝑎
=

𝐾𝐷𝐶0𝑆

𝑛∗ℎ0𝛼
(the constant part of Eq.(50), S.I.)

and the known parameters 𝐶0, 𝑆, ℎ and 𝑎 one can deduce
the effective transport coefficient of the multilayer mem-
brane, 𝑃 = 𝐾𝐷. Also, one should take into account, that as
in the case of other film-coated devices,[29,30] a lag time is
expected before the beginning of the release of the fluores-
cent probe after having placed the roll in the dissolution
medium.
Using the expression (33) of the S.I. for the released

amount of drug before and during the zero-order phase,
and applying the lag time 𝜃 as the fitting parameter, we
have made an attempt to recover the coefficients 𝐾 and
𝐷 for the set of the kinetics presented on the Figure 3.
The obtained values of 𝐾, 𝐷 and 𝐾𝐷 (see Table 2) which
are supposed to be independent on the number of lay-
ers in the membrane have the dispersion within 30% of
the respective average values. However, this result should
be taken with caution, first because of significant statis-
tical dispersion of the released amount, but also because
the model gives only a simplified picture of the early and
the final stages of the model drug release. Indeed, the
lag times obtained by fitting the experimental curves with
the computer simulation model seem to be well superior
to the time necessary for the buffer to swell the mem-
brane. An auxiliary experiment, in which a pH indicator,
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F IGURE 3 Release kinetics for the 2/X rolled-up capsules (dash lines, markers), and their fitting by the model (solid lines)

F IGURE 4 A, Zero-order release rate as function of the number of layers between the drug reservoir and the membrane/buffer interface.
Dashed line: fitting by the formula 𝐹𝑧.𝑜. =

⟨𝐾𝐷⟩𝐶0𝑆

ℎ0𝛼𝑛∗
, where ⟨𝐾𝐷⟩ is the mean value of the membrane transport coefficient, see Table II. B, Lag

time 𝜃, determined by the fitting procedure described in the Section S2.4, S.I

bromocresol purple, was placed on the 2nd turn of 11 turns
roll (see Section S4, S.I.) suggests that buffer penetrates to
the indicator reservoir within the first 15 minutes of the
contact with the solvent. The additional lag time might be
attributed to a delay of the fluorescein dissolution inside
the reservoir. The PEG contained in the depot along with
fluorescein can compete with this dye for water. Fluores-

cein inside the depot seem to be dissolved in a PEG amor-
phousmatrix, as observed by SEM images (Figure S13, S.I.).
Therefore, to diffuse out the roll, the PEGdepotmust swell,
allowing the release of fluorescein. The PEG swelling is
consequently proportional to the rate of water penetra-
tion inside the system,which decreaseswith the increasing
number of turns.

TABLE 2 Parameters of the kinetics, found by fitting the experimental data

2/4 2/6 2/11 < > 𝝈

Fz.o.[μg ⋅ h
−1] 187 73 50

D [cm2⋅s−1] 0.99 ⋅ 10−7 1.10 ⋅ 10−7 0.73 ⋅ 10−7 0.94 ⋅ 10−7 0.19 ⋅ 10−7

K 0.020 0.012 0.024 0.019 0.006

KD [cm2⋅s−1] 1.98 ⋅ 10−9 1.32 ⋅ 10−9 1.75 ⋅ 10−9 1.68 ⋅ 10−9 0.34 ⋅ 10−9

θ [h] 0 0.18 1.72

The zero-order release rate, 𝐹𝑧.𝑜., fitted diffusion coefficient, D, partition coefficient, K, transport coefficient, P = KD, and lag time, θ, for 2/X capsules.
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The simulated kinetics 2/4 and 2/6 deviate strongly from
the corresponding experimental kinetics on the last stage
of release. The deviation may come also from the approx-
imation of the roll’s consecutive membranes as a unique
slab, meanwhile each one is separated from the other, due
to deformation of the swollen layers. Consequently, the
volume of the roll is underestimated, and it can accu-
mulate more dissolved drug than assumed by the model.
This means that the drug in the reservoir is dissolved ear-
lier than expected. Respectively, the concentration profile
starts to decay to zero earlier than predicted by the model.
With the increasing of the thickness of the membrane, the
discrepancy of the simulated and the experimental kinet-
ics at the late stages of the release is less evident, proba-
bly because the termination of the drug in the reservoir
has the retarded effect on the drug release from the sur-
face of the capsule. Indeed, the flux from the membrane
surface is determined by the derivative of the concentra-
tion profile at the membrane/buffer interface (see Eq. 7).
Yet, the deformation of this profile happens after a certain
time interval after the drop of the drug source activity (see
Figure S4, S.I.). The discrepancy of the theoretical and the
experimental curves seems to be then in the limits of the
statistical error.
Amore advancedmodelwill take into account also inter-

action of the model drug and the matrix. Yet, the fact that
the amount of the released FD corresponds approximately
to the quantity of the printed FD, suggests that interac-
tion of themodel drugwith the chitosanmembrane is rela-
tively low, and in this sense FD/chitosan form almost ideal
pair for testing the approach. To explain the interaction
between chitosan and fluorescein, it is necessary consid-
ering their chemical structures properties and the nature
of the dissolution medium. Despite the cationic charges
of the chitosan’s ammonium groups might have electro-
static interactions with anionic dyes, several factors are
preventing this interaction between chitosan and fluores-
cein. The pKa of chitosan is close to 6,5,[31] therefore at
the pH of the dissolution medium (pH = 7,4) only a small
fraction of the amino groups is protonated, and the chi-
tosan’s monomers are for the most neutral. Furthermore,
the phosphate anions of the buffer (0,2M) and the hydrox-
ylate anions compete with fluorescein for the residual chi-
tosan’s cationic sites, reducing, even more, the possibility
of electrostatic interaction between chitosan and fluores-
cein. To conclude it is worth remembering that the steric
hindrance of the phenyl-xantheninc moiety can prevent
the approach to the chitosan’s cationic sites of the fluo-
rescein carboxylate group, where there is the highest den-
sity of negative charge. Indeed, Pirillo et al., in an adsorp-
tion study of dyes over a series of adsorbants, demonstrated
that chitosan in distilled water between pH 5 and pH 9 is
not an effective adsorbant for fluorescein.[32] Chitosan is

F IGURE 5 Release kinetics for the 2/11 and 10/11 rolled-up cap-
sules, and their fitting by the computer model

almost ideal choice for our study also thanks to its excel-
lent film forming properties. It is a heteropolysaccharide
composed of two randomly distributed monomers: glu-
cosamine and N-acetylglucosamine. The most abundant
is always glucosamine which is at the origin of the chi-
tosan’s basicity. Due to its amino groups chitosan is nor-
mally insoluble in neutral, basic solutions where it forms
physical hydrogels. Instead, it is soluble in acidic solutions
where it is in its polycationic state. Thin films that behave
as physical hydrogel in our experimental conditions can be
prepared by casting of chitosan dissolved in diluted acetic
acid.

3.2 Kinetics for a fixed number of CA
layers and varied position of the drug
reservoir

Instead of increasing the number of turns, one can pro-
gram the release kinetics by placing the drug reservoir at
different layers inside amembranewhose number of layers
is fixed. To this end, the drug reservoir is printed on the cor-
responding zones of the stripes (see Figure S2, S.I.), which
all have the same length. Technologically, such approach
may be more convenient, since one can optimize the fab-
rication of capsules from the stripes of a fixed length, and
just reprogram the printing of the drug reservoir. Figure 5
shows the release kinetics for the 2/11 capsules, and the
10/11 capsules, as well as their fitting by the computer
model. The average values of𝐷 and𝐾 from the Table II are
used for the simulation of the both kinetics. The respective
lag times are 𝜃2∕11 = 1.71 ℎ (taken from the Table II) and
𝜃10∕11 = 0 (assumed).
In the case of such “position-programmed” release

devices, one should take into account the influence of the
drug diffusion from the reservoir in the direction oppo-
site to the capsule surface (the retrodiffusion), which can
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F IGURE 6 Scheme of fabrication of a system with two embedded independent reservoirs

F IGURE 7 Flux and release from a capsule with 2 reservoirs, Simulation 1. The kinetics has two distinct quasi-zero-order phases (marked
by the dashed straight lines 𝛼 and 𝛽)

diminish the duration of the zero-order release phase, or
even prevent it, if the amount of drug in the reservoir is
not sufficiently large.

3.3 Computer simulation of the kinetics
for the capsules with 2 independent
reservoirs

In this Section we consider, bymeans of the computer sim-
ulation, the case of a capsule which contains two drug
reservoirs, A and B, characterized by respective surfaces
𝑆𝐴 and 𝑆𝐴, and amounts of drug,𝑀𝐴,𝑀𝐵. The reservoirs
are embedded in the membrane at two different positions,
𝑥 = 𝑎 and 𝑥 = 𝑏, and they are supposed to be printed in
such a way, that they do not screen each other after rolling
of the stripe (Figure 6). In frames of the model, which pos-
tulates that the thickness of themembrane ismuch smaller
than the planar dimensions of the printed patterns, the
releases from the two reservoirs can be considered as inde-
pendent ones. The resulting kinetics can be obtained then

as the superposition of the kinetics two kinetics. Figures 6
and 7 present simulation of the flux and the release kinet-
ics for different variants of the parameters 𝑆𝐴,𝑀𝐴

𝑖𝑛𝑘
, 𝑎 and

𝑆𝐵,𝑀
𝐵
𝑖𝑛𝑘

, 𝑏, summarized in the Table 3.
From a therapeutic perspective biphasic release pro-

files can be used to maintain non constant drug plas-
matic concentrations. This plasmatic profile is useful
for several therapeutic strategies. For example, Tylenol R©
8 Hours is a caplet characterized by an immediate release
of acetaminophen providing immediate pain relief, which
then is followed by an extended release that grant a
long-lasting analgesic effect. These release profile are also
important for drugswith extensive first passmetabolism or
nonlinear pharmacokinetics, and with chronotherapeutic
applications.[33]
As illustrated by the Figure 7, it might be possible to find

such a configuration of the parameters which provide ini-
tial burst, which is almost immediately followed by sus-
tained release phase. Also, it might be possible to program
the kinetics with relatively low release rate (pause) after
initial burst, before the sustained release phase (Figure 8).
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TABLE 3 Simulation parameters for the capsules with 2 independent reservoirs

Simulation D cm2s−1 K
C0,
μg⋅cm−3 h μm SA cm2 𝑴𝑨 μg a μm SB cm2 𝑴𝑩 μg b μm

1 1.08⋅10−7 0.015 7⋅105 670 0.75 638 133 0.75 319 597
2 -//- -//- -//- 1327 4 6380 133 1 638 1261

F IGURE 8 The same as on the Figure 7, Simulation 2. The kinetics has two quasi-zero-order phases (marked by the dashed straight lines
𝛼 and 𝛽), with a pause between them

4 CONCLUSION AND OUTLOOK

In summary, we have presented a new approach for the
design of drug release devices with adjustable dose and
release profiles. The approach is based on the rolling of bio-
compatible polymer stripes, carrying the drug reservoirs
which are formed by ink-jet printing. The position of the
reservoir on the stripe is translated into its radial position
in the capsule. The release rate can be programmed either
by the number of the turns of the stripe around the central
water-insoluble stick, or by the position of the drug reser-
voir on the stripe of a standard length.
As shown by computer simulation, non-trivial kinetics

can be programmed by placing several reservoirs, char-
acterized by individual surfaces and amounts of printed
drug, at different positions in the membrane. In particu-
lar, the kinetics comprising two quasi-zero-order release
phases, or kinetics started by the burst release and contin-
ued by relatively slow zero-order release can be designed.
Obviously, the system may contain a larger number of
reservoirs, which can be resolved not only in the axial
direction of the capsule, but also in the angular direc-
tion. The reservoirs may be partially or fully overlapped
after rolling. Also, different reservoirs may contain differ-
ent drugs, allowing for complex multidrug kinetics.
A number of issues still need to be resolved for the

reliable programming of the kinetics. First of all, the fac-
tors determined the lag time of the release need to be
well understood. The lag time may be determined both by
the composition of the ink, but also by the interaction of

the model drug with the polymer matrix. In the present
study, we hypothesize that PEG, used as the polymeric
glue for the FD crystals, affects the lag time, because of
the interference of the polymer swelling with the dissolu-
tion kinetics of the fluorescent probe. Although the highly
hydrophilic additives complicate the system, they may be
interesting also for decoupling the lag time and the release
rate, providing more possibilities for the kinetics program-
ming. Swelling and erosion kinetics of the capsules in the
releasemediamimicking the gastro-intestinal tract need to
be addressed at the advanced stages of this research.
Computer simulation model was developed for fitting

the experimental kinetics. Although it seems to fit well
the quasi-zero-order phase of the release, further improve-
ments of the model are necessary to take into account the
early and the late stages of the release, and to predict cor-
rectly the lag time. Nevertheless, the model may be useful
for understanding suchphenomena as the retrodiffusion of
drug from the reservoir at the intermediate position inside
the membrane, and especially for the design of the com-
plex kinetics originating from several drug reservoirs.
The range of potential applications of the rolled-up drug-

release system is broad. Sustained and controlled drug
delivery systems are already employed for the treatment of
several illnesses such as hypertension, rheumatoid arthri-
tis and asthma,[30,34] improving significantly the patient
compliance and quality of life.[35] Besides, delaying the
release allows protecting the drug from the stomach envi-
ronment or vice versa and is necessary for colon-specific
delivery important for Crohn’s disease and colorectal
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cancer treatment.[36] Compared to other drug release sys-
tems, the one suggested in this paper allows easy modu-
lation of the release rate along with dose of one or more
drugs. This provides unique solution for patient suffering
of multimorbidity and can ensure bioequivalence between
modified release dosage form administered to individuals
with different metabolic capacity or clearance rate pro-
viding them a tailored solution based on their need.[2]
Further works will be necessary to choose and optimize
the materials considering the application. Improvement
should be done over the preparation protocol evaluating
other method to stabilize mechanically the roll rather than
using adhesives.
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