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Abstract

Biodegradation of medical devices is a complex process that depends on many factors, ranging from the methods of
polymer synthesis to the concentration of active enzymes in the medium. Mathematical modeling of the biodegradation
of polyhydroxyalkanoates (PHAs) is of great practical importance as it allows the degradation of the material to be
analyzed with different parameters and different product forms to be considered without the need for many lengthy
experiments. Considering the kinetics and mechanisms of enzymatic degradation of PHA, two main processes can
be distinguished: adsorption and hydrolysis. The first step is the adsorption of the enzyme onto the polymer surface,
and the second step is the hydrolysis of the polymer chain. In finite element modeling, adsorption can be described by
surface homogeneous diffusion and hydrolysis by a reaction equation, similar to models for polylactides. To find the
unknown model parameters, a nonlinear optimization problem is solved using Sparse Nonlinear OPTimizer (SNOPT)
and experimental data on the biodegradation of poly(3HB) and poly(3HB-co-3HV) polymer fibers in three biological
environments (human blood, blood serum, and in vivo). Based on the simulation results, numerical and experimental
results were compared, and the influence of model parameters on the biodegradation profile was analyzed. The model
was also applied to assess the biodegradation of other polymeric medical devices such as a vascular stent and a bone
implant. The proposed finite element model allows for assessing the biodegradation of polymeric medical devices
made from PHA in various biological environments. The biodegradation simulation results are in good agreement with
experimental data. This model is the first step towards modeling the biodegradation of PHA and does not include the
change in crystallinity, the characteristics of the enzyme during degradation, which may be a further aim of the work.
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AHHOTAIUS

Beenenne. buozerpaaiys MEANIUHCKUX U3JIEIMI 3aBUCUT OT MHOXECTBA (JaKTOPOB, HAYMHASL OT METOJ0B CHHTE3a
MOJIMMEPOB U 3aKaHYMBAs KOHIEHTpanHeld akTUBHBIX (EPMEHTOB B cpeae. MareMaTHueCcKOe MOAEINPOBAHNE
ouonerpananuu nmonuruapoxcuaikanoaros (I1IA) nmeer Oonbioe MpaKTHYECKOE 3HAYCHUE, TTOCKOIBKY MO3BOJISET
aHAJIM3HPOBATh JErpajalliio MaTepHuaia ¢ Pa3IMIHBIME TapaMeTPaMH M PAcCMaTPUBATh pa3Hble (OPMBI H3eauit
0e3 HeoOXOAMMOCTH TPOBECHHSI MHOXKECTBA JUIMTEIBHEIX dKcIIepuMeHToB. MeToa. PaccmarpuBast KMHETHKY U
MeXaHH3MBbI (hepMeHTaTUBHON Jerpaganun [1I'A, MOXKHO BBIIEIHTH ABAa OCHOBHBIX IIPOLECCA: ICOPOLIUIO ¥ THIPOIIH3.
B npennaraemoii KOHEUHO-3JIEMEHTHOM MOJICIN aICcOPOIIMs OMUCHIBACTCS YPaBHCHUEM FOMOTCHHOU AU PY3HH
Ha MOBEPXHOCTHU, TUAPOJIM3 — YPAaBHCHUEM pCaKUWH, aHAJIOTUYHO MOACIIAM IJId IMOJIMJIIAKTUIOB. )1.]'15[ IOMCKa
HEHM3BECTHBIX I1apaMETPOB MOJCIH pellaeTcs 3ajaya HeJIMHEHHO# onTuMu3anuu ¢ nomouibio Sparse Nonlinear
OPTimizer u 5KciepuMEHTAIBHBIX JaHHBIX OWoaerpanauuu nonuMepHsix HuTed u3 poly(3HB) u poly(3HB-co-
3HV) B Tpex OHONOTHYECKHX cpeaax (YesoBedecKas KpOBb, CBIBOPOTKA KPOBH H in vivo). OCHOBHBIE Pe3yJIbTaThl.
ITo pesynbraTaM MOAEIHMPOBAHUS IPOBEJECHO CPABHEHHE YHCICHHBIX M IKCIICPUMEHTAIbHBIX PE3yNIbTATOB,
[IPOAHATM3UPOBAHO BIMSHUE ITapaMeTPOB MOJENHN Ha mpoduis ouonerpananuu. Pazpaborannas Moaenb mpuMeHeHa
JUISL OLIGHKH OMOZETpaIalivy MOJIMMEPHBIX MEUIIMHCKUX U3JEINH, TAKNX KAaK COCYAUCTBIA CTEHT U KOCTHBIA NMIUIAHTAT.
O6cyxnenne. [IpeiokeHHas KOHEYHO-DIIEMEHTHAsI MOJIEJIb ITI03BOJISIET OLCHUTh OMOAETPaJalMio OJIMMEPHBIX
MeIuUMHCKUX u3nenuid u3 [IIA B pa3nnyHbIX OMOJIOrHUYECKUX cpeaax. Pesynbrarbl MOAeaupoBaHus OUOACrpa alliu
XOPOIIO COINACYIOTCS ¢ KCIEPUMEHTATbHBIMU AaHHBIMU. MOJIENb SBISETCA MEPBBIM IIATOM K MOIEIHPOBAHUIO
6uonerpaganuu [1I'A 1 He BKITIOYaeT N3MEHEHHE KPUCTATIIMYHOCTH, XapaKTEPHCTUKN ()epMEHTa B POLIECCE AETPAIAIUH,
YTO MOXET CTaTh IEJbI0 JalbHEHIIeH padoTHI.

KuioueBble cjioBa
MOJIETTb OMOJIETPAIAIIN, METO/] KOHEUHBIX SJIEMEHTOB, TTOJIATHAPOKCHAITKAHOATHI, aICOPOINSL, THAPOIN3, TOTUMEpPHBIE
MEIUIIMHCKUE W3IEIINs

Baaronapuoctu

HccnenoBanue O6bUI0 MOAJEPKAHO B paMKax IMPOTPaMMBI HCCIIEI0BATEILCKUX NPpoekToB YHUBepcurera VTMO B
o6nactu uckyccrsennoro nuresrekra (RPAIL) (mpoext Ne 640103, Pa3paboTka MeTO10B aBTOMAaTHIECKOH 00paboTKN
U aHaJM3a N300paKeHUH ONTHYECKOW M aTOMHO-CHIIOBOH MHUKPOCKOIIMHU C MCIIOJIE30BAHUEM METOZ0B MAIIMHHOTO
o0yueHus).

Ccebraka s nutupoBanus: ®orun A.Jl., 3yu I1.C., lumankas E.W., Ckop6 E.B. Moxaens Guonerpananuu
HOJMMEPHBIX HUTEH, H3rOTOBIEHHBIX M3 MoJH-3-ruapokcudyrupara (P3HB) u monu-3-ruapoxcubyrupara-co-3-
ruapokcuBanepara (P3HB-co-3HV) // Hayuno-TexHuueckuii BECTHUK MHOOPMAIIMOHHBIX TEXHOIOTHH, MEXaHUKU U
onrtuku. 2026. T. 26, Ne 3. C. 607-616 (na anr. 513.). doi: 10.17586/2226-1494-2026-26-3-607-616

Introduction

Biodegradation of medical devices is a complex process
that depends on many factors, ranging from the methods of
polymer synthesis to the concentration of active enzymes in
the medium. Mathematical modeling of the biodegradation
of polyhydroxyalkanoates (PHAs) is of great practical
importance, as it allows the degradation of the material to
be analyzed with different parameters and different product
forms to be considered without the need for many lengthy
experiments — one experiment may run for 180 days of
degradation, for example [1].

In the field of biodegradation modeling, one often
finds models based on a phenomenological approach,
where one does not try to include all possible processes
during degradation, but selects some of the most important

components. For example, finite element models of
polylactide (PLA) biodegradation have been proposed
based on the description of polymer hydrolysis [2—4].
There is also a similar work that solves the heat transfer
problem to study the biodegradation of coronary stents
[5]. Unfortunately, such models are difficult to apply
to PHA polymers because of their hydrophobicity and
virtually no autocatalytic component. Biodegradation of
PHA occurs only in the presence of specific enzymes —
depolymerases. The rate of enzymatic hydrolysis of PHA
is a complex process and depends on the availability
of ester bonds with water or enzymes, hydrophilicity,
morphology, molecular weight, monomers, and other
physical properties [6].

In the case of biodegradation of PHA polymers, we can
distinguish a model of poly(3HB) synthesis in a bioreactor
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[7], a metabolic model [8], a hybrid model to describe PHA
production [9], and a neural model to model and predict
the behavior of nonlinear abiotic hydrolysis of PLA/PHA
tissues [10]. Considering the kinetics and mechanisms of
enzymatic degradation of PHA, two main processes can
be distinguished: adsorption and hydrolysis. The first step
is the adsorption of the enzyme onto the polymer surface,
and the second step is the hydrolysis of the polymer chain
[11-13]. In finite element modeling, adsorption can be
described by surface homogeneous diffusion [14, 15] and
hydrolysis by a reaction equation, similar to models for
polylactides.

In this paper, a finite element model of the
biodegradation of two polymers poly(3HB) and poly(3HB-
co-3HV) in three biological media (human blood
anticoagulated with sodium citrate), blood serum, in vivo) is
proposed. The degradation of two polymeric products was
also modeled: a vascular stent and a bone implant (Fig. 1).

Materials and Methods

The experimental protocol is described in detail in a
previous article [16]. The polymer fibers synthesis process
and degradation experiments are briefly described in the
following sections.

Fiber synthesis

The monofilament samples were prepared from
a homopolymer of polyhydroxybutyrate poly(3HB)
(340 kDa, degree of crystallinity 70-78 %) and its co-
polymer with B-hydroxyvalerate poly(3HB-co-3HV) (295—
360 kDa, degree of crystallinity 55 %) containing 15 mol%
of hydroxyvalerate [1]. For this study the polymers were
extruded at 170 °C and collected on a drum rotating at a

linear speed of about 40 m/min. The extruded fibers were
drawn on a hot plate at 100 °C at a draw ratio of 7-8 [16].

Experimental section

The kinetics of fiber biodegradation was studied for in
vitro and in vivo model systems. Phosphate buffer (pH 4.5,
5.9 and 7.0), human blood anti-coagulated with sodium
citrate, and blood serum were used as model systems. The
samples were exposed at 38 °C for 180 days. To study
the dynamics of polymer fiber biodegradation in vivo,
characterized and weighed samples (2-3 cm long) were
placed in diffusion chambers, which were implanted under
sterile conditions subcutaneously in the neck fold of Wistar
rats under inhalation anesthesia (diethyl ether). During the
experiments, fiber samples were periodically removed from
the model systems, washed, and examined after drying.

Regardless of the chemical composition and initial
physical and chemical properties of the polymer material
used for filament production, they did not degrade in
phosphate buffer (pH 5.2) at 37 °C. No significant change
in fiber weight was observed during the whole observation
period (180 days). A similar picture was obtained at other
pH values (5.9 and 7.0). Thus, the absence of chemical
hydrolysis of PHA fibers in saline solutions was confirmed
[16]. Parameters of the polymer are given in Table 1.
A similar profile of polymer mass change in the in vivo
case and others can also be found in other works [17-20].

Degradation of PHA fibers

Enzymatic hydrolysis of PHA is a complex process, and
its rate depends on the availability of ester linkages to water
or enzymes, hydrophilicity, morphology, molecular weight,
monomers, and other physical properties [6]. Enzymatic
hydrolysis is more pronounced than non-enzymatic
hydrolysis at a later stage of in vivo degradation. This
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Fig. 1. Scheme of research: experimental data [16] on biodegradation of suture fibers in three biological media (a); construction
of finite element model of biodegradation (b); search for unknown parameters by solving the inverse problem (SNOPT
algorithm) (c); comparison of numerical and experimental results (d); application of the model for other polymer devices
(3D scaffold, vascular stent) (e).

C,s is the concentration of enzyme on the surface; K is the mass transfer coefficient; Dy is the diffusion coefficient of enzyme in degrading
polymer; r is radius; & is the rate constant of hydrolysis reaction; M,, is the average molecular weight of the polymer

Hay4HO-TexXHU4eCcKuit BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MEXaHUKK 1 onTukun, 2026, Tom 26, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2026, vol. 26, no 3

609



A model for biodegradation of polymer fibers made of poly-3-hydroxybutyrate poly(3HB)...

Table 1. Parameters of polymers

Parameters poly(3HB) poly(3HB-co-3HV)
Initial concentration of polymer chain esters, C,, mol/m? 20,560 20,035
The molar mass of the polymer, M), g/mol 86 88
The initial average molecular mass of the polymermolecular mass of the polymer, M,,, kDa 340 350
degradation mechanism was suggested in a study where the OR,
in vitro biodegradation of poly(3HB-co-3HV) copolymer o =0, t=0,

films was studied in nutrient-depleted activated sludge for
a period of 6 weeks [20].

When considering the kinetics of enzymatic
degradation, two steps are usually distinguished: adsorption
and hydrolysis. The first step is the adsorption of the
enzyme onto the polymer surface by the binding domain,
and the second step is the hydrolysis of the polymer chain
into water-soluble products by the catalytic center [11-
13]. One study [12] proposed a reaction scheme for the
biodegradation of poly(3HB):

E-OH + P(3HB), —
— P(3HB),_,0-E + D-CH;CH(OH)CH,COOH

P(3HB),_,0-E + H,0 — P(3HB),_; + E-OH.

Mathematical model of degradation

In this paper, a model for the biodegradation of PHA
polymers is proposed which includes two main processes:
adsorption and hydrolysis. Adsorption can be described
by the homogeneous surface diffusion model (HSDM)
[14, 15], and hydrolysis by the reaction equation.

We assume that a homogeneous polymer is immersed
in a medium containing a sufficient amount of enzyme.
In addition, the adsorption rate depends on the surface
diffusion coefficient and the flux at the polymer surface.
The resistance to mass transfer at the surface is considered
sufficiently small. The presence of a non-zero concentration
of adsorbate is sufficient for hydrolysis. The initial
parameters of the polymer, its density, molecular weight,
and degree of polymerization are used to calculate the
mass.

Determinant ratios of PHA biodegradation are:

ep
ot
OR,
ot

= V(stcep)a

= Cepkl s

where C,, is the mole concentration of adsorbate; Dy is the
diffusion coefficient of enzyme in degrading polymer; R
is the mole concentration of polymer chain scissions; & is
the rate constant of hydrolysis reaction.

Boundary and initial conditions are also set:

Cop=0, =0,
oC,,

=0, =0
at b 2

_n(DsVCep)h"s = K(Cos - Cep)a

Ry=0, ¢t=0,

where I’y is the outer surface; K is the mass transfer
coefficient; C,y is the concentration of enzyme on the
surface; n is the outward unit normal vector on a normal to
surface I'; ¢ is time.

Averaged molecular weight excluding the short chains
[21] is then calculated as

- 1 - (RJ/Cy)
1+ (My/Mo)((RICyo) — (1/m)(RJCr))

n

where M, is the initial average molecular mass of the
polymer; m = 4 is the average degree of polymerisation of
the short chains, usually from 4 to 6 [21].

Implementation of the Mathematical Model
in COMSOL Multiphysics

In the General Form Partial Differential Equation (PDE)
module in COMSOL, a transient general type PDE with a
flow on the boundary is:

u Ou

ey— t+d,—+VI'=finQ
Yor o >

—nl" =g — qu on 0Q

where Q is the calculated volume domain and 0Q is the
domain boundary; u is the dependent variable; f, g, ¢, I are
user-defined coefficients; e, is the mass coefficient; d, is a
damping coefficient or mass coefficient; g = CeiK, g = K.

There are two equations in our system, so we need to
add two General Form PDEs. The initial values for C,, and
R are zero.

The diffusion equations describing the adsorption of
an enzyme:

ep
ey,

_n(DSVCep) = K(Ces - Cep)

+V(DNVC,pp) =0

where the coefficients are ec,, = 0; dc,, = 1; f = 0;
oc, oC, _ oC, .

e, =1Ds— — , —Dx ; I'c,, is the flux vector
Oox oy ’

for a dependent variable C,,; x, y u z are the Cartesian
coordinates.
The hydrolysis equation has the following form:
J OR, -
Ry ot epil,

where the coefficients are eg = 0, dp, = 1, f'= Cgpki,
Iz, = 0; dg, is the damping coefficient or mass coefficient
for a dependent variable Ry; eg_ is the mass coefficient for a
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dependent variable Rg; I'g_is the flux vector for a dependent
variable R;.

The data that supports the findings of this study are
openly available in Mendeley Data!.

Calculating model parameters

A mathematical finite element model using the
software COMSOL Multiphysics was constructed from the
biodegradation data of polymer fibers made of poly(3HB-
co-3HV) [16]. The fiber was represented as a cylinder with
a length of 30 mm and a radius of 0.15 mm (Fig. 2), and a
flux describing the adsorption of the enzyme was set on the
outer surface of the filament.

To search for unknown reaction rate coefficients, we
solved the inverse problem using the Sparse Nonlinear
OPTimizer (SNOPT) algorithm [22] and the experimental
data discussed above [16]. The biodegradation parameters
of the modeled polymer fibers of poly(3HB) and poly(3HB-

I Fotin A. A model for biodegradation of polymer fibers made
of poly-3-hydroxybutyrate (P3HB) and poly-3-hydroxybutyrate-
co-3-hydroxyvalerate (P3HB-co-3HV). Biodegradation model file
(Comsol) for P3HB, in vivo // Mendeley Data. 2025. V. 2. doi:
10.17632/x358g47nnz.2

r=0.15 mm

20

30

co-3HV) are given in Tables 1 end 2. For all cases, the
parameter K = 2.5-10~4 m/day.

Results and discussion

Comparison of numerical and experimental results

The biodegradation of polymer yarns with these
parameters was modeled using the finite element method.
Comparison of the results of numerical and in-situ
experiments is presented in Fig. 3, which makes it possible
to assert a good agreement between the results of modeling
and experiments. The standard deviation between the
results is presented in Table 3.

The presented model of PHA biodegradation allows us
to describe the loss of polymer mass by surface diffusion of
enzymes and hydrolysis but does not consider the change
in crystallinity and erosion. It should also be noted that
this model does not consider changes in the concentration
of active enzymes involved in the polymer degradation
process.

Biodegradation map

The results of the analysis of the influence of model
parameters on the product degradation profile are
illustrated in Fig. 4. According to research, the diffusion

b
- \ Rx
—0 2.00
1.98
1.96

Fig. 2. The polymer fiber model: simplified fiber geometry, cylinder with a length of 30 mm and a radius of 0.15 mm («); the result
of numerical simulation, the value of R, (the mole concentration of polymer chain scissions) for 180 days, poly(3HB), blood (b)

Table 2. Model parameters for poly(3HB) and poly(3HB-co-3HV) in three media

Human blood (anti-coagulated with sodium citrate) |

Blood serum |

Parameters in vivo
poly(3HB)
Cps, mol/m3 9.3-103 9.4-103 10.6:10-3
D;, m?/day 1.3-10°° 5.57-10-8 2.8-10-11
ki, day! 1.19 1.19 1.98
poly(3HB-co-3HV)
C,s, mol/m3 1.68-102 1.5:102 1.92-102
Dy, m2/day 1.1-10-8 2.1-10-8 3.63-10-11
ki, day™! 1.24 1.3 1.69
Table 3. Standard deviation for numerical and experimental results

Copolymers Human blood (anti-coagulated with sodium citrate) Blood serum in vivo
poly(3HB) 0.0038 0.0092 0.0076
poly(3HB-co-3HV) 0.0068 0.0083 0.0112
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Fig. 3. Plots of loss of average normal molecular weight. Comparison of numerical modeling results with experimental data on the
biodegradation of polymer filaments: in human blood (anti-coagulated with sodium citrate) (a); in blood serum (b); in vivo (c)
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Fig. 4. Effect of model parameters on the degradation profile of suture fiber. Biodegradation parameters poly(3HB-co-3HV) in vivo
were taken as initial parameters. The black line indicates results with initial parameters. The red and blue solid lines show the results
for the boundary values of the parameters. Dotted lines show results for intermediate values: for 0.5 < C,s < 10~4 mol/m?3 (a); for
0.1 <K <107 m/day (b); for 10 < k; < 103 day ! (c); for 10-5 < Dy < 10715 m%/day (d)
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coefficient Dy < 105 m?/day [23-26], the mass transfer
coefficient 107 < K < 0.1 m/day [27]. The remaining
parameters Cg, k1 varied in an arbitrary range from their
initial values. Initial parameter: C,o = 20,560 mol/m3;
My = 86 g/mol, M,y =340-103 g/mol; K = 2.5-104 m/day;
Ces = 1.92:1072 mol/m3; Dy = 3.63-10-11 m2/day;
k1 =1.69 day!.

From the data obtained, it can be stated that the
degradation profile does not change any more with the
variation of parameters in the boundaries: K > 104,
Dy > 104, Tt can also be assumed that the degradation is
most influenced by the enzyme activity, which is embedded
in the parameter Cp.

Application for other polymer devices

This model can be used to analyze the degradation of
different polymer products. Parameters for poly(3HB-co-
3HV) in in vivo media were used for further calculations.

For example, in one article, a similar polymer, P(3HB-
co-3HV), was used to make a bone replacement implant in
the form of a cylindrical lattice. This implant was implanted

in the bones of animals. According to the results of the
in vivo experiment, the polymer material of the remaining
3D scaffold fragments was 25 % smaller than the cross-
sectional diameter of the original filament when 3D printed
and was surrounded by lamellar bone tissue [28]. If we
assume that the density of the material is uniform, then
the mass loss is about 43 %. It should be noted that no
experiments on the degradation of the 3D scaffold were
carried out, and conclusions on mass loss are based only
on the change in filament diameter on some slices. Based
on this data, a numerical experiment was conducted the
results of which are shown in Fig. 5. As can be seen from
the graph, the implant lost about 25 % of its weight by day
150. This discrepancy can be explained by the different
methods of manufacturing the polymer product and by the
different media (in the first case blood in the subcutaneous
fold of the rat, in the second case femur of the pig).

A numerical biodegradation experiment was also
performed for the arbitrary cardiovascular stent geometry,
and the results are shown in Fig. 6. Flow was set on

a b
1.0
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= 09
Q
N
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1‘ 0.7 ZO
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Time, day

Fig. 5. Modeling the biodegradation of 3D scaffold from poly(3HB-co-3HV), in vivo: distribution of normal molecular weight at day
150 (a); plot of the normalized average weight loss (b)

a b
1.0
Mn
0.9
=
=
=
058 z 0.7
0.6
0.54
0'50 50 100 150
Time, day

Fig. 6. Modeling the biodegradation of stent from poly(3HB-co-3HV), in vivo: distribution of normal molecular weight at day
180 (a); plot of the normalized average weight loss (b)
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the outer surfaces of the stent which are not in contact
with the vessel wall. Based on the modeling results, the
cardiovascular stent is expected to lose approximately
43 % of its initial molecular weight in 180 days. It should
be noted that here we ignore the vessel wall healing which
can cause the stent struts to be fully covered by the end of
this period, changing the boundary conditions [29].

Conclusion

A model for the biodegradation of polyhydroxy-
alkanoates polymer is proposed based on two processes:
adsorption and hydrolysis. The degradation of
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