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The review concerns the basic theoretical aspects of manufacturing biocompatible and biostable implants and represents, mainly, the 
experience of our research team. Biocompatible implants have been shown to be understood to mean both: those, which are not rejected by the 
body as well as those, which are not capsulated in the body. They are to be fabricated according to one-stage frontal photopolymerization with 
extreme low reaction front to avoid defect formation in a polymer. Moreover, an additional  unstable stage is required to result in the death of end 
free macroradicals and labile products in a polymer. For implant fabrication we used photopolimerizable compositions resulting in the formation 
of hydrophobic spatially cross-linked polymers, their correlation time of spinning motion of a paramagnetic probe of 2,2,6,6-tetramethyl-4-
oxypiperidine-1-oxide approximately being 6·10–10 s. The fulfillment of these conditions means the use of radically polymerizable oligomer-
based compositions (oligoester methacrylates, oligocarbonate methacrylates, oligourethane methacrylates, etc.). Compositions having lower or 
higher correlation time of the specified probe are not appropriate for the fabrication of biocompatible and biostable implants. The characteristics 
of oligomer-monomer compounds have a greater effect on physicochemical properties of implants rather than on their biocompatibility and 
biostability. No implant incapsulation is determined by the initial composition formulation provided that the mentioned conditions are fulfilled. 
A polymer in biostable and biocompatible implants can be only optically transparent, though the converse is not necessary.
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Polymer implants have increasingly widespread 
application in medicine. It is impossible to imagine 
current ophthalmosurgery without intraocular lens [1–
30], scleroplants [31–36], intrastromal and intracapsular 
rings [37–53], glaucomatous drainages and shunts 
[54–64]; neurosurgery — without dura matter [65–
73], tension-free abdominal hernioplasty — without 
specific polymer meshes [74–87]; maxillofacial surgery, 
orthopedic surgery, neurosurgery — without polymer 
plates replacing or substituting bones [88–96], etc. 
Polymer application in medicine can be wider if the 
problem of their biocompatibility and biostability could be 
completely solved.

Polymers used in medicine can be divided into two 
large groups: biodegradable (resorbable) and non-
absorbable [97–103]. By the definition biodegradable 
polymers cannot be biostable: their destruction is likely 
to result in the formation of low-molecular compounds 
taken by the body as those pertaining to the body: they 
participate in metabolic processes, or there is the process 
of their elimination. For example, for production of some 
implants, polylactic acid is used, the hydrolysis of which 
results in the formation of lactic acid representing a 
natural metabolite of Krebs cycle [101]. To develop 
biodegradable implants, various polymers find their wide 
application, both the polymers derived from plants and 

animals, as well as synthetic ones, e.g., polyethers of 
cyanoacrylate and hydroxy carboxylic acids, and others 
[101]. Implants manufactured from these polymers can 
be rather biocompatible but not biostable. The review 
concerns with the development of implants, which should 
not have any discharges (biostable). Certainly, we 
cannot ignore biodegradable polymers. Both polymers 
have their own application: biodegradable polymers 
are more appropriate for sutures, e.g., polyglycol acid-
based polymers [101], while they are cannot be used for 
intraocular lens (IOl) production. Biostable polymers are 
to be used for IOl [104].

When producing implants there should be taken into 
consideration both a polymer type an implant to be 
made of and also the way of implant manufacturing. 
Polymer implants, as a rule, are various three-
dimensional structures with different architecture and 
morphology. For example, IOl are usually biconvex lens 
with supporting elements (haptics) made of an optically 
transparent polymer [8, 11, 13, 17–20, 28]; dura mater 
are various membranes and films of different relief 
design [68, 69, 73]; glaucomatous microshunts and 
drainages are porous or perforated films, various tubes, 
and other allowable constructions aimed at removing 
eye fluid from the posterior chamber in blood vessels 
[54–63, 105], etc.
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Two essentially different schemes of manufacturing 
polymer implants are known: a conventional two-stage 
procedure, when a polymer is first synthesized followed 
by the formation of a polymer product using different 
techniques, and a one-stage operation, when a polymer 
and a product are synthesized simultaneously (one-
step procedure) [104, 106]. Thermopressing, pressure 
casting, mechanical processing, and electrospinning 
[107–112], the formation on spinnerets of polymer 
threads and fibers, and use them to plait products [113, 
114], washing-out different crystals from polymers filled 
with these crystals [115], supercritical fluid technologies 
[116–122], etc., are widely used to form products 
according to a conventional one-stage technique.

The review considers, mainly, a one-stage scheme 
to produce polymer implants. To some extent, it is due 
to the fact that one-stage manufacturing is reported 
insufficiently in literature that can be explained by a 
negative attitude to a one-stage scheme of producing 
polymer materials. Currently, this attitude prevails, since 
the scheme is considered to be of little promise, and 
unsuitable for producing precise and optically transparent 
implants. The main insuperable obstacle is thought to be 
the reaction medium shrinkage and thermal extraction in 
any technique of polymer synthesis. These phenomena 
bear a direct relation to a one-stage scheme, since 
it suggests using monomer of a certain type rather 
than polymers. It is impossible to avoid reaction mass 
shrinkage and thermal extraction when polymerizing 
most monomers, though it is possible to form polymer 
products in a way to eliminate adverse effects of these 
phenomena on the quality of products. The basic 
requirements for monomers and synthesis conditions 
of polymer products, but not polymer, are described in 
what follows.

It is not by chance that light is used to manufacture 
products according to a one-stage scheme to initiate 
polymerization. light flux can be controlled and pointed 
at the areas a polymer is to be formed, and vice versa, 
all efforts can be taken to prevent light from penetrating 
the areas a polymer is to be absent. In recent 
times, a one-stage scheme to manufacture polymer 
products has been directly related to photochemistry, 
photopolymerization, photolithography, though it is still 
impossible to control light-independent reactions over a 
distance. In this regard, currently, there being developed 
different techniques to produce polymer implants using 
photolithography. The modifications of the method aim 
at manufacturing three-dimensional products rather than 
flat (two-dimensional) ones [123–125]. It is unlikely that 
a universal technique of producing polymer implants 
according to a one-stage scheme will be developed. 
There should be taken into account that the architecture 
of implants and their geometrical dimensions will be 
very much different depending on what tissue they 
are to be implanted in and what space to occupy. The 
development of the techniques to manufacture implants 

of different shapes and sizes by a one-stage scheme, 
where light is the main ‘tool’, is in its inchoative stage. 
It may happen that in the future not only light but other 
types of radiation (X-rays, electron radiation, etc.) will be 
applied to manufacture implants.

The development of tissue engineering presupposes 
the use of a defined shape of polymer frameworks 
(scaffolds) able to play the role of embryos to form 
new tissues instead of damaged or dysfunctional, 
and imposes a number of new requirements on 
implants. Currently, implant architecture and the 
absence of discharges cannot be considered sufficient 
requirements. Implants should both not fail and also be 
isolated from surrounding tissues. It is safe to say that 
tissue engineering significantly changes the concept of 
biocompatibility [101, 126]. Implants (frameworks) should 
attach firmly biological cells of a certain type (i.e., exhibit 
high cell sticking, or adhesion), should not prevent their 
division (multiplication), and, on the contrary, should 
prevent attachment and multiplication of other type cells 
(i.e., stimulate selectively the growth of defined tissues 
alone) [126].

There are two points of view what properties scaffolds 
need: cells can be cultured in vitro (out of the body) 
and then implanted in damaged tissues [127, 128], or 
scaffolds are to be inserted in a body and serve as a 
germ for growth and development of the lost tissue. 
The first point of view is supposed to be not without 
disadvantages. The main point is what is to be done 
with the principal reaction of any organism on temporal 
or permanent penetration of a foreign body in the 
organism’s tissue resulting in the formation of connective 
tissue around the foreign body (encapsulation). 
Encapsulation is certain not to lead to implant failure but 
can cause unfavorable isolation from the surrounding 
environment. such encapsulation, in particular, occurs in 
case of glaucomatous drainage implantation and results 
in drainage failure [129]. Encapsulation nullifies all 
positive effects expected after implantation. This raises 
the question: what properties an implant should have not 
to fail, and not to be taken for a foreign body. The answer 
cannot be given without knowing the mechanisms of cell 
attachment to implants.

It is generally believed that cell adhesion to implants 
is determined either by electrostatic or somewhat 
specific interactions, when there are specific fragments 
for adherence to fit as if a key and a keyhole [101, 130]. 
One can concede that in case of specific interactions 
the adhesion of cells to an implant is determined by 
the possibility to form hydrogen bonding. specific 
interactions are realized when bioactive molecules are 
immobilized and peptides are attached on a polymer 
surface [101, 102]. The presence of electrostatic 
interactions can be explained by the fact that on cell 
membranes there is the so called resting potential: the 
potential difference between cell cytoplasm and the cell 
environment. The potential difference occurs due to 
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the fact that permeability of cell membranes is different 
for different ions, and selected ions transport actively 
through the membrane resulting in the concentration of 
a negative charge on its inner surface, and a positive 
charge on the outer membrane surface. Thus, it can be 
assumed that cell will adhere to an implant if the implant 
surface is positively charged. Under these conditions of 
cell adhesion to implants, it is quite possible that cells 
will grow and evolve into tissue if in vitro but not in vivo. 
These mechanisms do not solve the encapsulation 
problem.

The described mechanisms of cell adhesion to 
implants are not the only ones. There can also be 
adhesion by the type of biological membrane formation. 
All biological membranes (matrices) are based on 
a double layer of lipids, generally, phospholipids. 
Phospholipid molecules have a hydrophilic head and 
hydrophobic ends (one-dimensional chains consisting of 
8–18 CH2 fragments). Thermodynamically, energetically 
favorable condition of these molecules in water is that 
when they form a double layer, with hydrophobic ends 
being in the central area and directing each other, while 
hydrophilic heads being on the periphery and pointing 
at the surrounding medium (water). such structure is 
typical in water solutions only. In non-polar solvents it is 
the opposite: there is a double layer but hydrophilic ends 
are inside, while hydrophobic ones are on the periphery. 
It indicates that in the formation of any structures the 
interactions are not so important, as the common value 
of a certain system at a given environment, which cannot 
be ignored. In this regard, cells are to be expected to 
adhere to the implants, on the surface of which there is 
a layer of saturated hydrocarbons of the same length as 
those in biomembranes (scaffold surface should have 
linear hydrocarbons of different length). If such scaffolds 
are placed in water culture medium or in tissues of a living 
body, then on their surface lipids first will be adsorbed 
forming the structure appropriate for a membrane matrix 
followed by the adsorption of a protein layer the cells will 
be able to adhere.

It should be said that these ideas are consistent with 
the experiment [131]. Progenitor cells adhere to the 
frameworks prepared according to a one-stage scheme. 
They promote cell differentiation, stimulate growth (finally, 
there forms nervous tissue able to perform the functions 
it is supposed to). Polymer implants (frameworks) with 
such properties prevent encapsulation: the state of a rat 
brain remained unchanged for a year after implantation. 
That is easy to explain too. Generally, biological 
molecules should be in a bound state rather than in a 
free state: they should be the parts of some structures, 
e.g., biomembranes. It can be assumed that connective 
tissue formation is caused by some molecules, which are 
in a free state (they are most likely to signal the necessity 
for connective tissue formation). The penetration of a 
foreign body in tissues is related to cell damage and the 
appearance of free biomolecules. An inverse process — 

the transfer of the molecules from a free state into bound 
one — leads to the deactivation of a signal of a foreign 
body penetration in the body. The process should occur 
when the abovementioned implants are inserted due to 
the adhesion to the surface of lipids first, and then to that 
of proteins, and further, of other molecules as well.

The implants with the properties described above 
acquire in the body nearly the same membranes as the 
surrounding cells. These membranes can be no different 
in chemical composition from biomembranes but between 
the outer and inner surfaces there is no resting potential 
typical for living cells. That is the utmost we can do so 
far. It is still impossible to reproduce active transport of 
ions. However, there is confidence that resting potential 
will not promote cell adhesion to an implant so much as 
suggested in the work reported [101]. It is our opinion 
that the most reliable technique to develop biostable 
implants is that specified in the work [131].

We suppose that the above stated is enough to 
conclude about the prospects of one-stage processes 
for implant formation. Using lithography it is possible to 
manufacture implants of any complexity, and also with 
dimensions typical for cell formations. microelecrtonics 
is an example, its existence is difficult to imagine without 
lithographic processes. These processes will find their 
wider application in polymer implant manufacturing, 
if the basic regularities of oligomer and monomer 
photopolymerization are taken into account. The 
regularities will be considered below.

We believe the development of biocompatible and 
biostable implants to be impossible without regard to the 
phenomena of chemical reaction arresting and reactive 
capacity leveling occurring when changing from low- to 
high-viscosity media [132–135], and achieving steady-
state density of macromolecule packing in implants. The 
theory is set forward in the work [134]. The backbone 
of the theory consists in the following: effective velocity 
constants of biomolecular reactions in condensed media 
equal the product of velocity constants of reactions k1 
by cell effect value Pcell eff, with the mechanism of such 
reactions being described by one of the following 
schemes:

In the course of reaction the reagents first enter a 
single cell, from which through an activated state they 
pass into the formation of end products. The lower 
scheme differs from the upper one by nothing but the 
fact that the transfer from an activated state in reaction 
products results from the diffusion motion (indicated by 
a double arrow) characterized by diffusion coefficient D 
rather than from the process characterized by a reaction 
velocity constant k3. The difference is of fundamental 
importance. The fact is the probability density function 
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to detect reaction products in the first instance is 
determined by the following exponential function (correct 
for Poisson processes only):

f(t)=k3·e–k3·t,                                (1)

while in the latter case it is determined by Fokker–Planck 
equation solutions (fails to meet the requirements for 
Poisson processes). The easiest variant to represent the 
probability density function to detect reaction products in 
this case is the function [136]:

f(t)=                      (2)

where z is the distance, which the reagents should 
cover towards the end products to leave a cell. The 
use of ordinary differential equations (in kinetics it is a 
mass-action law) is possible in case Poisson processes 
are described. In this regard, the values of Pcell eff for 
the schemes given above are to be determined by the 
following integrals [137–140]:

 (3)

                     (4)

where δ=

The represented probability density function curves 
determined by equations (1) and (2), as well as the cell 
effect value versus δ relationship determined by equations 
(3) and (4) show (Figure 1) to what extent they may 
differ from each other if one probability density function 
changes another. It is easy to imagine what will happen 
if δ parameter is reduced. Its reduction at a constant 
temperature can be due to the medium viscosity increase 
or the growth of molecular sizes and the structure of 
reagents. If δ values are high, the cell effect values are 

Figure 1. (a) Densities of probability distributions (Pp) determined by the equations (1) and (2); 
(b) the cell effect value versus δ relationship determined by equations (3) and (4); (c) an expected 
dependence of a cell effect on δ parameter

а

b c
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determined by the upper curve (it is required by classical 
kinetic theory), if they are low — by the lower curve. The 
transfer from the upper curve to the lower one should 
occur if δ is near some values. Figure 1 also shows an 
expected cell effect value versus δ relationship. since 
the observed velocity constants of chemical reactions 
equal the products k1·Pcell eff(δ), then such transfers are 
to be accompanied by a sharp retardation of the reaction 
course (looking like the reaction arresting). The transfer 
of reactions from low- into high-viscosity media (more 
precisely, if the motility of reagents is reduced) should 
result in chemical reaction velocity fall, the velocities 
being equal to the deviations of one Pcell eff(δ) curve from 
another [134]. It can be said that this approach settles 
the differences between chemical kinetics and that in 
living systems. Chemical processes in living systems 
occur under isothermal conditions, and due to this fact 
chemical kinetics cannot suggest the ways to control 
these reactions. A different situation arises with the use 
of equation (4) and the curves shown in Figure 1, which 
declare the dependence of velocity constants of the 
reactions on reagent motility, and one cannot do without 
it when studying the factors contributing to the velocities 
of chemical reactions in biological systems. The 
phenomenon of reactive capacity leveling is to be related 
to the fact that when medium viscosity is increasing, first 
of all, run-away reaction stops, and then slower ones, 
though the transfers to diffusion motion in rapid reaction 
occur at lower δ values compared to slower reactions. 
The latter, in particular, follows from the fact that reactive 
capacity leveling in high-viscosity media presupposes 
approximate equality of the product k1·Pcell eff(δ) (the more 
k1 the lower Pcell eff).

Now it should be said what is to happen when polymers 
are manufactured by radical polymerization. A distinctive 
feature of a polymerization reaction from many other 
reactions is medium viscosity growth in the course 
of the reaction (the increase of monomer conversion 
degree). since chain disconnection reaction is the most 
rapid stage of polymerization, then these reactions 
should be arrested first of all. This stage arresting is to 
lead to breakless polymerization, which should result 
in the termination of end macroradical death due to 
recombination and disproportionation reactions. Further 
increase of reaction medium viscosity is sure to result in 
arresting polymerization chain growth, it is evident by the 
fact that a monomer part remains free (unexpended). In 
some cases the free monomer content in a polymer can 
be reduced by additional procedures: polymer heating 
after polymerization (medium viscosity decrease due 
to temperature increase) or temporal introduction of an 
inert solvent in a polymer (medium viscosity decrease 
due to plasticization) [141]. These techniques are well 
known, and there is no sense in considering them.

let us determine the consequences of these 
phenomena in respect to polymerization reactions, 
which should be carried out under any conditions. The 

velocity of a polymerization reaction (Vpol) is known to 
equal [142]

Vpol=vi·γ
–,                                      (5)

where vi and γ are initiation velocity and mean length 
of a kinetic polymerization chain. If a polymerization 
reaction occurs in a steady-state regime (as a rule, this 
regime is considered to be the characteristic for radical 
polymerization), the following correlations are correct 
[143, 144]:

Vpol= ,                 (6)

where kg and kd are velocity constants of growth and 
polymerization chain disconnection (the formation rate 
of free radicals in a steady-state regime is supposed 
to be equal to death of microradicals resulting from 
recombination and disproportionation reactions).

making use of the correlations (1)–(6), we may 
conclude:

1) the factors contributing to the reduction of 
reagent motility, primarily, should arrest the reaction of 
polymerization chain disconnection (kd≈0), that is likely to 
result in abnormally high polymerization velocity (Vpol≈∞, 
as kg is a conservative value);

2) further reduction of reagent motility should 
lead to the decrease of kg (arresting the reactions 
of polymerization chain growth and the decrease of 
polymerization ve154locity), but the polymerization 
velocity should be proportional to polymerization chain 
initiation rate to the first power rather than the power 
equal to 1/2 (mean length of polymerization kinetic chain 
does not depend on initiation rate);

3) the change of velocity constants kg and kd by the 
motility of the corresponding reagent occurs by the type 
of critical events depending on δ parameter only.

The manifestation of the abovementioned statements 
can be considered as those indicating the course of a 
breakless polymerization reaction. Primarily, the so 
called gel effect indicates the possibility of a breakless 
polymerization reaction. It is Trommsdorf effect resulting 
in the increase of polymerization velocity at high 
monomer conversion degrees, no less than two orders 
higher compared to the initial one that is consistent with 
the arrest of polymerization chain disconnection resulted 
from recombination and disproportionation reactions  
[143, 144]. The effect occurs in case of the 
polymerization of nearly all low-viscosity monomers 
(methylmethacrylate, butyl methacrylate, methacrylic 
acid, etc). When these monomers are polymerized, 
at the end of the reaction it self-accelerates (if 
certain viscosity is achieved). Kinetic curves of 
photopolymerization in such monomers consist of four 
parts: an induction period; a steady-state polymerization 
regime (the regularities described by the equations (6) 
occur during this period); breakless polymerization (no 
chain disconnection resulted from recombination and 
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disproportionation reactions does not preclude the 
chain disconnection due to other reaction, for example, 
free radical scavenging by the formed polymer); a 
closing stage (Figure 2).

One of basic assumptions is due to the fact that 
conclusion 3 concedes preparations of compositions 
with such initial viscosity; there is no steady-state 
regime at their polymerization, therefore, there is no 
self-acceleration at the end of the reaction: breakless 
polymerization starts immediately after the induction 
period (Figure 3). In case of these compositions, 
polymerization velocity should be abnormally high 
(polymerization can be performed within a few minutes 
and even seconds rather than over many hours) and 

depend linearly on the initiation rate of a polymerization 
chain. such compositions were prepared when low-
viscosity monomers were changed to oligomers (various 
oligoester methacrylates, and others represented in 
works [145, 146]). Therefore, the questions raised in 
work [147]: why these oligomers are polymerized at 
abnormally high rate despite the fact that their reactive 
capacity is not higher than that of regular monomers 
can be answered with relation to the abovementioned: 
the reaction proceeds as a breakless reaction (the 
result of arresting the reactions of polymerization 
chain disconnection). It should be considered that a 
breakless mechanism of polymerization presupposes 
the formation of end macroradicals in a polymer. It is 
not the only mechanism of their formation. An induction 
period relates to the presence of a high-efficient inhibitor 
of radical polymerization in a reaction mixture. The so 
called pseudo-living radical polymerization has been 
proved to exist [144, 148]. Its origin is related to the 
complex of an end macroradical of a polymer (P) with an 
inhibitor (Inh), the complex being unstable and capable 
of decomposition:

P – Inh → P• + Inh•,

and note that it results in the end free macroradical 
formation. The formation of end macroradicals can also 
occur at polymer cutting [149, 150] that is inevitable in 
the course of polymer implant fabrication according to a 
two-stage scheme.

let us consider some of the results of our study 
illustrating the main features of the manifestations of the 
abovementioned conclusions. All polymer and polymer 
products were prepared by photopolymerization. The 
use of photopolymerization is explained by the following: 
1) the process can be carried out at any temperature 
under the conditions approximated to isothermal; 
2) polymerization initiation rate in this case is equal to 
the product ελ·C0·E0, it assumes its alteration by varying 
light intensity (E0) (C0 and ελ are concentration and 
molecular coefficient of light absorption at wavelength 
λ of a photoinitiator in the composition); 3) the change 
of initiation rate has no effect on the changes of 
velocity constants of polymerization chain growth and 
disconnection. 4,4-dimethylphenyl acetophenone was 
used as a photoinitiator in all compositions.

When oligocarbonate methacrylate of OCm-2 type is 
photopolymerized (polymerization velocity is proportional 
to light intensity to the first power), a solid polymer forms 
with glass transition temperature being about 90°, in 
which end macroradicals are preserved at a room 
temperature within ~10 days, their electron paramagnetic 
resonance (EPR) spectrum is given in Figure 4 (it is 
typical for all end macroradicals of methacrylic series 
[149, 150]). It indicates there are compositions, the 
polymerization of which results in the formation of free 
radicals but not their death. It can be said that these 
findings suggest breakless polymerization.

Figure 3. An ideal kinetic curve of dependence of monomer 
polymerization degree on the time to realize frontal 
polymerization

Figure 2. A typical kinetic curve showing the dependence of 
polymerization degree of low-viscosity monomers on time
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However, there are compositions, in which the course 
of breakless polymerization is not so evident. It concerns 
the compositions described in [151, 152], which are 
used to manufacture visco-elastic intraocular lens (glass 
transition temperature of polymer in such compositions is 
no more than –40°C). EPR failed to record free radicals 
after the polymerization of these compositions. We 
hardly think it contradicts the breakless polymerization 
assumption. The main consequences hold true: there is 
abnormally high polymerization velocity proportional to 
light intensity to the first power. In these compositions 
there must be no death of macroradicals resulted from 
recombination and disproportionation reactions, though 
their death can be resulted from slower reactions, 
which compete with polymerization chain disconnection 
reactions (thermo-oxidative degradation, free valence 
migration, etc.). It is likely since polymer rigidity in case of 
these implants is significantly lower than that of implants 
made of OCm-2.

Figure  5  shows a typical dependence of oligo-
carbonate methacrylate (TGm-3 type) polymerization 
velocity in a matrix polymer (butyl methacrylate-
methacrylic acid copolymer, the composition of which 
is indicated in [153, 154]) on the correlation time of 
spinning motion of a paramagnetic probe (PP). 2,2,6,6-
tetramethyl-4-oxypiperidine-1-oxyl was used as PP, 
different motility of reagents in these compositions was 
achieved by changing the content of a matrix polymer 
in them. The curve has its peak at correlation time 
approximately equal to 6·10–10 s. The presence of a peak 
corresponds to the abovementioned consequences: 
primarily, chain disconnection reactions arrest, then 
those of their growth.

If the compositions with a matrix polymer on curves 
showing the dependence of polymerization velocity 
on PP correlation time have a rather sharp peak, then 
the compositions with no matrix polymer a peak is 
significantly wider (the compositions prepared were 
different in their compositions, their PP correlation times 
are given in Figure 6. In oligomer-monomer mixtures 
polymerization velocity increases with viscosity growth 

(PP correlation time) as well but achieves its maximum 
values if PP correlation time is 0.5·10–10 s rather than 
6·10–10 s (see Figure 6).

The question arises: what are the reasons for such 

Figure 4. spectrum of electron paramagnetic resonance of 
typical end macroradicals at polymerization of oligocarbonate 
methacrylate of OCm-2 type

Vpol  
(standard 

 units)

tc·10–10 (s)

Figure 5. The dependence of oligocarbonate methacrylate 
(TGm-3 type) polymerization velocity (Vpol) in a matrix polymer on 
correlation time (tc·10–10) of spinning motion of a paramagnetic 
probe

Figure 6. The dependence of polymerization velocity Vpol 
on correlation time (tc·10–10) in liquid photopolimerizable 
compositions composed of different oligomers

Vpol  
(standard 

 units)

tc·10–10 (s)
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great differences in the curves of dependence of 
polymerization velocity on reagent motility in compositions 
with a matrix polymer and those without it? If there is no 
matrix polymer in a composition and the correlation time 
is less than 6·10–10 s, then the oligomer polymerization 
proceeds primarily according to microheterogeneous 
mechanism: first, polymer “beads” form followed by their 
growth and fusion [146]. Beads form due to the fact that 
oligomers have two or more double bonds resulting in 
the formation of a spatially cross-linked polymer which 
loses its capability to dissolve in the initial mixture. 
The formation of such beads means nothing else but 
local viscosity increase in the reaction medium that 
necessitates local change of polymerization velocity 
in these areas. A layer on the surface of the beads is 
supposed to form, and the viscosity in the layer is that 
the polymerization can proceed at abnormally high 
velocity. In addition, it is reasonable to suggest that PP 
correlation time in such layer equals 6·10–10 s (we shall 
think that polymerization velocity and reagent motility 
in “beads” depend on their remoteness from centers, 
and if the motility of reagents is dropping monotonically 
when approaching the center, then the dependence of 
polymerization velocity on remoteness, as shown in 
Figure 5, has its peak). If the time value is higher, the 
polymerization is homogeneous [154]. In fact, there is 
the breakdown of microheterogeneous polymerization 
in oligomer-monomer mixtures. It is clear that for this 
breakdown to occur, the diffusion of components in the 
mixture at a significantly high rate is necessary. A matrix 
polymer in compositions acts as a kind of an obstacle to 
reagent diffusion in a mixture.

It all indicates that the highest polymerization velocity 
can be achieved only if PP correlation time of the 
compositions used is not less than 6·10–10 s, but the 
formation of end radicals in them is inevitable. If it is 
troublesome to record them by EsR in some systems, 
these radicals should be considered to be sure to 
form though they have time to react and result in the 
formation of some unstable (labile) products rather than 
recombine with each other. The presence of free radicals 

and unstable products in a polymer leads to toxicity 
related to the release of low-molecular substances in the 
surrounding tissues. The main process in such systems 
is believed to be the solution of polymers without swelling 
(by a previously unknown mechanism) due to the two 
processes simultaneously proceeding at the polymer-
medium interface: depolymerization and polymerization 
(Figure 7). These processes require the presence of 
end macroradicals in a polymer and free radicals in a 
medium. Free radicals in the environment of a polymer 
can result from the reactions of proper compounds with 
free radicals and unstable products in a polymer. Note 
that the reaction course is competent thermodynamically. 
From the above described it follows that the presence 
of free radicals and unstable products in a polymer can 
lead to toxic reactions.

To negate free radicals and unstable products in 
implants it is necessary to include an additional stage 
for their processing. For this purpose we suggest using 
solvents, which are hydrogen donators (contain a tertiary 
hydrogen atom — DН, for example, isopropyl alcohol; 
they can play the role of polymerization chain transmitters 
rather than inhibitors of polymerization reaction to 
prevent from the formation of unstable products — PХ). 
The essence of the supplementary stage consists of the 
following reactions:

P• + DH → PH + D•;
P• + D• → P – D;

PX + DH → PH + X + D•;
D• + D• → D – D.

These reactions are carried out in gaseous or 
liquid phases at boiling temperature of a solvent. low-
molecular products Х and D–D are brought out of 
implants, for example, by extraction. It should be noted 
that the stage will cause no difficulties in case of spatially 
cross-linked polymers and enable to almost completely 
eliminate the release of low-molecular compounds from 
implants (see the Table).

Implants, in which polymer molecules do not form a 
spatially cross-linked structure, can partially solve during 
the mentioned procedure that eventually can result in 
abolition of their use.

optical density of aqueous extract prepared by storing 
in distilled water at 37°C for 72 h at the rate of 10 mg/ml

Wave-
length 
(nm)

Optical density of aqueous extract (optical density units)

Intraocular  
lens made  
of elastic  

hydrophobic  
acryl

Anti-glaucoma  
drainages made  

of hydrophilic  
acryl (swell  

in water)

Endoprostheses  
for reconstructive  

surgery made  
of hydrophobic  

acryl

200 0.06 0.04 0.08

210 0.04 0.02 0.06

220 0.02 0.01 0.05
Figure 7. scheme of a probable mechanism of polymer solution 
in biologically active liquids
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The introduction of the above described stage 
eliminates the release of the substances form implants 
for some time though it does not settle the problem of 
their biostability. some compounds from the environment 
are obvious to be able to diffuse in implants resulting in 
polymer destruction, and for this reason it will require 
if not prevent a polymer from destruction then slow 
the process suddenly. Theoretically, it is possible if 
hydrophobic polymers (eliminating implant swelling in 
liquid solutions) are used. There are two equal theories 
determining the diffusion coefficients of the compounds 
in media: by means of energy parameters and a free 
volume value [155]:

,             (7)

where D is a diffusion coefficient; Vf is free volume; 
Vf+V is the reaction medium volume; ED is the energy of 
diffusive motion activation; D0 is a pre-exponential factor; 
f is fractional free volume; B is a constant; R is a gas 
constant; T is temperature.

The first equation is generally taken into consideration 
rather than the second one, but unfortunately, the first 
equation is unable to show directly the way to solve the 
problem. The second equation definitely implies that 
the problem can be solved if to fabricate polymers, the 
fractional free volume in which is near zero (f≈0), at 
least, formally, swelling in water results in f increase 
that enables to give preference to hydrophobic polymers 
rather than hydrophilic ones. more importantly, D 
decrease should lead to the reduction of δ parameter, 
and finally, to the arrest of most reactions in a polymer. 
This raises the question: what should be the process 
of implant fabrication for the fractional free volume in a 
polymer to be as low as practicable?

The polymerization reaction behavior results in both: 
polymer formation and the formation of heat and free 
volume:

n·M → Mn + “heat” + “free volume”.

Heat generation causes the medium temperature 
increase, and therefore, the growth of “disorder”. This 
condition presupposes the polymerization reaction to 
proceed at possible low temperatures, it explains, in 
particular, the transfer to photopolymerization. Free 
volume forms at any time when a monomer (oligomer) 
adheres to a macroradical in the form of quasi-particles 
with zero density, the quasi-particles being the main 
cause of various voids formed in a polymer, micro-areas 
with decreased density of polymer package, and other 
defects. The polymer destruction starts with defects 
[149], it necessitates to eliminate their formation in 
implants resulted from the free volume formation. It is 
difficult to guess what properties a polymer would exhibit 
if there were no defects in it.

Quasi-particles of free volume have two possibilities: 
either enter the surface of a reaction medium after 
diffusion and disappear (result in medium shrinkage), 

or remain in a polymer. In a polymer quasi-particles can 
aggregate into defects, for instance by their confluence. 
The time values of quasi-particle released to the surface 
of a reaction medium after diffusion are proportional to 
diffusion linear dimension squared, so the entrance of 
all quasi-particles from the reaction medium is possible 
only in case of infinitely thin layers. This conclusion 
was brought into effect when developing frontal 
photopolymerization with extreme low depth of the 
reaction front [105, 125, 156–158]. In contrast to the most 
known frontal photopolymerization techniques, in this 
case a conversion front spreads perpendicularly to light 
rays rather than along them [125]. And in other known 
frontal photopolymerization methods it is impossible that 
the reaction front depth could be so small for all free 
volume particles to leave a polymer.

The principle of our photopolymerization technique 
is as follows (Figure 8). There are two waves: a light 
(initiating) wave and a polymerization wave. A sample 
with the composition enters the reaction area with some 
constant velocity ω. lighting should be distributed so 
that the change from zero lighting to its maximum will 
occur in an area (layer) with minimum thickness. It can 
be achieved, in particular, by plunging the samples from 
air into water, which has higher refraction compared 
to air (the use of total internal reflection phenomenon). 
The conditions are selected so that the two indicated 
waves could move synchronously. It is clear that the only 
compositions used in front photopolymerization are those, 
in which polymerization proceeds at abnormally high 
velocity, i.e., in which the arrested reactions are those of 
polymerization chain disconnection. There can be other 
variants of frontal photopolymerization implementation 
with extreme narrow reaction front width. In particular, 
the works [156–158] demonstrate the techniques, 
when light flux moves towards the composition rather 
than the reverse, though the principle of the techniques 
is unchanged. Frontal photopolymerization finds its 
application in manufacturing intraocular lens [156, 
157] and other optically transparent products (without 
defects) [159–163]. light initiation in this polymerization 
technique is also explained by the fact that the reaction 
can be carried out at room temperature, or lower ones.

Defects resulted from the aggregation of free 
volume quasi-particles cannot be considered as a 
single cause of defect formation. It has already been 
mentioned that if PP correlation time is less than 
6·10–10 s, there is microheterogeneous polymerization 
in the compositions without a matrix polymer, and the 
formation of optically transparent polymers (without 
defects) is impossible. The only conclusion can be 
made: in frontal photopolymerization there should be 
excluded the compositions, in which PP correlation time 
is less than 6·10–10 s. There are also other reasons for 
the presence of defects in polymers, primarily, it is purity 
of initial monomers and oligomers, which should contain 
no inclusions. It is a matter of synthesis of monomers 
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and oligomers, their synthesis is not considered in the 
present study.

It can give the impression that frontal 
photopolymerization with extreme low reaction depth is 
the only possible way to produce polymers with fewest 
defects. In some cases biocompatible and biostable 
polymer implants can be manufactured by both contact 
and projection photolithography. Using these techniques 
the layers up to 1 mm thick can be used to produce 
implants. The more a layer thickness, the less should 
be the formation rate of free volume quasi-particles in 
a mixture (polymerization velocity). The reduction of 
the process rate can be achieved using the methods 
related to the decrease of light intensity or photoinitiator 
concentration, reduced reactive capacity of microradicals 
rather than by the increase of viscosity in excess of the 
specified value. It should be noted that the reduction 
of macroradical reactive capacity can be achieved by 
adding in a composition special additives, which form 
complexes with end groups of macroradicals. The 
efficacy of the mentioned techniques raises no doubts, 
their principle being the same: to create conditions under 
which all free volume quasi-particles have time to leave 
the reaction zone before a polymer completely forms.

There is a special case if polymer formation rate is 
much higher than that of quasi-particles released from a 
layer and their confluence resulting in defect formation. 
It happens, in particular, if the layers are exposed to 
light, the light intensity being more than some limiting 
value. The confluence of quasi-particles, as well as all 
chemical reactions, can stop at sufficiently high viscosity 
of compositions. The stopping of the process enables to 
lead to unexpected effects in the future. This is due to 
the fact that no confluence of quasi-particles results in 
polymer formation, which can seem optically transparent 
(the size of quasi-particles is so small that they do not 
dissipate light: Rayleigh rating), however, a polymer is 
far from being stable (there is neither release of quasi-
particles from a layer nor their confluence in a layer). 
It stands to reason that a polymer with such properties 

will aim for a stable state. The process can proceed for 
many years. In case of intraocular lens, it sometimes 
leads to the so called secondary cataract (when there 
is intraocular lens opacity like lens opacity) [10, 12, 14, 
16]. The polymer efforts towards a steady state are 
natural. The course of the process can be accelerated 
by polymers exposed to femtosecond laser radiation 
(in terms of photochemistry, here prevail transitions 
along vibration level rather than electron transitions). 
The radiation effect on nearly all polymers results in the 
formation of tracks (traces in a form of lines showing 
the way of a laser beam). We associate tracking with 
polymer transition to a steady state in the points of a 
beam path. It is reasonable since there is no tracking 
in polymers produced by frontal photopolymerization 
with extreme low reaction front (this technique enables 
to manufacture polymers characterized by steady-state 
density packing).

Conclusion. The review represents basic theoretical 
aspects, which became the guidelines for developing 
the techniques to manufacture many polymer implants 
according to a one-stage scheme [151, 152, 156–
158, 164–169]. These polymer implants have been 
manufactured for over 15 years, and are widely used in 
medicine in Russia and worldwide. They have appeared 
to be safe, compatible with biological tissues, and it is 
reasonable to suppose that they exhibit high strength. 
In fact, here are two main techniques to manufacture 
biocompatible and biostable polymer implants: frontal 
photopolymerization with extreme low reaction front, 
and the technique resulting in the death of end 
macroradicals and unstable products. It requires the use 
of compositions, the polymerization of which leads to the 
formation of hydrophobic spatially cross-linked polymers, 
and correlation time of spinning motion of a paramagnetic 
probe is about 6·10–10 s. Production of implants resulting 
in no encapsulation presupposes the use of compositions, 
which have monomers of a methacrylic series, and 
substituents in which are linear satisfied hydrocarbons 
with chain length from 8 to 18 carbon atoms, though the 

monomer
∆h, Reaction zone

Polymer

Figure 8. scheme to realize frontal polymerization processes with infinitesimal reaction front

t1    <    t2    <   t3    <  t4
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correlation time of a paramagnetic probe in them should 
be 6·10–10 s. The conclusion cannot be made without 
taking into consideration the phenomena of chemical 
reaction arresting and reactive capacity leveling, as 
well as the recognition of the description of chemical 
reactions under the conditions limiting molecular mobility 
of reagents. It should also be mentioned that a polymer 
in biocompatible and biostable implants can be only 
optically transparent, but the reverse may be not true.
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