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Abstract

The paper presents a model of drug penetration into infected gingival mucosa via hydrogel overlays, which
can be fully or partially covered with a polymer with limited permeability. The general geometry of the
single drug carrier (single hydrogel overlay) was proposed as a flat cuboid with a triangular base. The
number of overlays depends on the size of the infected area.

The model assumptions were formulated to account for the unsteady diffusion of the component within the
carrier, the tissue, and the biofilm formed by pathogens, as well as for diffusion and convective transport in
the liquid phase. The system of corresponding differential equations was solved using CFD methods.
Based on the modelling, the influence of key parameters such as polymer coverage of the carrier and
hydrogel layer thickness was determined. It was demonstrated that external carrier coverage is crucial for
effective, long-term therapy. Simulations showed that impermeable surfaces facing saliva slowed release by
over 9-fold. Rendering those surfaces impermeable is especially desirable as the flow velocity increases.
The distribution of the ingredient mass between system domains depends substantially on geometry, with

hydrogel thickness influencing release dynamics.
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1. INTRODUCTION

Periodontal disease affects the tissues that both surround
and support the teeth. In advanced stages, the changes affect
the bone and periodontal ligaments, ultimately leading to
loosening and tooth loss (Lasserre et al., 2018; Patini et al.,
2018). According to the WHO report from March 2025, it is
estimated to have affected more than 1 billion cases world-
wide (World Health Organization, 2025). The peak incidence
of advanced periodontitis occurs around the age of 38. It
corresponds to the maximum prevalence of the disease, which
typically occurs around the age of 40 and remains at a steady
level in subsequent years. In the group of Europeans aged
60-65, problems with periodontium affect 70-85% of people
(Gtowacka et al., 2019). The main risk factors for periodontal
disease are poor oral hygiene and tobacco use (Gfowacka et
al., 2019; World Health Organization, 2025).

The current treatment phase involves deep cleaning of the
affected area, as well as temporary or permanent tooth fixa-
tion (Abdullah et al., 2024). Since a thin layer of pathogens
forming a biofilm remains on the surface, which cannot be
reached mechanically, the therapy is supplemented pharma-
cologically (Budal3 et al., 2023). Antibiotics administered
orally, intravenously, or intramuscularly disrupt the microflora
throughout the body. Only a small portion of the drug reaches
the actual site of inflammation. Therefore, whenever possible,
local treatment is recommended for inflammatory conditions,
including in dentistry. Local drug administration in the treat-
ment of periodontal disease is complicated due to the terrain
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configuration and moist environment of the oral cavity. Fur-
thermore, drug release from the carrier should occur over
a relatively long period (several days/weeks), so the carrier
must provide a sufficient reservoir of drug(s) for the duration
of therapy. The challenge in delivering a drug to pathologically
changed areas is to keep the drug at the target site while
minimising the spread of the drug to other sites.

This paper describes an innovative drug carrier designed for
the treatment of periodontal disease. It is based on a hydrogel
structure that can be partially or fully coated with a poly-
mer with limited drug permeability. The carrier's shape was
adapted to the structure of the interdental spaces, which can
be attributed to the form of a flat cuboid with a triangular
base — Fig. 1. The carrier is printed using a 3D bioprinter at
a size depending on the patient's and at a thickness selected
for its mechanical and transport properties. The number of
overlays depends on the size of the infected area.

Figure 1. Geometric approximation of the anatomical shapes of
the hydrogel carrier.
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Accurately describing the transport phenomena accompanying
release is crucial for selecting appropriate carrier parameters
to achieve the most effective therapy (Siepmann and Siep-
mann, 2012). The method that enables such description, and
therefore the proposal of practical solutions, is the construc-
tion of mathematical models. These models must accurately
represent reality while remaining simple and general (Wang
and Zhang, 2010).

The hydrogel overlay operates under conditions of constant
saliva wetting, which adversely affects the effectiveness of
drug delivery to the target site. It is crucial to adapt the
carrier's geometry and prefabrication method to minimise
drug losses. That allows for the possibility of coating the
hydrogel layer with an additional polymer layer with limited
drug permeability (Trusek et al., 2023). In the mathematical
description of the system, this corresponds to limiting (and
in extreme cases blocking) drug transport through a portion
of the structure.

Based on the previous context, there is a need for a model that
allows rapid estimation of release profiles for different shapes
of the system. It is also important to be able to estimate the
order of magnitude of the pathogen layer saturation times
depending on the hydrogel overlay configuration.

2. THE MODEL FORMULATION

In general, drug transport within the carrier, pathogen layer
(biofilm), and tissue is an example of unsteady mass diffusion.
Mass transfer between individual zones of the system (Fig. 2,
Fig. 3) is diffusive or convective (advection) in the case of
flowing saliva. Furthermore, drug adsorption can occur within
the biofilm layer. An elimination reaction of the drug in
the biofilm and tissue is possible. For these conditions, the
following assumptions are proposed:

1. A single hydrogel overlay with a volume of Vi has a cuboid
geometry with a triangular base. The number of overlays
isn>1.

2. Drug transport within the hydrogel carrier can be described
by the general equation of unsteady mass diffusion:

% = i—: . D;’H . V2C,' (1)
the concentration of the component is a function of time
and position in the three-dimensional space of the system:
¢ = f(t,x,y,z);

3. Drug transport within the tissue is characterised by un-
steady mass diffusion with possible I-order reaction elimi-
nating it (conversion and/or vascular system uptake) from
the system:

aC,' o ET 2
E - r DI,T \4 Ci kl,RT Ci (2)

where k; g7 is kinetic constant.
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Figure 2. Schematic of the model system. D represents the
diffusive region, D+R the diffusive-reactive region,
D+S+R the diffusive-adsorptive-reactive region, and
D+A the diffusive-convective region; initial drug
concentrations and transport directions are indicated —
desired transport shown by solid line arrows and
undesired transport by dashed line arrows.

Figure 3. System geometry; marked line being the axis for
concentration profiles depending on the z coordinate;
marked surfaces/walls of the hydrogel overlay with
numbering.

4. For saliva, which can move in laminar motion, the mass
transport equation takes the form:

Oc; .

6_1" =Djs-V?¢—1v-Vg (3)
where v is the local fluid velocity vector, which is a function
of time and position v = g(t, x, y, z).

5. The initial concentration of the component in the hydrogel
overlay is equal to ¢p.

https://journals.pan.pl/cpe
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6. The initial concentration of the component in the receiving
phases (saliva, biofilm, tissue) is equal to 0.

7. The walls of the hydrogel overlay may have partial mass
permeability or/and some of them may be impermeable.

8. The following processes can describe mass transfer from
the depth of the overlay to the remaining phases:

(a) diffusional mass transport within the hydrogel overlay
with porosity, €4, and tortuosity, Ty, to its walls,
expressed by the diffusion coefficient, D; 4,

(b) diffusional and convective mass transport from
the walls of the overlay to the depth of the liquid
phase, which is saliva, remaining at rest or moving
in laminar flow,

(c) mass transfer from the hydrogel overlay to the
adjacent biofilm by diffusion,

(d) diffusional and convective mass transport from the
biofilm walls to saliva in areas not in contact with
the hydrogel overlay,

(e) diffusional mass transport within the biofilm layer
with porosity, €g, and tortuosity, 75, described by
the diffusion coefficient, D; g,

(f) diffusional and convective mass transport from saliva
to the mucosa, which constitutes the first layer of
tissue (the mucosa is attached to the tissue),

() transfer of mass from the biofilm to the mucosa by
diffusion

(h) diffusional mass transport within the tissue, de-
scribed by the diffusion coefficient, D; r, porosity,
€1, and tortuosity, TT.

9. Adsorption of the component occurs in the biofilm layer
as well as a reaction eliminating it (absorption to cells
and/or conversion) from the system. This leads to the
form of a transport equation containing terms related to
adsorption, desorption and reaction:

0 i i
C—SE-D -VZC,'—/(,"A-C,'-<1— q >
ot T8 B qi,MAX
+ kip - 7 kirg - ci (4)
i, MAX

where the constants k; 4 and k; p are the adsorption and
desorption coefficients, respectively, g; and g; max are
the instantaneous and maximum concentration of the
adsorbed component, respectively, related to the biofilm
mass and k; grg is |-order reaction kinetic constant.

The system is assumed to be isothermal and the diffusion co-
efficients to be independent of the component concentrations.

3. MATERIALS AND METHODS

Due to non-symmetricity of the modelled system and its
multicomponent nature, CFD (computational fluid dynamics)
numerical solution approach was employed. A geometry of

https://journals.pan.pl/cpe
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a hydrogel overlay and its surroundings were prepared in
DesignModeler and imported into ANSYS Fluent for meshing,
both programs being part of a ANSYS software suite 2025R1.
The flow and mass continuity, as well as momentum equations,
were solved using finite-volume algorithms implemented in
said software. The SIMPLE method was used with a pressure-
based solver. A second-order upwind scheme was selected for
pressure, momentum, and species-transport discretization.

The UDF (User Defined Functions) were prepared in C lan-
guage to implement adsorbed mass values as UDS (User
Defined Scalar) in biofilm region.

The parameters used in all simulations are presented in
Table 1.

Table 1. Simulation parameters.

Symbol Description Value / Units
Adsorption parameters

Maximum adsorbed concen- 1 3
Amax tration in biofilm 1.0-107 [kg/m’]
ka Adsorption coefficient 1.0-107° [1/s]
kp Desorption coefficient 1.0-107° [kg/m?s]

Transport parameters
Ds Saliva diffusion coefficient 5.0-107%° [m?/s]
£H Diy Appa_re.nt hydrogel diffusion 475107 [m2/s]
™ coefficient
T Dy Appa.r?nt tissue diffusion 1.0-10710 [m?/s]
Tr coefficient
B Ds Appa.rént biofilm diffusion 5.0 101 [m2/s]
T8 coefficient
Kinetic parameters

Reaction constant 5
krs in biofilm 20107 [1/5]
KrT Reaction constant in tissue 1.0-107" [1/s]

General data

Initial concentration in the _3 3
e hydrogel overlay 1.0-107 [kg/m’]
Vi Volume of biofilm layer 2.22-1078 [m?]
Vi Volume of a single hydrogel 6.67-10~° [m?]

overlay
Ve Yolume of saliva computa- 4.41-10°° [m?]

tional zone
Ve Volume of tissue computa- 450105 [m’]

tional zone

Saliva flow velocity was estimated according to the study
on saliva secretion (Boros et al., 1999) and assumed to be
constant over time (Moscicka-Studzinska and Ciach, 2012).
The magnitudes of these values were based on the literature
cited above. The effects of variable saliva flow characteristics
on release characteristics from a hydrogel overlay are to be
analysed in future studies.
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The diffusion coefficient value was kept at constant level in all
simulated cases; its value was a rounded up approximation of
literature reported figures (Pjanovi¢ et al., 2010; Reinscheid,
2006; Stewart, 1996; Vrany et al., 1997). As a broad reference
some well-known biological active ingredients were considered,
like lidocaine hydrochloride at 37°C, D,q = 1.38 - 108 m2/s
(Pjanovic et al., 2010), ciproflaxin at 37°C, D,q = 0.69-10~°
m?/s (Stewart, 1996) and ciproflaxin at 25°C, D,q = 5.63 -
10719 (Reinscheid, 2006). Also the values for metronidazole
at 25°C, D,q = 1.09 - 10~9; ampicillin at 25°C, D,g =
4 -63-10710 (Reinscheid, 2006) and levofloxacin at 21°C,
D,q = 2.28-1071% were known (Vrany et al., 1997).

Adsorption parameters in biofilm were assumed to be constant
throughout the course of simulation even though it is known
that in reality those are dynamic systems of high complexity
(D'Acunto et al., 2016). The above assumption is based on
the reasoning that the time-scale of changes of such a com-
plex system characteristics (i.e. volume and porosity changes,
species differentiation, composition of extracellular fluid and
many more) is several magnitudes of order greater that the
diffusion time-scale (Klapper and Dockery, 2010; Picioreanu
et al., 2000). Thus, they were not considered in the presented
model. The exact values of the adsorption and desorption
coefficients were estimated based on literature-reported
findings (Vrany et al., 1997). It was assumed that simulated
ingredient binds to adsorption sites in 1:1 molar ratio.

The boundary conditions for diffusive species transport were set
for each region separately and can be summarized as follows:

e no initial ingredient presence in saliva, biofilm or tissue:

ci(x,y,2),_g =0 (foreach x,y,z C Rs,Rg, Rt) (5)

e initial concentration of an ingredient at hydrogel overlay
set as per case:

(6)

where Rs, Rg, Rt and Ry are saliva, biofilm, tissue and
hydrogel subsets of three-dimensional Cartesian space R®,
respectively.

ci(x,y,2z),_o=co (foreach x,y,z C Ry)

4. RESULTS

The model solutions were presented as concentration contours
on selected planes running through the simulated 3D geometry
of the system (Fig. 3). To show the obtained concentration
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profiles as a function of the z coordinate, a line (marked in
yellow — Fig. 3) was selected running around the geometric
centre of all zones. To estimate the efficiency of transport
into the biofilm, the component masses in each zone were
counted in subsequent simulation steps.

A closed system, in which the mass of the component that
left the carrier accumulates in the receiving phases, and an
open system, in which saliva flows in and out of the system,
corresponding to the conditions in the oral cavity, was consid-
ered. In both cases, the effect of complete restriction of mass
transport on selected surfaces of the hydrogel overlay on the
obtained simulation results was examined.

Model solutions illustrating the dependence of mass transport
on the relative sizes of the hydrogel and biofilm layers were
also presented.

In all cases, it was assumed that there was only one (i = 1)
diffusing component.

A summary of the results is presented in visualizations of
concentration contours (Fig. 4) and concentration profile
graphs (Fig. 5). The individual cases are discussed below. Key
figures are also summarised in Table 2.

4.1. Case of an overlay with identical permeability
through all walls

4.1.1. Salivary flow rate v = 0.0 [mm/s]

First, a simulation of the release of the substance from the
overlay was performed without limiting the permeability
of the mass. Therefore, none of the walls of the presented
overlay geometry (Fig. 3) constituted a barrier to the
diffusing compound. The solutions for this case, in the form
of contours in the XY plane, running through the interface
between the hydrogel and the biofilm, are presented in the
visualisation (Fig. 4a).

The concentration of the component quickly equalises
throughout the plane and, after 30 minutes have passed,
begins to lose its characteristic, original contour resulting
from the overlay shape. It is confirmed by the obtained
concentration profiles along the z-axis of the system (line
marked in Fig. 3), running through its conventional centre.
A characteristic asymmetry in the concentration profiles
on both sides of the hydrogel can be observed (Fig. 5a).

Table 2. Release characteristics from hydrogel overlay at an initial concentration of ingredient ¢co = 1.0 g/L.

Saliva phase
no walls blocked
3.6
0.30

Overlay walls
Release time too [h]

Peak biofilm concentration [g/L]

4 of 12

Stationary

Flowing v = 0.1 mm/s ‘
no walls blocked
0.35
0.12

partially blocked
20.5
0.36

partially blocked
3.2
0.17

https://journals.pan.pl/cpe



www.czasopisma.pan.pl P N www.journals.pan.pl
=

Chem. Process Eng., 2026, 47(1), e126

Méaelling drug release from a hydrogel carrier into the infected gingival mucosa

¢ [g/L]
1.0

Figure 4. Contours of drug concentrations on the XY plane passing through the surface of contact of the overlay with the biofilm; a)
stationary saliva layer without blocking mass transfer to saliva; b) saliva flow v = 0.1 mm/s without blocking the walls; c)
stationary saliva layer, walls F1, F2, F3, F4 blocked; d) saliva flow v = 0.1 mm/s, walls F1, F2, F3, F4 blocked.

This is primarily due to the release of the ingredient into
saliva through the side walls of the overlay (F2, F3, F4).
The profile on the fluid side flattens much more quickly
than on the biofilm side, where mass transfer occurs exclu-
sively through a single, shared contact surface. The graph
shows the concentrations on the left side (saliva) become
higher significantly faster than on the right side (biofilm),
indicating that the substance escapes from the hydrogel
primarily into the surrounding fluid.

The following graph shows a sharp rise in the average con-
centration of the component in saliva (Fig. 6). Due to the
high total volume of this component, this also indicates a
high overall mass accumulated in it. It can also be observed
that after the initial increase in the amount of the substance
in the biofilm, the concentration decreases. It is primarily the
result of further diffusion of the modelled compound into the
tissue and saliva. In the absence of convective flow and wall
blocking, the effect of saliva saturation with the component
is noticeable after approximately 2.7 hours.

https://journals.pan.pl/cpe

After approximately 3.6 hours, the average ingredient concen-
tration in the hydrogel drops more than 90% compared to its
initial value of 1 g/L. After 10 minutes, the average concen-
tration of the substance in the biofilm reaches a maximum of
0.30 g/L, then drops steadily. Free diffusion of the mass into
saliva significantly reduces the ingredient’s residence time and
availability in the biofilm.

4.1.2. Saliva flow velocity v = 0.1 [mm/s]

In the simulation conducted with flow (Fig. 4b), a character-
istic blurring of the contours is observed. This time, however,
as the mass of the flowing fluid moves across the overlay, the
molecules of the modelled compound are dispersed over a
much larger area in the direction of the fluid's velocity vector.

Compared to saliva at rest (Fig. 5a), the concentration
profile is much steeper (Fig. 5b). Average concentrations in
a given space across all zones reach low values much faster.
Significant mass washout from the system is noticeable
(shorter abscissa — Fig. 7).
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Figure 5. Concentration profiles on the selected line in the z-axis for different simulation durations (the z-axis is inverted to achieve
consistency with the presented 3D visualisations). a) stationary saliva — no wall blocking; b) saliva flow v = 0.1 mm/s — no
wall blocking; c) stationary saliva — walls F1, F2, F3, F4 blocked; d) saliva flow v = 0.1 mm/s — walls F1, F2, F3, F4 blocked.

1.20 12.0
1.00 10.0
0.80 8.0
Cy, Cg[8/L] cs[mg/L]
0.60 6.0
0.40 4.0
0.20 2.0
0.00 0.0
12000 15000

t[s]

Figure 6. Changes in the average concentration of the component found in saliva (continuous line — auxiliary axis), overlay (dashed line)
and biofilm (dotted line) as a function of time; saliva flow v = 0.0 mm/s — no blocking of the walls.
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Figure 7. Changes in the average concentration of the component found in saliva (continuous line — auxiliary axis), overlay (dashed line)
and biofilm (dotted line) as a function of time; saliva flow v = 0.1 mm/s — no blocking of the walls.

The component’s concentration in saliva reaches a maximum,
then decreases noticeably. It is mainly associated with the
substance leaving the system with the moving fluid (Fig. 7). In
both cases (Fig. 6 and Fig. 7), average concentration changes
in the biofilm and hydrogel are similar in nature, yet in the
case of forced flow they occur faster.

In less than 21 minutes, 90% of the ingredient is already
released outside the overlay. It is over 10 times faster than
previously. The peak average concentration in the biofilm oc-
curs after only 1.5 minutes, at 0.12 g/L. Afterwards, this time
value diminishes rapidly. The flowing liquid can significantly
reduce the biofilm’s saturation with the delivered substance.

4.2. The case of an overlay with modified
permeability through selected walls

4.2.1. Salivary flow rate v = 0.0 [mm/s]

Blocking all surfaces (F1, F2, F3, F4 — Fig. 3), except for the
one in direct contact with the biofilm (F5 — Fig. 3), for exam-
ple, by covering them with an impermeable polymer, signifi-
cantly slows the release of substances into the saliva (Fig. 4c).

When the fluid surrounding the overlay is stationary, the
resulting contours are similar to those obtained for the first
case discussed (Fig. 4a). However, the substance content
at individual points in the system differs significantly. In the
time-varying local concentration profiles, a prevailing transport
towards the biofilm is evident (Fig. 5c). In the overlay, the
shapes of the curves at similar time intervals indicate an
increasing, directional slope. After blocking transport through

https://journals.pan.pl/cpe

selected walls, the averaged concentrations in the system's
individual zones follow a slightly different pattern (Fig. 8).

The release of the substance from the overlay is slower than in
the previously discussed cases. The average concentration pro-
file in the biofilm demonstrates that the modelled compound
persists longer.

Covering the walls of the overlay exposed to saliva (F1, F2,
F3, F4) significantly reduces the overall release tempo. After
20.5 hours, 90% of the drug from the hydrogel is released. It
is over 5 times longer than in a similar flow case without wall
blocking. The content of the substance in biofilm reaches a
peak value of 0.36 g/L after 21.7 minutes. It is slightly more
and somewhat later than in the comparable case with fully
permeable overlay sides. But after reaching the 90% release
level in the previous case, the average drug concentration
in the biofilm was only 0.066 g/L. After the same time, i.e.
3.6 hours, it is now 0.26 g/L. The biofilm saturation has
significantly improved.

4.2.2. Saliva flow velocity v = 0.1 [mm/s]

In the following case, the solutions (Fig. 4d) were obtained
for saliva moving at a constant linear velocity. The convective
flow parameters were identical to those in the second case
discussed (Fig. 4b). Simulations were performed with blocked
mass transport as above (walls F1, F2, F3, and F4 blocked,;
wall F5, in contact with the biofilm, unblocked).

It was observed (Fig. 4d) that after 30 minutes, despite
noticeable streaks of mass flowing away with the fluid, the
concentration of the component at the interface between the

7 of 12
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Figure 8. Changes in average concentrations of the component present in saliva (continuous line — auxiliary axis), overlay (dashed line)
and biofilm (dotted line) as a function of time; saliva flow v = 0.0 mm/s — walls F1, F2, F3, F4 blocked;

hydrogel and the biomass was still significant. Preventing
mass flow directly into the body fluid flowing over the overlay
improves the availability of the substance feeding the biofilm
layer (Fig. 5d). The time needed to achieve 90% release is 3.2
hours. It is almost 9 times longer than in a similar case, but
without the overlay sides blocked for mass permeability. The

1.20

1.00 |

0.80 M
Cy» Cg[8/L]

0.60

0.40

0.20

0.00

peak mean concentration in the biofilm is 0.17 g/L, reached
after 2.8 minutes. In a corresponding flow case without walls
blocked after 50 minutes there is virtually no drug in the
biofilm (Fig. 7). After the same time but with walls blocked
the average concentration in the biofilm is 0.073 g/L (Fig 9).

12.0

8.0

cs[mg/L]

Figure 9. Changes in average concentrations of the component contained in saliva (continuous line — auxiliary axis), overlay (dashed
line) and biofilm (dotted line) as a function of time; saliva flow v = 0.1 mm/s — walls F1, F2, F3, F4 blocked.
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This is only half reduction of the peak concentration. At
the same time a noticeable outflow of the substance from
the system is observed, as evidenced by the characteristic
maximum in the line describing the mean concentration of
drug in saliva (Fig. 9).

4.3. The case of a varying overlay thickness

As the overlay thickness changes while maintaining the same
concentration, the total amount of the component delivered
to the system changes. It is important to compare the pro-
portion of the initial component remaining in the biofilm over
time. To answer this question, simulations were conducted
for three different overlay thicknesses: 3 mm (the initial case
— discussed above), 2 mm, and 1 mm. The remaining system
parameters remained unchanged. In particular, the biofilm
layer thickness maintained constant at 1 mm. Based on the
previous observations, it was assumed that in further con-
siderations it would be worthwhile to discuss the overlay
configuration with blocked walls F1, F2, F3, and F4 and with
unblocked wall F5, adjacent to the biofilm.

4.3.1. Overlay thickness 3 [mm]

As can be seen in the graph (Fig. 10a — dashed line),
the average content in the hydrogel overlay gradually
decreases over time. Comparing the cases with no walls
blocked (Fig. 10d — dashed line) a significant increase in
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the component content can be observed. This observation
is consistent with those made earlier. The biofilm layer also
shows a tendency for more mass to be present at each release
stage when walls are blocked (Fig. 10a vs 10d — solid lines).
The characteristic shape of the curve, with a rapidly reaching
maximum, is also noticeable.

4.3.2. Overlay thickness 2 [mm]

After reducing the thickness, a faster mass loss from the
overlay is observed (Fig. 10b — dashed line). Comparing to
one of the previously described cases, i.e., a 3 mm thick
overlay and no walls blocked (Fig. 10d — dashed line), this
is not as profound increase in release dynamics. The mean
concentration curve in the biofilm is somewhat steeper after
reaching the maximum (Fig. 10b — solid line). A general trend
of early accumulation and gradual decline is conserved.

4.3.3. Overlay thickness 1 [mm]

The above observations are confirmed in the following dis-
cussed case with an even thinner thickness (Fig. 10c). The
average concentration in the overlay is significantly lower than
in previously discussed cases. Increase in mean concentration
of the component is again noticeable in the biofilm at an early
stage (Fig. 10c — solid line). Furthermore, a following decrease
in the ingredient content in this zone is more significant.

d) 3mm, no blocking

0.00
0 3000

6000

9000 12000 15000

t[s]

Figure 10. Changes in the average concentration of the component in the overlay (dashed line) and the biofilm (solid line) as a function
of time for different conditions and system geometry; stationary saliva; cases discussed in the text.
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The above results suggest that as the overlay thickness de-
creases, the fraction of mass entering and remaining in the
biofilm, after reaching peak concentration, decreases more
rapidly. The initial increase and peak concentrations of a
component in the biomass are only slightly correlated with
the relative volumes of the hydrogel and biofilm phases. It is
clearly visible when compared with the biofilm concentration
curve for the case with no walls blocking (Fig. 10d — solid line).

5. DISCUSSION

As the obtained solutions of the developed model demonstrate,
the release of substances such as antibiotics from hydrogel
carriers (overlays) is strongly dependent on the geometry
of the system, rheological conditions, and above all, the
permeability of the individual mass exchange surfaces. The
effectiveness of any therapy depends on the ability to deliver
drugs precisely to the affected areas. Ensuring drug saturation
of the infected spaces for a sufficiently long time is also crucial.
The desired state of the presented system is therefore one in
which the saturation of the biofilm layer with the substance,
relative to the other phases, is as high as possible.

The dynamics of substance release from the discussed structure
varied significantly across different cases (Table 2). Notably,
saliva flow had the most significant influence. At an assumed
linear flow velocity of 0.1 mm/s, it decreased the release time
as measured by tgg by a factor of 10.2, when no walls were
blocked, and by a factor of 6.4, when there was a permeability
modification. It also shows the importance of blocking treatment
as a countermeasure against the outflow of the drug.

www.czasopisma.pan.pl ?@ www journals.pan.pl
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One of the goals of the presented work was to determine the
influence of the specific triangular shape of the overlay’s base.
The visualisation of the transverse concentration contours
(Fig. 11) below provides some insight into this subject.

As can be seen, the concentration contours resulting from the
gradient across the biomass layer are very similar. Greater differ-
ences are visible in the concentration contours in the hydrogel,
where the component depletes more rapidly — this is particularly
pronounced in the thinner overlay (Fig. 11c). Finally, the differ-
ence in mass that has not yet flowed out of the overlay is very
pronounced. The area marked in darkest red — corresponding to
high concentrations — is largest in the thicker geometry (Fig. 10a).
The observed contour outline, with lower concentrations at the
top of the overlay, is a result of its relatively minor volume as
the triangular shape of the base narrows.

In the model, the effects of possible mass adsorption in the
biofilm layer are incorporated. An analysis of the adsorption
parameter on release dynamics is shown in Figure 12.

The parameters were chosen to facilitate comparison of more
significant adsorption (guax = 1.0- [kg/m3] and kp = 1.0 -
1077 [kg/m3s] — Fig. 12b) and less critical (quax = 1.0 -
1072 [kg/m3] and kp = 1.0 - 1075 [kg/m3s] — Fig. 12b)
than parameters chosen for main simulations, but still within
reported figures (Chaumet et al., 2019; Wang et al., 2002).
The differences in release and saturation become noticeable
only after over 13 hours.

It is also expected that varying magnitudes of elimination
kinetics will influence release and saturation profiles on a scale
similar to that of adsorption characteristics. The actual effect
remains to be confirmed in future work.

0.0

c[g/L]

1.0

Figure 11. Contours of the concentrations in the YZ plane running through the centre of the overlay geometry after 100 minutes of
simulation — walls on the saliva side blocked for mass transport; overlay thicknesses: a) 3 mm; b) 2 mm; ¢) 1 mm.
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Figure 12. Changes in the average concentration of the component in the hydrogel overlay (dashed line), the biofilm (solid line) and
mean adsorbed concentration (dotted line — auxiliary axis) as a function of time for different adsorption characteristic;

stationary saliva; cases discussed in the text.

The simulation results are expected to change with the specific
properties of the drug and to vary mainly with the magnitude
and modification of the diffusion parameters and the walls’
permeability. Yet the effectiveness of the polymer coating
procedure on the hydrogel may not be 100%. It means that
even on coated walls, some mass transfer will occur. It can
be assumed that the resulting release effects will fall between
the four cases mentioned above. It is also to be confirmed.

6. CONCLUSIONS

The proposed model enabled estimation of the relative release
times of the substance from the carrier. It was observed
that the profiles and contours of concentrations, on selected
cross-sections of the flat cuboid with a triangular base-shaped
hydrogel overlay, differed significantly depending on the degree
of permeability restriction of its walls. Simulations showed
that rendering the carrier’s surfaces impermeable to saliva
could result in an over 9-fold slowdown in release for selected
diffusion, adsorption and reaction parameters. High salivary
flow rates accelerate drug release from the hydrogel, thereby
decreasing biofilm exposure to the drug. This effect is greater
in the case of the hydrogel overlay walls with free mass
permeability to saliva.

The distribution of the ingredient mass supplied by the carrier
among the individual domains of the system is slightly less
dependent on geometry. Smaller hydrogel overlay thickness
does not significantly affect drug delivery to the biofilm at the
initial stage. But it shortens the time of biofilm saturation.

https://journals.pan.pl/cpe

Calculated concentration contours show that in the tapered ar-
eas of the hydrogel overlay, the supplied component is depleted
faster. This means an uneven saturation of the target layer.
Even in the most promising case shown, the total time to re-
lease is measured only in hours, not days. Making the hydrogel
overlay an attractive therapeutic alternative would additionally
require slowing down the release process. E.g., the hydrogel
overlay could alter mass transfer characteristics at the surface
where it contacts the biofilm. It will, however, be the next step
in the research, i.e. limiting mass permeation of the hydrogel
overlay into biofilm (an additional mass transfer resistance).

ACKNOWLEDGEMENTS

The research was funded by a grant NCN/PRELUDIUM BIS
2022/47/0/ST8/02850

SYMBOLS

Vi volume of a single hydrogel overlay, m®

t time, s

n number of overlays

Gi concentration of the component i, mg/L, g/L, kg/m*

o) initial concentration of the component in the hydrogel
overlay, g/L, kg/m?

qi instantaneous concentration of the adsorbed compo-

nent in the biofilm, g/L, kg/m?*

maximum concentration of the adsorbed component
in the biofilm, g/L, kg/m?

qi,MAX
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D,,  diffusion coefficient of reference substances is water,
m?/s

D; diffusion coefficient of the component in a given
phase, m?/s

£H porosity of the hydrogel, —

£B porosity of the biofilm, —

T porosity of the tissue, —

TH tortuosity of the hydrogel, —

TB tortuosity of the biofilm, —

Tr tortuosity of the tissue, —

kia adsorption coefficient in the biofilm, 1/s

ki.p desorption coefficient in the biofilm, kg/m°s

ki,re  reaction kinetic constant in the biofilm, 1/s

ki,rT  reaction kinetic constant in the tissue, 1/s

1% local velocity vector of saliva, m/s

Geometry indicators

Ry domain of the hydrogel

R domain of the biofilm

R+ domain of the tissue

Rs domain of saliva

F1, F2, F3, F4 overlay walls in contact with saliva

F5 overlay wall in contact with the biofilm

Subscripts

1 number of component

aqg aqueous

J denotes domain, either (B)iofilm, (T)issue, (H)ydrogel
or (S)aliva

90 denotes time at which 90% of the drug has been released

from the carrier
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