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1. Introduction

The effectiveness of targeted and controlled drug delivery is determined to a decisive
extent by how well the carrier system can adapt to the local biochemical and
physicochemical environment in which release and therapeutic action must occur. In
contemporary drug carrier development, the emphasis has therefore shifted away from
the mere generation of new carriers and increasingly toward understanding their
microenvironment-specific ~ behavior. In  this  context, disease-associated
microenvironmental alterations are not secondary circumstances, but one of the defining
organizing principles of formulation design, particularly in the more personalized
therapeutic strategies of the future. For a long time, research in targeted drug delivery
focused primarily on describing new carrier systems, stimulus-responsive mechanisms,
and individual formulation solutions, while much less attention was paid to whether
recurrent patterns could be identified behind successful systems that directly link polymer
selection to the pathological microenvironment of the disease. As a result, polymer
selection in practice is often empirical, although growing evidence suggests that the
behavior of carrier systems is fundamentally determined by the local environment in
which they must be activated, remain stable, and subsequently release the active agent.

[1-7]

In this context, the pathological microenvironment is not merely a passive background of
disease but one of the primary organizing principles of the formulation landscape. pH,
redox status, enzymatic activity, microbial enzymatic effects, ionic conditions, and, in
certain indications, even mechanical stress or local flow characteristics are factors that,
depending on polymer structure, may decisively influence swelling, degradation, changes
in particle size, retention, targeting, and ultimately the kinetics of drug release.
Consequently, the same polymer function may confer therapeutic benefit in one disease,
while becoming irrelevant or even distinctly unfavorable in another pathological
environment. The real question, therefore, is not whether pH-, ROS-, or enzyme-sensitive
carrier systems exist, but which material-structural and functional solutions are favored
by the dominant local driving forces of a given disease. [8-12] Recent preclinical
literature has made it increasingly clear that the distribution of successful systems is not

random. In inflammatory bowel diseases, methacrylate- and polysaccharide-based



systems repeatedly tuned to pH, ionic, and microbial stimuli emerge; in joint and cartilage
disorders, enzyme-sensitive matrices, predominantly based on hyaluronic acid or
collagen, predominate; in atherosclerosis and other oxidative inflammatory models, ROS-
and shear stress-responsive platforms recur; while in tumor settings, composite systems
responding to multiple stimuli and adapted to a heterogeneous microenvironment come
to the fore. Thus, a structural relationship emerges among the polymer backbone, the
activation mechanism, and the disease-specific microenvironment that extends beyond
the level of individual formulation examples. This recognition shifts polymer selection
away from technological routine toward decision-making organized on a
pathophysiological basis. [13-20] The importance of the relationship between the
microenvironment and polymer performance is also supported by earlier observations of
our own. The behavior of the experimentally investigated matrix systems changed
substantially even in response to relatively small variations in pH and ionic composition,
indicating that polymer response is not solely a function of material composition itself
but must be interpreted together with the physicochemical parameters of the surrounding
medium. In parallel, human samples also showed that a pathological state may be
associated with measurable alterations in the internal chemical environment. In porphyria
cutanea tarda, the concentrations of several macro- and microelements in whole blood, as
well as the pattern of correlations between these elements, differed from those of the
control group, suggesting that the disease is associated not only with organ-level or
molecular abnormalities but also with a broader microenvironmental reorganization. Also
relevant was the animal experimental observation reflecting the role of the oxidative
vascular environment, in which modification of myeloperoxidase activity was associated
with structural alteration of the aortic wall. Taken separately, these results did not yield a
general formulation model; taken together, however, they pointed in the direction that the
characteristics of the pathological environment and the behavior of carrier systems are
related in a non-random and interpretable manner. [21, 22] The present work undertakes
a systems-level interpretation of this set of relationships. Its starting point is that our
earlier experimental, human, and animal observations, from different perspectives,
pointed to the same problem: the behavior of a carrier system cannot be separated from
the pathological environment in which it must function. This recognition is extended

through a systematic analysis of contemporary preclinical literature by examining, within



a single interpretative framework, the polymer classes, trigger mechanisms, and
formulation logics that repeatedly associate with different disease groups. The central
hypothesis is that the performance of biodegradable polymers is not a universal property
but depends on their fit to the dominant pathological microenvironmental triggers.
Consequently, mapping the recurrent polymer-trigger associations observed across
different indications is not merely a descriptive exercise but a means of grounding a

rational approach to disease-calibrated, microenvironment-based polymer selection. [23]



2. Objectives

The fundamental objective of the dissertation was to examine whether the selection and
interpretation of biodegradable polymer carrier systems can be placed on a new basis if
the central organizing principle of formulation is defined not by general technological
considerations but by the characteristics of the pathological microenvironment of the
target disease. The starting assumption was that the therapeutic performance of polymer-
based carrier systems cannot be regarded as a general, indication-independent property,
because it depends decisively on the extent to which the structural and functional
characteristics of the carrier fit the local pathobiochemical environment in which drug

release, retention, and therapeutic effect must be achieved.

Accordingly, the aim of the dissertation was to explore whether recurrent, system-level
interpretable relationships can be identified among disease-specific microenvironmental
conditions, polymer functions, and therapeutically effective carrier systems, relationships
that shift polymer selection toward pathophysiological rationality. The central ambition
of the work was to establish an interpretative framework in which the pathological
microenvironment appears not as a passive background of disease but as a primary

organizing principle of polymer selection.

The specific aim of the work was to determine how the dominant microenvironmental
driving forces associated with different disease types can be linked to recurrently
successful polymer classes, trigger mechanisms, and carrier-system types, and whether
these relationships allow the formulation of generalizable conclusions that go beyond

the level of individual reports.
The specific objectives of the dissertation were as follows:

1. Reinterpretation of the earlier in-house antecedents of the microenvironment-

polymer relationship.

The first objective was to demonstrate that the relationship between the
microenvironment and polymer function had already been recognized at an early stage on
the basis of our previous experimental observations. The aim was not to provide a mere

summary of earlier results, but to show that the pH- and ion-sensitive behavior of polymer



matrices, as well as their environment-dependent responsiveness, can be interpreted as

direct antecedents of the central concept of the present dissertation.

2. Demonstration of the biological reality of the pathological microenvironment

through human and animal experimental examples.

The second objective was to substantiate that the significance of the microenvironment is
not confined to model systems or theoretical formulation considerations, but can also be
captured at the human and animal experimental level. This required demonstrating that
disease states may be accompanied by measurable rearrangements of the internal
chemical environment, and that oxidative and inflammatory conditions may be associated

with structural consequences at the tissue level.
3. Pattern-seeking processing of preclinical in vivo data.

The third objective was to process the available preclinical in vivo data on biodegradable,
stimulus-responsive polymer carrier systems in a way that does not stop at describing
individual reports but seeks to identify the structural relationships among them. The aim
was to determine which polymer classes and which stimulus-responsive mechanisms
recurrently associate with therapeutically effective systems across different disease

models.

4. Identification of polymer-trigger patterns associated with the major disease

groups.

The fourth objective was to explore which local microenvironmental factors favor
specific polymer functions and carrier-system types in the major disease groups,
particularly inflammatory bowel diseases, joint and cartilage disorders, cardiovascular
inflammatory-oxidative conditions, and solid tumors. The aim was to delineate recurrent
associations showing that certain polymer families and response mechanisms appear not

randomly but consistently in specific indications.

5. System-level interpretation of recurrent associations among polymer composition,

response mechanism, and disease category.

The fifth objective was to examine whether generalizable associations extending beyond

the level of individual reports can be identified among polymer composition, stimulus-



responsive behavior, and disease category. The aim was not to establish a direct ranking
of efficacy, but to demonstrate that the occurrence of polymer functions fitted to the
pathological microenvironment displays a structured pattern, and that this structure

reflects a pathophysiologically interpretable organizing principle.

6. Establishment of the concept of disease-calibrated, microenvironment-based

polymer selection.

The final objective of the dissertation was to formulate a new interpretative framework in
which polymer selection is not a technological routine but a rational decision adapted to
the dominant microenvironmental characteristics of the disease. At the center of this view
is the premise that the fit between the carrier system and the target disease is determined
by local pathobiochemical conditions, dominant trigger mechanisms, and the structure of
the therapeutic environment. The actual novelty of the dissertation can be condensed into
this final objective: the disease microenvironment emerges as a system-level, disease-

calibrated organizing principle of polymer selection.



3. Methods

The methodological structure of the dissertation is dual. On the one hand, it builds on a
brief, focused summary of our previous experimental, human, and animal observations;
on the other, it relies on the structured processing of contemporary preclinical literature.
The purpose of this chapter is therefore not to re-present each earlier investigation in full
detail, but to summarize those methodological elements that are required for interpreting
the microenvironment-polymer relationship and the selection of polymers fitted to
pathological environments. The structured literature review was reported in accordance
with PRISMA 2020 [24], and the animal-study risk-of-bias framework was informed by
SYRCLE [25]. Quantitative heterogeneity and alternative synthesis approaches were
considered where applicable [26-28], while the detailed analytical workflow and dataset
are reported in our polymer study [23].

3.1. Summary methodological framework of in-house experimental investigations

The early investigation of the relationship between the microenvironment and polymer
function focused on matrices prepared from medium-viscosity Eudragit L 100-55 (Sigma-
Aldrich) and sodium alginate. For the experiments illustrated in Figures 1, 2, 5a, 5b, and
7, the polymers were mixed in a 2:1 mass ratio. The matrices were examined in
hydrochloric medium at pH 1.2 and in phosphate buffer media at pH 4.50 + 0.05 and pH
6.80 = 0.05. The dissolution procedure followed the rotating-basket method of the
Pharmacopoeia Hungarica VII, using a Pharmatest PTW-II apparatus at 37 + 0.5 °C and
100 rpm. The pH 4.5 medium contained 68.05 g KH2PO4 in 3750 mL distilled water; the
pH 6.8 medium contained 34.0 g KH,PO, and 4.6 g NaOH in 3750 mL distilled water,
with final adjustment by 1 M NaOH. Matrix volume was calculated as V = nr*h.
Swelling/volume ratio was expressed as Vi/Vo, where Vo is the initial dry-matrix volume
and V. is the volume measured at time t; thus, a value of 1 denotes the initial volume. The
reported values represent mean £ SD or mean £ SEM, as indicated; p < 0.05 was
considered statistically significant. Calculations were performed using Microsoft Excel

2003 and Microcal Origin 6.0 [29, 30].



Within the human investigation line, whole-blood analysis was performed in samples
from patients with porphyria cutanea tarda and from controls in order to characterize the
chemical features of the pathological internal environment. In addition to routine
laboratory parameters, 19 macro- and microelements were determined by inductively
coupled plasma optical emission spectrometry. Samples were prepared by acid digestion,
and the elemental analysis was complemented by group-level comparisons and
correlation analysis. In the present work, the methodology of this investigation is used to
support the notion that disease states may be accompanied by measurable alterations of

the internal chemical milieu. [21]

Within the animal experimental line, the role of the vascular oxidative environment was
investigated in a cholesterol-fed rabbit model. In this model, myeloperoxidase inhibitors
were applied, and the morphological and histochemical characteristics of the aorta were
analyzed. The examinations included determination of intimal plaque area, measurement
of media thickness, estimation of smooth muscle cell density, and evaluation of
peroxidase activity. In the dissertation, this methodological framework serves to
demonstrate, through our own earlier findings, the functional significance of the oxidative

and inflammatory microenvironment. [22]

3.2. Structured processing of contemporary preclinical literature

The central, system-level analytical part of the dissertation is based on the structured
processing of contemporary preclinical literature on biodegradable, stimulus-responsive
polymer carrier systems [23]. The literature search was conducted in the PubMed and
Scopus databases using a predefined search strategy and was reported in accordance with
PRISMA 2020 [24]. Search terms were organized around polymer-based drug carriers,
stimulus-responsive mechanisms, and relevant inflammatory or tumor animal models.
The study covered original articles published between 1 January 2020 and 31 August
2025. During study selection, only in vivo preclinical investigations were analyzed in
which a biodegradable polymer carrier system was used and drug release or carrier

activation was linked to a pathological microenvironmental trigger.
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Excluded from the analysis were review articles, studies reporting exclusively in vitro
results, works presenting non-biodegradable or non-polymeric systems, and
developments in indications that did not match the research question of the present
dissertation. The final analysis included 65 articles. Structured data extraction was
performed from these studies, covering the disease model, polymer family, carrier type,
primary stimulus mechanism, route of administration, and the nature of the reported
therapeutic outcomes. The aim was not to establish a direct ranking of efficacy across
different models, but to determine which polymer-trigger associations recur across

different disease types. [23]

3.3. Classification of stimulus-responsive systems

The investigated systems were categorized according to the dominant activation
mechanism reported in the respective articles. Accordingly, pH-responsive, ROS-/redox-
responsive, enzyme-sensitive, ion-sensitive, and dual- or multi-stimulus-responsive
systems were placed into separate groups. Classification was based not on the general
chemical properties of the polymers but on the principal trigger mechanism emphasized
in each article as relevant to in vivo function. This made it possible to compare carrier
systems across different indications not only by material class but also by functional

response mode. [23]

Disease categories were also established with reference to the dominant pathological
environment. The major analytical groups comprised inflammatory bowel diseases, joint
and cartilage disorders, cardiovascular inflammatory-oxidative conditions, and solid
tumors. This categorization made it possible to examine which polymer solutions are
associated with the same trigger mechanism in different indications and in which

pathological environments certain polymer families appear consistently. [1-7, 13, 15, 18]

3.4. Processing and interpretative approach

Because of the heterogeneity of preclinical models, the primary approach was descriptive,

systematic, and relationship-seeking [23]. Associations among polymer families,

11



polymer-chemical categories, dominant trigger mechanisms, and disease groups were
examined by cross-tabulation, chi-square testing, Cramér’s V, and standardized residual
analysis. Direction-of-effect synthesis and vote-counting were used when pooled effect
estimates were not appropriate [27]. Statistical heterogeneity was considered according
to established principles [26], and potential small-study effects were considered where
the available data permitted [28]. Because many studies did not report complete, directly
comparable quantitative data, the focus was not on calculating pooled effect sizes, but on

identifying recurrent disease-specific formulation patterns.

12



4. Results

4.1. Experimental and conceptual antecedents of the relationship between the
microenvironment and polymer function

The experimental findings made it clear that the behavior of polymer matrix systems
cannot be interpreted solely on the basis of material composition. Systems with identical
or nearly identical compositions exhibited different swelling, volume-change, and release
behavior in media of different pH and ionic composition, indicating that the functional
performance of the carrier depends to a substantial extent on the characteristics of the
surrounding medium. From the perspective of the present dissertation, the most important
lesson of these observations is that polymer response cannot be regarded as a stable,
environment-independent material property, but rather as the outcome of interactions with

the medium.

The importance of pH- and ion-dependent behavior lies particularly in the fact that it
already made visible, even in relatively simple model systems, that carrier function cannot
be separated from the environment in which activation must occur. This recognition later
became directly transferable to pathological microenvironments. If the composition of
the medium is already decisive under model conditions, it may reasonably be assumed
that local biochemical alterations associated with different diseases also selectively
influence the performance of carrier systems in vivo. One of the starting points of the
present dissertation is precisely this idea: the relationship between the polymer and the
medium must be regarded not as a technological background issue, but as a fundamental

component of formulation rationality.

The significance of polymer response to environmental stimuli can be captured in the fact
that changes in pH, ionic composition, enzymatic effects, and other physicochemical
factors may substantially modify swelling, structural rearrangement, and, through these
changes, the characteristics of controlled drug release. [29, 30] This insight is particularly
important for the present dissertation because it indicates that the behavior of carrier
systems cannot be reduced solely to the intrinsic composition of the carrier material, but

can only be interpreted together with its interactions with the surrounding medium.

13



This was also supported by earlier in-house experimental observations showing that
relatively minor modifications in polymer composition may induce substantial changes
in matrix response and drug-release kinetics even when the set of components remains
unchanged and only their proportions are altered. All this suggests that the relationship
between polymer behavior and environmental parameters cannot be described as a
simplified binary interaction, but rather as a sensitive and finely tunable system of
interactions whose true significance becomes particularly evident in the pathological
microenvironment. Within the interpretative framework of the present work, this is of
special importance because it illustrates that evaluating the performance of carrier
systems requires not only a material description of the polymer, but also consideration of
the local chemical and physicochemical conditions under which the given system exerts

its effect.

Volume (cm’)

Time (mMin)

Figure 1. Absolute matrix volumes measured in media of different pH for the Eudragit L
100-55-sodium alginate mixture (2:1, w/w). The media were hydrochloric medium at pH
1.2 and phosphate buffers at pH 4.5 and 6.8, prepared as described in Section 3.1. Source:

author s own unpublished experimental data.
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Figure 2. Swelling/volume ratio (Vi/Vo) of the Eudragit L 100-55-sodium alginate system (2:1,
w/w) in media of different pH. Vo is the initial dry-matrix volume and V, is the volume at time t.
The greater apparent volume at pH 4.5 than near pH 6.8 is attributable to the combined pH- and
ionic-composition-dependent  hydration and structural rearrangement of the mixed
polyelectrolyte matrix, rather than to pH alone. Source: author’s own unpublished experimental

data.

Taken together, the two figures illustrate that, even at identical polymer composition, the
pH and ionic composition of the medium can substantially modify system volume and
swelling behavior; in other words, environment-dependent function is experimentally

well captured.

4.2. Human observations on alterations of the pathological internal environment

One important lesson of the human results was that pathological conditions may be
associated with measurable alterations in the internal chemical environment. In the
elemental analysis of whole blood in porphyria cutanea tarda, the concentrations of
several macro- and microelements differed from those of the control group. The most
important differences were a significant decrease in magnesium, phosphorus, and sulfur
levels and an increase in barium level, but no less important was the rearrangement of the
correlation relationships among the elements. This suggested that the disease is associated
not merely with isolated laboratory abnormalities, but with an organized modification of

the internal chemical milieu. [21]
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Within the interpretative framework of the dissertation, the significance of these human
data lies not in rewriting the detailed pathomechanism of the disease in question, but in
supporting the view that pathological states may be associated with measurable
alterations of the internal chemical environment that can be integrated into the broader
concept of the microenvironment. The modification of whole-blood elemental
composition and correlation patterns indicates that the chemical environment associated
with disease cannot be regarded as a static background. In this way, the human line of
evidence creates a conceptual bridge between model systems and the disease-specific

carrier systems discussed later.

Control (n = 6) PCT (n =8) Detection limit
(ng/g) (ng/g) (ng/g)
Al 0.658+0.313 2.748+1.169 0.1
B 0.657+0.493 2.402+1.04 0.02
Ba 0.01340.005 0.108 +0.048* 0.002
Ca 53.644+11.89 66.41 +26.79 0.002
Cu 0.7384+0.159 0.706+0.130 0.01
Fe 530.44+51.7 483.82+51.18 0.01
K 1790+ 183 1542.74+225.06 0.5
Mg 41.374+6.15 32.5245.96" 0.0025
Mn 0.105+0.071 0.039+0.015 0.005
Na  2323.004+160.00 2270.01 +139.09 0.05
P 329.60+ 18.31 297.22+24.48% 0.25
S 1501483 1319.70+145.49"  0.25
Zn 7.85+0.99 6.79+1.78 0.001

*Significant difference vs. controls.

Table 1. Elemental determination values in healthy subjects and in the group with

porphyria cutanea tarda. [21]

By summarizing the principal elemental differences, the table illustrates that pathological
conditions may be accompanied by an organized chemical rearrangement affecting

multiple parameters.
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4.3. Animal experimental observations in an oxidative vascular microenvironment

The animal experimental results made the functional significance of the vascular
oxidative microenvironment visible. In the cholesterol-fed rabbit model, structural
changes in the aortic wall and modification of peroxidase activity were observed
following treatment with myeloperoxidase inhibitors. The increase in medial thickness in
both plaque-free and plaque-containing areas suggested that modification of the oxidative
and inflammatory environment may influence tissue structure as well. Together with the
decrease in peroxidase activity, this indicated an interpretable relationship between redox

status and the structural response of the vessel wall. [22]

Within the interpretative framework of the dissertation, these observations are significant
because the oxidative microenvironment appears here not merely as a general
pathological background, but as part of a biological process associated with structural
consequences. This directly bridges to the logic of modern ROS-responsive
cardiovascular platforms. If redox status is an organizing element of pathology, then the
development of redox-sensitive carrier systems may be interpreted not as a technological

idea, but as a solution fitted to the dominant local trigger. [8, 9, 15-17, 31-34]
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Fig. 3. Aortic media thickness of control (cholesterol-fed only) and ABAH
or indometacin treated animals in plaque-free or plaque-containing areas.
Data are means +SEM. *p < 0.05.
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Figure 4. Peroxidase activity in the aortic wall of control animals (fed a cholesterol-rich diet

alone) and in ABAH- and indomethacin-treated animals. The bars indicate the mean optical

density (MOD + SEM) of the aortic media, reflecting the accumulation of peroxidase reaction
products. p < 0.05. [22]

Taken together, these two figures illustrate that modification of redox status may have

detectable structural and enzymatic consequences in the vascular wall.

Figures 5a-8 present a qualitative morphological comparison between the environment-
dependent rearrangement of the polymer matrix and the spatial distribution of

atherosclerotic deposits:

18



Figure 5a. Polymer matrix tablet (Eudragit L 100-55-sodium alginate, 2:1, w/w) in the
dry state before immersion in distilled water. The alphanumeric labels identify positions
in the superimposed measurement grid. Solid arrows indicate measured distances
between selected reference points. The red regions are Sudan Red-stained lipophilic
marker particles distributed within the matrix. Source: author’s own unpublished

experimental image.
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Figure 5b. The same polymer matrix tablet after 15 minutes of swelling in distilled
water. The alphanumeric labels identify the corresponding positions in the measurement
grid. Solid arrows indicate measured distances, whereas dashed arrows indicate the
direction and approximate extent of marker displacement. The red regions are Sudan
Red-stained lipophilic marker particles. Their displacement results from water
penetration, polymer hydration and swelling, and the consequent reorganization of the
matrix. Source: author s own unpublished experimental image.
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Figure 6. Atherosclerotic aorta. Sudan Red staining clearly visualizes the plaques. [22]

Figure 7. Swelling front of the polymer matrix tablet (stained with methylene blue).

Source: author s own unpublished experimental image.

Figure 8. Aorta of a rabbit fed a cholesterol-rich diet, with intimal deposits. L = lumen;

M = media; A = adventitia. Arrows indicate atherosclerotic plaques/intimal deposits.

[22]

20



The figure series provides a qualitative, hypothesis-generating morphological comparison
rather than a quantitative equivalence between the two systems. Figures 5a and 5b show
that matrix rearrangement after contact with water is zonal: movement of Sudan Red-
stained lipophilic marker particles and structural change are greatest in the hydrated
peripheral region, while the center remains relatively stable. Figure 7 likewise shows a
distinct swelling front in the polymer matrix. By comparison, Figures 6 and 8 show the
spatially heterogeneous distribution of atherosclerotic deposits in the vessel wall. No
statistical image-matching analysis was performed, and the images are not presented as
proof of a shared mechanism. Their value is conceptual: both demonstrate that surface
contact and a local microenvironment can generate spatially organized rather than
uniform structural responses. This observation may guide future formulation studies, in
which the proposed parallel should be tested by quantitative image analysis, predefined

spatial descriptors, and correlation with release or retention parameters.

4.4. Disease-specific polymer-trigger patterns identifiable from preclinical in vivo
data

The central results block of the dissertation was provided by the structured processing of
preclinical in vivo data. The organization of the 65 studies showed that the distribution of
biodegradable, stimulus-responsive polymer carrier systems across different disease
groups is not random. Recurrent associations emerged among trigger mechanisms,
polymer families, polymer-chemical background, and disease categories that went
beyond the level of individual formulation examples. The real outcome of this analysis,
therefore, was not simply the summary of studies, but the demonstration that an implicit,

disease-specific formulation logic is discernible in the preclinical in vivo data. [23]
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Figure 9. Polymer backbone chemistry versus dominant trigger mechanism across the

included studies (n=635). [23]

One of the most important findings of the polymer study was that the pattern of stimulus
responsiveness followed primarily polymer backbone chemistry rather than carrier
format. Cross-tabulation of the 65 preclinical in vivo studies showed that polyanionic
methacrylate copolymers, particularly Eudragit-type systems, appeared predominantly in
pH-responsive settings; polycationic polysaccharides, mainly chitosan-based carriers,
were likewise associated predominantly with pH-driven release; by contrast, anionic
polysaccharides occurred more frequently in multi-trigger systems. Aliphatic polyesters,
chiefly PLGA- and PLA-based platforms, were present across several trigger categories
but showed recurrent occurrence particularly in ROS-based and combined mechanisms.
Polyethers, including PEG derivatives and PEG-PPS systems, clustered strongly with
ROS-activated platforms, whereas MOF- and nanozyme-containing hybrid systems
appeared mainly in ROS-linked or combined trigger environments. Cross-linked polymer
networks were found primarily in pH- and enzyme-sensitive systems. On this basis, one
central scientific novelty of the polymer study was that trigger sensitivity followed the
chemical structure of the polymer; that is, the response mechanism became interpretable
not merely as a functional design choice, but as a formulation property linked to chemical

structure. [23]
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Overall, the aggregated results showed that inflammatory bowel diseases were dominated
by systems associated with pH, ionic, and microbial trigger mechanisms [1-4]; joint and
cartilage disorders by enzyme-sensitive, matrix-fitted platforms [13, 35]; cardiovascular
and other oxidative-inflammatory models by ROS-/redox-responsive systems [15, 16];
and tumor settings by dual- and multi-trigger systems, often composite or hybrid in nature
[12, 18, 19]. This four-part pattern may be regarded as the principal result of the
dissertation because it directly shows a structured relationship between polymer selection

and the dominant local trigger environment [23].

A key result of the polymer study was that the distribution of dominant trigger
mechanisms did not follow polymer families randomly, but showed recurrent associations
linked to polymer backbone chemistry [23]. Eudragit-, chitosan-, alginate-, and other
polysaccharide-based systems were overrepresented in intestinal indications [5-7];
hyaluronic acid-, collagen-, and related matrix systems in joint models [36-38]; redox-
sensitive polyethers and related platforms in oxidative environments [9]; and multi-
component hybrid systems in tumor models [20, 39, 40]. Structured data extraction
therefore revealed correspondences between polymer chemistry and the pathological

environment.

Distribution of trigger types across disease groups (n = 65)

Number of studies in each trigger category stratified by disease group (inflammatory/other vs
tumour

[ Inflammatory/other [l Tumor

Dual/multi Enzyme Other ROS pH

Figure 10. Distribution of trigger types across disease groups in the 65 included
studies. [23]
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Figure 11. Polymer chemistry distribution across disease groups in the 65 included

studies. [23]

Taken together, the two figures illustrate disease-specific differences in trigger
distribution and polymer-chemical background, thereby visualizing one of the most

important system-level claims of the entire dissertation.

4.4.1. Inflammatory bowel diseases

In intestinal inflammatory models, the carrier must remain sufficiently stable in the upper
gastrointestinal tract and then release its payload in the colon under altered local pH and
inflammatory conditions [1-4]. The recurrent success of these systems indicates that pH-
responsive design is selected because it fits the intestinal disease environment, rather than

merely because it is technically convenient.

Three recurrent intestinal formulation strategies were identifiable. Classical pH-
dependent activation uses the gastrointestinal pH gradient to limit premature release [7,
42,43,46, 47]. Local retention is enhanced by mucoadhesive or bioadhesive components
[41, 45]. Microbial or enzymatic activation exploits colon-specific biological activity [5,
6, 14]. Several platforms combined these mechanisms, showing that adaptation to the
intestinal microenvironment often requires simultaneous optimization of more than one

parameter [5, 6, 42].
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Eudragit-based systems exploit ionization-dependent solubility for colon-targeted release
[42, 47], while chitosan- and other polysaccharide-based carriers provide pH-sensitive,
mucoadhesive, or microbially responsive behavior [5, 6, 43, 45]. These primary reports
support the close relationship between polymer backbone chemistry and the dominant

intestinal trigger mechanism.

Inflamed intestinal tissue simultaneously presents altered pH, oxidative stress, mucus
changes, microbial dysbiosis, and local enzymatic activity. Accordingly, dual- and multi-
trigger platforms and systems containing bioadhesive, antioxidant, or nanozyme
components were prominent in the primary literature [5, 6, 12, 41-45]. The intestinal
studies therefore provide strong evidence that carrier design is an adaptation to the local

microenvironmental architecture of disease.

4.4.2. Joint and cartilage disorders

In joint and cartilage disorders, the dominant formulation challenges are local retention,
adaptation to the damaged extracellular matrix, and release in a protease-rich
inflammatory environment. Accordingly, enzyme-sensitive and matrix-associated

systems, rather than enteric pH-responsive designs, were prominent [13, 35-38, 48, 49].

Hyaluronic acid-, collagen-, and related composite matrices play a special role because
their chemical and biological properties support integration with damaged cartilage and
the synovial environment [13, 36, 38, 49]. Biomimetic matrix design is therefore a

formulation response to the structure of the target tissue.

Matrix metalloproteinase-responsive collagen-hyaluronic acid hydrogels directly couple
degradation and release to protease activity in diseased tissue [13]. Other injectable or
matrix-associated systems likewise exploit local inflammatory or oxidative features [35,
48]. Thus, carrier function is regulated by an active component of the pathological

environment rather than by a nonspecific external trigger.

Local retention is an independent formulation priority in joint disease: performance
depends on residence time in the intra-articular space, interaction with extracellular-
matrix components, and behavior under synovial and mechanical conditions [35-38, 49].
Polymer selection is therefore a combined problem of trigger sensitivity and adaptation

to biological architecture.
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4.4.3. Cardiovascular and other oxidative-inflammatory conditions

ROS-/redox-responsive systems formed a distinct cluster in cardiovascular and other
oxidative-inflammatory models [8, 31-34, 50]. In atherosclerosis, ROS-responsive and
combined shear-stress/ROS-responsive platforms directly exploited plaque-associated

oxidative and hemodynamic conditions [15-17].

In these models, ROS may act simultaneously as a damaging disease mediator, a marker
of the local environment, and an activation signal for the carrier [8, 15-17, 31-34]. This
convergence makes redox-sensitive polymers particularly suitable for cardiovascular

applications.

The primary reports illustrate several redox-responsive design logics: cleavage or
transformation of ROS-sensitive structures [8, 31, 33, 34], size-reducing nanoassemblies
that improve plaque penetration [17], and biomimetic or RBC-hitchhiking systems that
incorporate circulatory and shear conditions [15, 16]. Adaptation to the cardiovascular

microenvironment is therefore multidimensional.

The earlier animal findings showed that pharmacological modification of
myeloperoxidase activity was accompanied by structural changes in the aortic wall [22].
Together with contemporary ROS-responsive cardiovascular studies [8, 15-17, 31-34],
this supports the interpretation that the oxidative and inflammatory microenvironment is
an active factor shaping tissue structure, not merely a biochemical background

phenomenon.

4.4.4. Tumor microenvironment

Tumor models showed overrepresentation of multi-stimulus, composite, and hybrid
systems. pH-, ROS-, and enzyme-sensitive mechanisms were all represented, but many
platforms combined several microenvironmental features [12, 18-20, 39, 40, 51-55]. This
pattern distinguishes tumor formulations from the more dominant single-axis logic of

several intestinal or joint systems.

Tumor microenvironments combine acidity, oxidative stress, heterogeneous perfusion,

hypoxia, proteolytic activity, and immune alterations. Multi-trigger systems are therefore
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an adaptation to biological heterogeneity rather than technological overdesign [12, 18-20,

40, 51-55].

Primary reports included redox/enzyme-responsive systems [12], metal-ion or MOF-
containing hybrid platforms [18-20], and other composite carrier strategies [40, 51-55].
These examples show that tumor formulation often requires hybrid materials-science

approaches beyond the logic of a single polymer family.

In several tumor platforms, the trigger mechanism supported not only release but also
active remodeling of the microenvironment through chemodynamic, immunomodulatory,
or combined antitumor effects [18-20, 51-55]. Thus, a microenvironment-based approach

can regulate both the site and timing of release and the therapeutic mechanism itself.

The practical significance of pharmaceutical compounding adapted to individual
therapeutic needs has long been recognized in pharmacy, which also points to the fact that
the value of formulation cannot be judged exclusively on the basis of general
technological parameters, but must also take into account the application environment

and patient-specific needs. [56]
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Figure 12. Normalized trigger-type distribution across inflammatory and tumor disease

subtypes [23]
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Figure 12 clearly illustrates that the trigger profiles of disease subcategories are not
uniform: in inflammatory models, pH- and ROS-based mechanisms are prominent; in
cardiovascular inflammatory conditions, ROS dominance is more pronounced; while in

tumor subgroups, dual- and multi-trigger logic is more strongly emphasized.
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Figure 13. Polymer-trigger-disease interaction network. [23]

4.5. Summary of results

Earlier experimental, human, and animal observations, together with the structured
processing of preclinical in vivo data, point in mutually compatible and mutually
reinforcing directions. The performance of polymer carrier systems cannot be separated
from the pathological environment in which they must function, and successful
formulations observed in different indications are not distributed randomly among
polymer families and trigger mechanisms. The most important result of Chapter 4 as a
whole is therefore not a descriptive summary of individual carrier systems, but the

demonstration that an implicit formulation structure underlies the preclinical in vivo data.
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In inflammatory bowel diseases, systems fitted to pH, ionic, and microbial trigger
mechanisms, mostly polysaccharide- and methacrylate-based, appeared recurrently. In
joint and cartilage models, by contrast, enzyme-sensitive, biomimetic, and matrix-
associated systems dominated, especially those based on hyaluronic acid and collagen. In
cardiovascular and other oxidative-inflammatory indications, redox-responsive
platforms, often combined with shear stress, came to the fore. In tumor settings, systems
responding to multiple stimuli and fitted to a heterogeneous microenvironment, often
composite or hybrid, became prominent. These differences are not merely thematic
variations, but formulation patterns organized along dominant pathobiochemical driving

forces. [1, 12, 13, 15, 18]

At the same time, the essence of the formulation guide emerging from the polymer study
was not merely that certain triggers are associated with particular diseases, but that these
triggers were recurrently linked to polymers of defined chemical structure. In
inflammatory intestinal models, the dominance of ionizable methacrylates and
polysaccharides indicated that protonation capacity, ionic interactions, and
polyelectrolytic character confer a direct formulation advantage in pH- and ion-driven
environments. In joint and cartilage indications, the recurrent role of hyaluronic acid- and
collagen-based matrices, as well as enzyme-sensitive hydrogels, suggested that the logic
of degradation and retention is here tied to the structural properties of matrix-like natural
polymers. In oxidative disorders and atherosclerosis, the clustering of polyether-based,
redox-sensitive, or hybrid systems indicated that oxidation-sensitive bond chemistry and
ROS-induced structural transformation constitute the relevant chemical response motif.
In the tumor environment, the overrepresentation of multicomponent composite
architectures and MOF- or nanozyme-based hybrids suggested that the heterogeneous
microenvironment requires more robust, multi-point formulation strategies than single-
material systems. The genuine scientific result of the guide, therefore, was that it rendered
polymer selection interpretable within the three-way relationship among chemical

structure, dominant trigger, and disease-specific microenvironment. [23]

One of the most important results of Chapter 4 is the demonstration that earlier
experimental, human, and animal observations, together with the disease-specific
polymer-trigger patterns emerging from preclinical in vivo data, can be integrated into a

unified scientific interpretative framework. The pH- and ion-dependent matrix behavior
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observed in model systems, the human findings indicating alterations of the chemical
environment, the animal evidence for the oxidative vascular microenvironment, and the
disease-specific polymer-trigger clusters identifiable on the basis of 65 preclinical studies

all converged into one coherent logic.

From this synthesis arises the most important scientific proposition of the dissertation:
the performance of biodegradable polymers is not a universal property, but depends on
their fit to the dominant pathological microenvironmental triggers. Polymer selection is
therefore not merely a matter of materials science or technological routine, but a disease-
calibrated decision in which the structural and functional characteristics of the carrier
material must be judged in accordance with the local pathophysiological conditions of the

target disease.

The most important outcome of the chapter is therefore not the ranking of individual
systems, but the demonstration that sound polymer selection is underpinned by a
reconstructable, disease-specific formulation logic. In this interpretation, the
microenvironment is not the passive background of disease, but one of the most important
organizing principles of formulation decisions. This recognition establishes the

conceptual basis of disease-calibrated, microenvironment-based polymer selection.
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5. Discussion

Based on the results presented in the dissertation, the relationship between the
pathological microenvironment and the function of biodegradable polymer carrier
systems cannot be regarded as incidental. Earlier experimental observations, our own
human and animal findings, and the structured processing of contemporary preclinical
literature all point in the same direction: the performance of a carrier system cannot be
separated from the local biochemical and physicochemical environment in which release,
retention, and therapeutic action must occur. The central claim of the dissertation is
therefore that polymer selection is not merely a matter of materials science or
pharmaceutical technology routine, but a disease-calibrated decision whose interpretation
requires consideration of the dominant microenvironmental characteristics of the target

disease. [23]

The scientific contribution of the dissertation lies in demonstrating that a reproducible,
system-level relationship exists between the dominant microenvironmental
characteristics associated with different disease types and the recurrently successful
polymer systems. The central result of the work is therefore not a restatement of the
existence of stimulus-responsive carrier systems, but the demonstration that a structured,
disease-specific formulation logic can be discerned behind polymer selection in
preclinical in vivo data. The work is therefore not a simple descriptive overview, but a
synthesizing, relationship-seeking analysis that makes the implicit formulation logic of

the preclinical literature visible. [24, 27]

One of the most important lessons of the earlier model-type experimental findings was
that polymer matrices respond sensitively to the pH and ionic composition of the medium.
At the time, this recognition appeared primarily as a physicochemical issue: proof that
matrix response is not an autonomous property of the polymer, but the resultant of
interactions between the polymer and the surrounding medium. In retrospect, however,
this observation can already be regarded as an antecedent of a broader interpretative
framework. If polymer responsiveness depends sensitively on environmental parameters
even in model media, then it is reasonable to assume that the distinct pathological
environments associated with different diseases also influence the in vivo behavior of

carrier systems in different ways. From this perspective, the relationship between polymer
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and medium is not a preliminary, neutral technological issue, but one of the foundations

of later disease-specific applications.

The human findings reinforced this idea from another perspective. In porphyria cutanea
tarda, deviations in whole-blood elemental composition and in the correlations among the
elements suggested that the disease state is associated with a rearrangement in the
organization of the internal chemical milieu. From the perspective of the present
dissertation, the significance of this does not lie in the notion that a specific elemental
change would directly designate a particular carrier system, but rather in the fact that it
supports, through a human example, that the chemical characteristics of the pathological
environment are not static and do not necessarily approximate the physiological state.
This insight places the concept of the microenvironment into a broader, system-level
context and reinforces that consideration of environmental conditions is not merely a

matter of in vitro modeling, but part of biological reality. [21]

The animal experimental findings on the oxidative vascular environment can be
interpreted in a similar way. Structural changes of the vascular wall associated with
modification of myeloperoxidase activity indicated that oxidative and inflammatory
states are not merely biochemical background phenomena, but also factors shaping tissue
structure. From this perspective, the logic of later ROS-responsive cardiovascular carrier
systems is readily understandable: these are not simply platforms that function in an
oxidative environment, but carriers specifically tuned to a pathological state, transforming
a defining biochemical characteristic of the disease into a therapeutic advantage. The
relationship between our own animal experimental findings and contemporary redox-
responsive platforms is therefore not a retrospective association, but a substantively

consistent developmental line. 8, 9, 15-17, 22]

The structural interpretation of the vascular findings is further strengthened by the marked
morphological parallel between the environment-dependent rearrangement observed in
polymer matrices and the vessel wall distribution of atherosclerotic plaques. In the
polymer system, water uptake, swelling, and particle movements do not occur
homogeneously, but proceed in a front-like, spatially differentiated manner originating
from surface-adjacent zones, while the inner regions show relative stability. In parallel,

in the atherosclerotic aorta, plaques do not appear as a uniform coating, but as local,
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spatially organized deposits. The comparison of these two phenomena suggests that in
both cases the structural response is organized in relation to local microenvironmental
conditions. From this perspective, pathological vascular wall remodeling may be
interpreted not only as a disease process, but also as a natural organizational pattern that
may offer relevant insights for the design of microenvironment-adapted polymer systems.
In the future, this concept may contribute to the development of polymer-based platforms
optimized specifically for vascular applications through local adhesion, structural

adaptation, and controlled drug release.

The most important result of processing the preclinical in vivo data was that formulation
solutions that had previously appeared as scattered examples became interpretable as
structured patterns. On the basis of the preclinical reports examined, inflammatory bowel
diseases were characterized primarily by polysaccharide- and methacrylate-based
systems fitted to pH, ionic, and microbial activation; joint and cartilage disorders by
enzyme-sensitive matrices, especially hyaluronic acid-based and collagen-associated
ones; atherosclerosis and other oxidative-inflammatory indications by ROS- and shear
stress-responsive platforms; and tumor settings by composite and hybrid systems
responding to multiple stimuli and adapted to a heterogeneous microenvironment. This
pattern suggests that successful carrier systems are not distributed randomly across
diseases, but cluster along dominant pathobiochemical trigger mechanisms. [1-7, 12, 13,

18-20, 35, 36]

The example of inflammatory bowel diseases illustrates this relationship particularly
well. In this indication, the goal is not simply to deliver the active agent to the
gastrointestinal tract, but to ensure release in the appropriate segment, fitted to the
inflamed environment, often by exploiting colon-specific pH conditions, mucosal
binding, or microbial activity. The combination of mucoadhesion, pH-dependent
activation, colon-specific microbial cleavage, and local retention indicates that successful
intestinal platforms are based on multidimensional environmental fit. The recurrent
appearance of such systems strongly suggests that, here, it is indeed the characteristics of

the local environment that govern the formulation logic. [14, 41-46]

In joint and cartilage disorders, the pattern is different in nature, but equally consistent.

Here, the protease-rich and structurally damaged extracellular environment renders the
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use of enzyme-sensitive, matrix-associated, and biomimetic systems intelligible. The
recurrent dominance of hyaluronic acid and collagen derives not simply from their being
favorable biomaterials, but from their fit to the biological architecture of the target
environment. The combination of local retention, intra-articular stability, and protease-
dependent degradation shows that, in this disease group, polymer selection is not merely
a matter of trigger sensitivity, but also of compatibility with tissue structure. [37, 38, 48,

49]

In cardiovascular indications, the situation is again different, yet interpretable according
to the same principle. Here, the expansion of redox-sensitive platforms corresponds to the
fact that local ROS excess is not only a damaging factor, but also a potential release
trigger. In this setting, ROS is both a component of pathology and a key to therapeutic
activation. Shear stress/ROS-dual systems, biomimetic micelles, RBC-hitchhiking
platforms, and size-reducible nanoassemblies all indicate that, in cardiovascular carrier
systems, the environmental trigger and the therapeutic strategy are often connected to the

same pathobiochemical axis. [31, 33, 34, 50]

The predominance of multi-trigger and hybrid systems in the tumor microenvironment
can be understood from the fact that the tumor milieu itself is heterogeneous. Because
lower pH, oxidative stress, hypoxia, proteolytic activity, perfusion irregularities, and
immunological components occur in spatially and temporally varying combinations, a
single trigger is often insufficient to ensure adequately robust activation. Dual- and multi-
trigger systems, as well as platforms containing composite, metal-ion, or MOF
components, therefore reflect not a disorderly technological diversity, but appropriate
adaptation to the heterogeneous tumor microenvironment. The tumor block provides
particularly strong evidence that the more complex the pathological environment, the

more complex the formulation solutions that recurrently prove successful. [40, 51-55]

A key proposition of the dissertation is therefore that the performance of biodegradable
polymers is not a universal property. The same system may have different value in
different biological environments, and formulation success depends to a great extent on
how well the structural and functional characteristics of the carrier correspond to the
dominant microenvironmental characteristics of the target disease. From this perspective,

polymer selection may be reinterpreted as a disease-calibrated decision. This approach
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does not negate the importance of materials-related, technological, or manufacturability

considerations, but complements them with the criterion of pathophysiological fit. [23]

Beyond the major disease groups, additional examples from contemporary preclinical
literature also reinforce that formulation rationality in other indications likewise rests on
adaptation to the microenvironment created by disease. This is clearly seen in
maxillofacial infection, diabetic wound healing, luminal diagnostic approaches in
inflammatory bowel disease, oral 5-FU delivery, pneumonia, lupus nephritis,
intervertebral disc degeneration, tuberculous granuloma, periodontitis, and local, timed,
or sequential drug-delivery systems, in which local oxidative, inflammatory, infectious,
or regenerative environmental parameters directly determine the logic of carrier-system

design. [57-72]

Similarly, a further range of cardiovascular, neurovascular, and regenerative examples
shows that pathological microenvironments of atherosclerotic, ischemic, endothelial, or
valvular origin are not merely background conditions, but primary determinants of
activation, targeting, tissue retention, and functional effect. Stroke models, myocardial
ischemia-reperfusion injury, endothelial damage, bioprosthetic and tissue-replacement
cardiovascular systems, and different forms of atherosclerosis all suggest that the fit
between microenvironmental trigger and polymer selection may be interpreted as a

generalizable formulation principle. [73-84]

This interpretative approach nevertheless has clear limitations. The heterogeneity of
preclinical models, differing endpoints, different routes of administration, and the
variable numerical detail of the reports did not allow direct quantitative comparison
across all systems. The strength of the work therefore lies not in establishing pooled effect
sizes, but in recognizing structural relationships. The central question was not which
individual system is the best, but which types of polymer functions prove recurrently
adequate for which kinds of microenvironmental challenges. In this sense, the present
dissertation provides a formulation map rather than a classical efficacy ranking. [25, 26,

28]

Based on the above findings, it appears justified to conclude that, in the future
development of biodegradable polymer carrier systems, more detailed consideration of

the pathological microenvironment of diseases may become not merely a theoretical
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advantage, but a foundation for more rational formulation decision-making. Interpreting
the fit between polymer and disease in this way points toward more personalized drug-
carrier development. The basis of this view is that the focus of formulation shifts not to
the general physiological environment of the affected organ, but to the characteristic
pathological microenvironment created by the disease. Within this framework, the
microenvironment is not a passive background, but one of the primary organizing

principles of polymer selection.
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6. Conclusions

Based on the findings of the dissertation, it can be concluded that the interpretation and
selection of biodegradable polymer-based carrier systems cannot be confined to
conventional material and technological considerations alone. The performance of these
delivery systems is substantially determined by the pathological microenvironment in
which drug release, local retention, target-site delivery, and therapeutic action must occur.
Accordingly, pH, redox status, enzymatic activity, ionic conditions, microbial influences,
and, in certain indications, mechanical and flow-related factors emerge as functionally

relevant parameters that directly shape carrier performance.

The central conclusion of the work is that the focus of formulation shifts away from the
general physiological environment of the affected organ toward the characteristic
pathological microenvironment created or modified by the disease. Within this
interpretive framework, the microenvironment is not a passive background, but one of the
primary organizing principles of polymer selection. Consequently, the fit between a
carrier system and a target disease should not be judged on the basis of generic
technological advantages, but rather on its correspondence to the dominant local

pathobiochemical features.

One of the most important system-level conclusions of the dissertation is that distinct
disease groups are associated with different, yet consistently recurring polymer-trigger
patterns. This makes it possible to interpret polymer selection not as a collection of

isolated formulation examples, but as a reconstructable decision logic.

Earlier experimental results showed that the behavior of polymer matrices responds
sensitively to the pH and ionic properties of the surrounding medium, and that even minor
compositional modifications may lead to substantial differences in swelling, volume
change, and release characteristics. In the context of the present dissertation, the
significance of these observations lies in the fact that they demonstrated that the behavior
of a carrier system cannot be described solely on the basis of material composition, but
must always be interpreted as part of its interaction with the surrounding medium. This

recognition constituted the experimental precursor of the later system-level perspective
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in which the microenvironment is treated not merely as a technological background, but

as an organizing principle of formulation.

The human findings enabled a further important conclusion. The differences in elemental
composition and the altered correlation patterns observed in porphyria cutanea tarda
indicated that the pathological state may be associated with an organized rearrangement
of the internal chemical milieu. From this perspective, the concept of the
microenvironment cannot be restricted exclusively to the local cellular environment or
the anatomical milieu of a given organ, but may also be interpreted in a broader biological
context. The human line of evidence therefore supports the conclusion that the chemical
milieu associated with disease is not static, and that its deviation from the physiological

reference state may also be relevant to the behavior of drug carrier systems.

The animal experimental findings likewise suggest that the oxidative and inflammatory
microenvironment is not merely a biochemical background phenomenon, but an active
factor shaping tissue structure. The vascular structural changes associated with altered
myeloperoxidase activity indicate that redox status may function as a key organizing
element of pathology [22]. This conclusion is of particular importance for the
interpretation of later ROS-responsive carrier systems, as it confirms that platforms
adapted to oxidative conditions are not artificially imposed technological constructs, but

rational formulation solutions built upon dominant local features of the disease.

The central system-level conclusion of the dissertation emerged from the systematic
analysis of the contemporary preclinical literature. Based on the evaluation of 65 in vivo
studies, it was demonstrated that successful stimulus-responsive biodegradable carrier
systems are not distributed randomly across disease groups. Specific trigger mechanisms
and polymer families recur in association with particular indications, suggesting that an
implicit formulation structure underlies the preclinical literature. One of the most

important scientific findings of the dissertation is the elucidation of this hidden structure.

In inflammatory bowel diseases, the main conclusion is that successful delivery systems
are predominantly platforms adapted to the specific features of the inflamed intestinal
environment. The pH gradient, ionic conditions, alterations of the mucus layer, microbial
activity, and local inflammation together create a milieu in which pH-responsive,

ionizable, mucoadhesive, or microbially activated systems prove consistently
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advantageous. The principal conclusion in this disease group is therefore that formulation
success is closely linked to multidimensional adaptation to the colon-specific inflamed

microenvironment.

In joint and cartilage disorders, a different but equally consistent formulation logic
emerged. In this disease group, the dominant factor is not the classical pH or ionic trigger,
but adaptation to a protease-rich environment characterized by structural damage and
altered extracellular matrix organization. The recurrent presence of hyaluronic acid-,
collagen-, and other biomimetic matrices, as well as enzyme-sensitive hydrogels,
suggests that polymer selection in this context is not merely a question of release-trigger
sensitivity, but also of compatibility with biological architecture. It follows that in
cartilage and joint-related indications, successful formulation is fundamentally based on

adaptation to the structural and degradative properties of the tissue environment.

In cardiovascular and other oxidative-inflammatory conditions, the most important
conclusion is that redox status is not merely a marker of disease, but also an active
organizing factor in carrier system performance. The recurring presence of ROS-
responsive, shear stress-associated, biomimetic, or structurally transforming platforms
indicates that polymer selection in this disease group is aligned with the dominant
oxidative and hemodynamic features of the pathology. The success of redox-sensitive
systems is thus a direct consequence of the fact that the release trigger coincides with one

of the fundamental pathobiochemical characteristics of the disease.

The findings related to the tumor microenvironment indicate that the more complex and
heterogeneous the pathological milieu is, the more important dual- and multi-trigger
systems, as well as composite and hybrid platforms, become. In the tumor
microenvironment, the simultaneous presence of acidic pH, oxidative stress, hypoxia,
proteolytic activity, perfusion heterogeneity, and immunological factors often renders
single-trigger systems insufficient. Accordingly, those platforms came to the forefront in
tumor models that are capable of adapting to the heterogeneous environment through
multiple points of interaction. The main conclusion here is that the complexity of the

tumor microenvironment is mirrored in the complexity of the formulation solutions.

Recurrent polymer-chemical motifs underlie these disease-specific trigger preferences. In

pH- and ion-dependent intestinal systems, ionizable carboxylate and amino groups
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became decisive; in redox-driven vascular and tumor systems, oxidation-sensitive bonds
and polyether structural motifs were prominent; whereas in joint and cartilage disorders,
enzymatically cleavable, matrix-compatible natural polymer networks became
characteristic. Polymer selection should therefore be interpreted not only according to
material family or carrier form, but also according to the fit between the chemical
responsiveness of the polymer and the dominant pathological microenvironmental

driving force.

One of the most important system-level conclusions of the dissertation, therefore, is that
distinct disease groups are associated with different, yet consistently recurring polymer-
trigger patterns. The morphological parallel between the spatial rearrangement of polymer
matrices and pathological tissue organization suggests that pathological structural
patterns observed in nature may serve not only as interpretive models, but also as starting
points for the development of microenvironment-calibrated polymer systems with local
protective, adhesive, or controlled drug-release properties. This recognition makes it
possible to interpret polymer selection not merely as a collection of isolated formulation
examples, but as a reconstructable decision logic. The true novelty of the work lies
precisely here: it does not merely demonstrate that stimulus-responsive systems exist, but
shows that a system-level relationship can be identified between the disease-transformed

microenvironment and the polymer solutions that repeatedly prove successful.

A further important conclusion of the dissertation is that earlier experimental, human, and
animal observations, together with the disease-specific polymer-trigger patterns emerging
from preclinical in vivo data, can be integrated into a coherent and unified interpretive
scheme. The starting point of this scheme is the experimental recognition of the polymer-
medium relationship; its biological foundation is provided by the human and animal
findings; and its system-level extension is represented by the identification of polymer-
trigger patterns associated with disease types. Accordingly, the principal conceptual
outcome of the dissertation is the formulation of disease-calibrated, microenvironment-

based polymer selection as both an interpretive and a decision-making framework.

At the same time, an important conclusion is that this perspective does not replace
classical pharmaceutical technological considerations. Biocompatibility,

biodegradability, manufacturability, stability, dosage feasibility, and therapeutic safety
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remain fundamentally important. Rather, the conclusion of the present work is that
alongside these considerations, an additional, higher-level organizing principle is
required: the assessment of the extent to which a given carrier system corresponds to the
dominant pathological microenvironmental features of the target disease.

Pathophysiological fit thus emerges as a new dimension of formulation rationality.

The presented results also imply that, in future drug carrier development, more detailed
characterization of the local microenvironmental profile of diseases may be of particular
importance. The more precisely it can be determined in which local parameters a given
disease differs from the physiological state, the more rationally it can be judged which
polymer families, response mechanisms, and carrier-system types are suitable for
achieving the therapeutic goal. From this perspective, the present dissertation offers not

a closed system, but a conceptual framework that can be further developed.

Overall, it may therefore be concluded that the concept of polymer selection adapted to
the pathological microenvironment created or modified by disease is suitable for placing
the interpretation of biodegradable drug carrier systems on new foundations. Accordingly,
the most important final conclusion of the work is that the microenvironment is not a
passive background of formulation, but one of its primary organizing principles. This
perspective may also provide a relevant starting point for future drug carrier systems that
are more personalized, more precisely targeted in pathophysiological terms, and more

rationally designed.
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7. Summary

The central proposition of the dissertation is that, in the design and selection of
biodegradable polymer carrier systems, the primary organizing principle should be sought
not in the general environment of the target organ, but in the disease-specific pathological

microenvironment.

e Based on earlier experimental, human, and animal findings, together with the analysis
of 65 preclinical in vivo studies, it was demonstrated that the performance of polymer
systems is not determined by any universal material property, but by the extent to

which they fit the dominant local pathobiochemical drivers of disease.

e Successful carrier systems were associated not with isolated formulation solutions, but

with recurring, disease-specific polymer-trigger patterns.

¢ In inflammatory intestinal models, ionizable polysaccharide- and methacrylate-based
systems predominated, whereas in joint and cartilage disorders enzyme-sensitive,

hyaluronic acid-based matrices proved most characteristic.

e In oxidative-inflammatory vascular and tumor microenvironments, redox-sensitive
polyethers and hybrid platforms recurred, while in the heterogeneous tumor

microenvironment multi-responsive composite systems were particularly prominent.

e A morphological parallel was identified between the spatial rearrangement of polymer
matrices and the structural organization of atherosclerotic plaques, suggesting that
pathological tissue patterns may, in the future, serve as models for the development of

locally protective, adhesive, or controlled-release polymer systems.

e Taken together, these findings indicate that polymer selection should be interpreted not
as a routine technological choice, but as a disease-calibrated decision grounded in both
pathophysiological and chemical considerations, thereby enabling more rational and

more targeted formulation strategies.
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Highlights

What are the main findings?

e  Analysis of 65 in vivo studies reveal disease-specific polymer-trigger patterns
e  Pathological microenvironments guide rational polymer carrier design.

What are the implications of the main findings?

e Jonizable polysaccharide and methacrylate systems dominate intestinal inflammation.
e  Enzyme- and redox-responsive polymers align with joint and tumor diseases.
e  Multi-responsive carriers improve robustness in heterogeneous environments.

Abstract

Background/Objectives: Selection of polymer carriers for targeted drug delivery is typi-
cally guided by material availability or trigger responsiveness rather than disease-specific
evidence. However, successful preclinical formulations may already encode implicit design
rules linking polymer composition to particular pathological environments. This study
aimed to identify reproducible material-disease associations across biodegradable poly-
mer systems and to derive formulation-oriented guidance for disease-calibrated carrier
selection. Methods: A structured synthesis of 65 preclinical in vivo studies (2020-2025)
covering inflammatory bowel disease, arthritis, cardiovascular inflammation, and solid
tumors was performed. Extracted variables included polymer family, backbone chem-
istry, stimulus responsiveness, disease model, and reported therapeutic benefit relative to
controls. Associations between polymer composition, trigger mechanisms, and disease
categories were analyzed using cross-tabulation, chi-square statistics, Cramér’s V, and
direction-of-effect synthesis. Results: Distinct material-disease clustering patterns emerged.
Ionizable polysaccharide and methacrylate systems (e.g., alginate, chitosan, Eudragit) were
strongly associated with intestinal inflammatory models, reflecting reliance on pH- and ion-
mediated mechanisms. Enzyme-degradable hyaluronic acid matrices were concentrated in
joint and cartilage disorders characterized by protease overexpression. Oxidation-sensitive
polyether systems (e.g., PEG-PPS) and redox-active hybrid platforms predominated in
atherosclerosis and tumor models, where oxidative stress is a defining pathological fea-
ture. Composite and multi-responsive systems were disproportionately represented in
tumors, consistent with microenvironmental heterogeneity. Across studies, therapeutic
improvement was consistently reported when polymer functional motifs aligned with dom-
inant biochemical drivers of the disease. Conclusions: Successful biodegradable polymer
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carriers exhibit disease-specific compatibility patterns rather than universal applicability.
These recurring associations suggest that polymer selection can be guided by pathological
context even in the absence of direct outcome comparisons. The resulting formulation-
oriented framework supports rational carrier choice for personalized drug delivery based
on disease-specific microenvironment signatures.

Keywords: biodegradable polymers; pathological microenvironment; disease-driven design

1. Introduction

Modern pharmaceutical manufacturing, particularly in generic drug development,
relies on a relatively small repertoire of well-characterized polymer excipients selected
primarily for safety, scalability, regulatory acceptance, and manufacturing feasibility. Al-
though these materials enable robust and reproducible formulations, they are frequently
applied across diverse therapeutic areas without explicit consideration of disease-specific
microenvironmental conditions [1-13]. Consequently, material selection for targeted ther-
apies often remains largely empirical, despite evidence that pathological tissues exhibit
markedly altered biochemical environments, including changes in pH, redox balance, en-
zymatic activity, and ionic composition. Targeted drug-delivery systems aim to enhance
therapeutic efficacy while minimizing systemic toxicity by concentrating pharmacological
activity at diseased sites. Biodegradable polymer carriers have become central to this
strategy because they allow controlled drug release through diffusion, matrix degradation,
and stimulus-responsive mechanisms. In particular, stimuli-responsive systems exploit
endogenous pathological cues such as extracellular acidity, oxidative stress, protease ac-
tivity, or inflammation-associated biochemical changes to achieve site-specific activation.
pH-responsive methacrylate polymers and polysaccharide matrices have enabled localized
intestinal drug delivery, while redox-responsive platforms target oxidative stress across
inflammatory, ischemic, and neoplastic tissues [14-19]. Enzyme-responsive matrices fur-
ther extend this concept by coupling drug release to disease-associated protease activity.
Matrix metalloproteinase-responsive hydrogels, for example, have been developed for both
osteoarthritis and inflammatory bowel disease, where elevated protease levels correlate
with tissue destruction and inflammation [20,21]. Such systems demonstrate that patho-
logical microenvironments can serve as functional triggers for drug delivery rather than
passive barriers.

Different diseases present distinct microenvironmental signatures, motivating the
development of tailored carrier systems. Inflammatory bowel disease has driven extensive
research into pH-sensitive, microbiota-responsive, and mucoadhesive platforms capable of
distal intestinal targeting [3-7,12]. Cardiovascular inflammation and atherosclerosis have
been addressed using reactive oxygen species (ROS)-responsive nanoplatforms, including
shear-sensitive designs that respond to oxidative stress and altered hemodynamics within
plaques [18,22,23]. Protease-rich joint environments have been targeted using enzyme-
degradable hydrogels and hyaluronic-acid-based matrices designed for sustained intra-
articular release [20,21,24]. In oncology, multifunctional carriers combining pH, redox, or
metal-ion sensitivity seek to address tumor heterogeneity and dynamic microenvironmen-
tal conditions [25-27]. Despite rapid progress, most formulation strategies are developed
within individual disease models and interpreted in isolation. As a result, knowledge em-
bedded in successful systems, such as recurring material choices for specific pathological
environments, remains fragmented across the literature. Polymer classes exhibit characteris-
tic physicochemical behaviors that may confer advantages in particular microenvironments,
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yet whether these theoretical compatibilities translate into reproducible patterns of material
selection across studies has not been systematically examined.

Direct comparison of therapeutic efficacy across preclinical models is complicated
by heterogeneity in animal species, disease induction methods, outcome measures, and
dosing regimens. Nevertheless, the consistent observation of therapeutic benefit relative to
controls suggests that the literature collectively represents a repository of experimentally
validated design solutions. Analyzing this landscape may reveal implicit formulation
principles guiding the development of disease-targeted carriers.

The present study synthesizes evidence from 65 preclinical in vivo investigations
published between 2020 and 2025 across inflammatory bowel disease, arthritis and cartilage
disorders, cardiovascular inflammation, and solid tumors. Rather than comparing efficacy
across heterogeneous models, we examined associations between polymer composition,
stimulus-responsive mechanisms, and disease context to identify recurring material-disease
pairings. Our objectives were to determine which classes of biodegradable polymers
are most frequently associated with specific pathological conditions, to assess whether
single- or multi-responsive systems predominate in different environments, and to derive
formulation-oriented guidance that may support rational carrier selection for context-
dependent and potentially personalized therapeutic strategies.

2. Materials and Methods
2.1. Search Strategy, Data Sources, and Eligibility Criteria

A systematic literature search was conducted in the PubMed and Scopus databases to
identify preclinical in vivo studies published between 1 January 2020 and 31 August 2025.

PubMed and Scopus were selected because together they provide comprehensive
coverage of biomedical, pharmacological, and materials science literature relevant to
stimulus-responsive polymer drug-delivery systems, with substantial overlap with other
major indexing databases.

The search strategy combined controlled vocabulary and free-text terms addressing
three main domains: biodegradable polymeric drug delivery systems, stimulus responsive-
ness (including ion-, pH-, ROS-, enzyme-, or dual-responsive mechanisms), and animal
models of inflammatory or neoplastic diseases. The full Boolean search strings for each
database are provided below to ensure reproducibility.

The search was performed independently by two reviewers (M.D. and G.M.M.) using
the same predefined strategy in duplicate rounds across both databases to maximize
retrieval completeness and minimize selection bias. Inter-reviewer agreement during
screening was assessed using Cohen’s kappa coefficient, and disagreements were resolved
by discussion or consultation with a third reviewer (E.D.).

The database search yielded 104 records (PubMed n = 62; Scopus n = 42). After
removal of four duplicate entries, 100 records remained for title and abstract screening, of
which 35 were excluded as clearly irrelevant. Sixty-five full-text articles met the predefined
eligibility criteria and were included in the final analysis (Figure 1). This systematic review
followed the PRISMA 2020 guidelines [28].

PUBMED search query:

(“polymer matrix”[tiab] OR “polymeric matrix”[tiab] OR hydrogel[tiab] OR micro-
sphere*[tiab] OR nanoparticle*[tiab])

AND (“drug delivery”[tiab] OR “controlled release”[tiab] OR “sustained release”[tiab]
OR “modified release”[tiab] OR “drug release”[tiab])

AND ((blood[tiab] OR serum|[tiab] OR plasma[tiab])
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AND (“ion environment”[tiab] OR “ionic environment”[tiab] OR “ionic microen-
vironment”[tiab] OR “electrolyte”[tiab] OR “ionic strength”[tiab] OR sodium[tiab] OR
potassium][tiab] OR calcium[tiab] OR magnesium|[tiab] OR phosphate|[tiab])

AND (inflammation[tiab] OR colitis[tiab] OR arthritis[tiab] OR atherosclerosis[tiab]
OR sepsis[tiab] OR hepatitis[tiab] OR pancreatitis[tiab])

AND (in vivo[tiab] OR animal*[tiab] OR mouse[tiab] OR rat[tiab] OR rabbit[tiab] OR
murine[tiab]) NOT (review[pt] OR “systematic review”[tiab] OR “meta-analysis”[tiab] OR
case reports[pt] OR ocular[tiab] OR ophthalmic[tiab] OR wound[tiab] OR transdermal][tiab])
AND (“1 January 2020”[Date—Publication] : “31 August 2025”[Date—Publication])

*| Records removed before

Records identified from:
PubMed (n = 62)
Scopus (n = 42)

v

screening:
Duplicate records removed
(n=4)

Records screened
(n=100)

h 4

Records excluded
(n=235)

Reports sought for retrieval
(n=65)

Y

Reports not retrieved
(n=0)

Reports assessed for
eligibility (n = 65)

Reports excluded:
(n=0)

v

Studies included in review
(n =65)

Figure 1. PRISMA flow diagram of study selection. Database searches were conducted in PubMed
and Scopus databases. Identification yielded 104 records (PubMed: 8 + 54; Scopus: 27 + 15). After
removing 4 duplicates, 100 records were screened at the title/abstract level, and 35 were excluded. In
total, 65 studies were included in the qualitative synthesis. Reasons for exclusion are summarized in
the Methods section.

SCOPUS search query:

TITLE(“polymer matrix” OR “polymeric matrix” OR hydrogel OR microsphere OR
nanoparticle) AND TITLE-ABS-KEY(“drug delivery” OR “controlled release” OR “sus-
tained release” OR “modified release” OR “drug release”) AND TITLE-ABS-KEY((blood
OR serum OR plasma) AND (human OR patient* OR clinical OR volunteer* OR cohort
OR mouse OR mice OR murine OR rat OR rats OR rabbit*)) AND TITLE-ABS-KEY((“ionic
strength” OR electrolyte* OR sodium OR potassium OR calcium OR magnesium OR
phosphate OR “ion environment” OR “ionic environment” OR “ionic microenvironment”
OR “electrolyte environment” OR “ionic milieu” OR “electrolyte milieu”) W/5 (release
OR “drug release” OR “controlled release”)) AND TITLE-ABS-KEY (inflammation OR
inflammatory OR colitis OR arthritis OR “inflammatory bowel disease” OR atheroscle-
rosis OR sepsis OR hepatitis OR pancreatitis OR cancer OR tumor OR carcinoma OR
neoplasm*)AND PUBYEAR > 2019 AND PUBYEAR < 2026AND LIMIT-TO(DOCTYPE,
“ar”)AND LIMIT-TO(LANGUAGE, “English”)

Eligibility criteria were defined according to the Population-Intervention-Comparator-
Outcome (PICO) framework (Table 1). Studies were included if they investigated biodegrad-
able polymer-based carriers with stimulus-responsive drug release in preclinical in vivo
models of inflammatory or neoplastic disease, regardless of delivery route, and were
reported as original research articles. Studies were excluded if they were reviews, meta-
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analyses, or conference abstracts; used non-biodegradable or non-polymeric carriers; fo-
cused exclusively on wound healing, ocular, or transdermal applications; or reported only
in vitro data without in vivo validation. Articles not meeting the inclusion criteria for the

primary analysis could nevertheless be cited elsewhere for contextual purposes.

Table 1. PICO framework applied in the present systematic review.

PICO Element

Description

Population (P)

Preclinical in vivo animal models and supplementary ex vivo/human serum studies in cancer

and inflammatory conditions (e.g., colitis, hepatitis, atherosclerosis, sepsis, tumor models)

Intervention (I)

Ion- or pH-sensitive biodegradable polymer carriers (e.g., Eudragit, alginate, PLA/PLGA,
pH-sensitive hydrogels, ROS-responsive polymers)

Comparator (C)

Non-sensitive polymer carriers/free drug/placebo control

Outcome (O)

Therapeutic efficacy (tumor size, inflammatory markers, survival), and the relationship
between efficacy and host electrolyte milieu

The search strategy was intentionally designed to capture studies investigating
microenvironment-responsive polymer systems across inflammatory and neoplastic con-
ditions, including those influenced by ionic, pH, redox, or enzymatic factors, without
restricting the search to specific polymer classes or delivery platforms.

2.2. Data Extraction

Data were independently extracted from all eligible studies by the same two reviewers
described above using a standardized spreadsheet developed specifically for this anal-
ysis. Extracted variables included bibliographic information (first author, publication
year, journal), disease model characteristics (species, induction method, pathological sub-
type), polymer type and formulation features, primary stimulus responsiveness (pH, ion,
ROS/redox, enzyme, dual/multi-responsive, or other), route of administration, therapeutic
endpoints (e.g., tumor volume, histological score, inflammatory markers, oxidative stress
indicators, survival), and quantitative outcome measures where available (means, standard
deviations, standard errors, p-values, or confidence intervals).

Discrepancies were resolved by discussion and, when necessary, adjudication within
the author team. All numerical data were extracted directly from the text or tables of the
original publications; graphical digitization was not performed. Because of substantial
heterogeneity across disease models, polymer chemistries, stimulus mechanisms, and
reported endpoints, quantitative synthesis was feasible only for subsets of studies with
sufficient comparability.

To capture broader structure-function relationships across heterogeneous experimental
designs, a complementary descriptive framework was applied. This included vote counting
and direction-of-effect assessment to summarize outcome patterns across polymer families,
trigger types, and disease categories. Given that most included studies represented proof-
of-concept investigations reporting therapeutic improvement relative to controls, outcomes
were classified primarily according to the presence or absence of reported benefit. For
mapping analyses, formulations demonstrating biologically or statistically meaningful
improvement over control conditions were categorized as positive outcomes, whereas
neutral or negative findings were recorded only when explicitly reported. This approach
enabled consistent evaluation of associations between material design parameters and
therapeutic performance rather than direct comparison of efficacy across fundamentally
different models.
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Classification of Stimulus Responsiveness

Stimulus responsiveness was classified according to the primary release-driving mech-
anism explicitly described in each full-text article. Each formulation was assigned to one
predefined category based on the dominant mechanism governing in vivo drug activa-
tion: pH-responsive, ROS/redox-responsive, enzyme-responsive, ion-responsive, dual or
multi-responsive, or other mechanisms.

pH-responsive systems included formulations activated by protonation-deprotonation
processes, pH-dependent solubility transitions, acid-labile linkages, or enteric dissolution
behavior. ROS-responsive systems comprised carriers destabilized by oxidative stress
through redox-labile bonds or oxidation-induced structural changes. Enzyme-responsive
systems required enzymatic cleavage or degradation mediated by disease-associated en-
zymes such as matrix metalloproteinases, hyaluronidase, or microbial enzymes. Ion-
responsive systems were classified as such only when ion exchange or ion-dependent
crosslink dissociation was explicitly identified as the primary trigger of drug release.

Formulations exhibiting multiple responsiveness (e.g., pH+ROS, pH+ion, ROS+enzyme)
were categorized as dual or multi-responsive when at least two stimuli contributed to acti-
vation. Constituent stimulus components were additionally recorded to enable secondary
mapping analyses of trigger combinations. Intrinsic ionic effects inherent to polymer struc-
ture (e.g., polyelectrolyte swelling or charge screening) were not considered independent
triggers unless explicitly identified by the original authors as the principal release mecha-
nism. Systems driven primarily by targeting ligands, biomimetic coatings, physical cues,
or other non-canonical mechanisms were assigned to the “other” category.

Classification decisions were based on the descriptions provided in the original studies
and were applied consistently across all included formulations.

Detailed characteristics of the included studies and extracted parameters are pre-
sented in Supplementary Table S1. All included studies are listed and referenced in
Supplementary Table S1 [14-27,29-79].

2.3. Risk of Bias Assessment

Risk of bias in individual studies was evaluated using a modified version of the
SYRCLE tool for animal experiments [3]. The assessment covered key methodological
domains including randomization procedures, allocation concealment, blinding of investi-
gators and outcome assessors, sample size reporting, completeness of outcome data, and
selective reporting.

Given the exploratory nature and substantial heterogeneity of the included preclinical
studies, the bias assessment was used primarily to identify methodological limitations and
potential sources of uncertainty rather than to exclude studies from the analysis.

2.4. Statistical Analysis

Where quantitative outcome data were sufficiently comparable, effect sizes were
calculated as standardized mean differences (Hedges’ g) with 95% confidence intervals
using a random-effects model (DerSimonian-Laird method).

Between-study heterogeneity was assessed using Cochran’s Q statistic, degrees of
freedom (df), the H statistic (H = \/(Q/df)), I (I = max{0,(Q — df)/Q} x 100%), and 7.
Approximate thresholds of 25%, 50%, and 75% were interpreted as low, moderate, and high
heterogeneity, respectively [4].
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2.4.1. Effect Sizes, Subgroups, and Sensitivity

Data extraction included polymer type, stimulus-responsiveness category, disease
model, route of administration, and primary therapeutic outcomes as reported by the
original authors.

Pre-specified subgroup analyses examined formulation type (nanoparticle, hydrogel,
microsphere), stimulus-responsiveness category, disease group (inflammatory vs. tumor),
and route of administration (oral vs. parenteral). Sensitivity analyses included leave-one-
out procedures and Baujat influence plots. Publication bias and small-study effects were
evaluated using contour-enhanced funnel plots and Egger’s regression. Where asymmetry
was suggested (p < 0.10), trim-and-fill analyses were performed.

2.4.2. Sparse Data and Association Analyses

This hybrid analytical approach was adopted to accommodate the heterogeneity of
preclinical models and the frequent absence of extractable quantitative parameters required
for conventional meta-analysis.

Because many studies did not report extractable quantitative parameters, additional
analyses were performed to identify structural relationships within the dataset. Vote
counting and direction-of-effect plots were used to summarize outcome trends across
studies. Associations between polymer families, trigger mechanisms, and disease categories
were analyzed using chi-square tests, Cramér’s V, and standardized residuals.

2.4.3. Overall Associations and Analytical Considerations

Across the 65 included studies, global associations between trigger type, polymer
family, and disease category were evaluated using chi-square statistics and Cramér’s V.
Standardized residual analyses were performed to identify localized over-representations
within contingency tables. Vote counting was used to estimate the proportion of studies
reporting positive, neutral, or negative outcomes across disease groups and trigger cate-
gories. Because most studies were proof-of-concept investigations reporting therapeutic
improvement relative to controls, this approach enabled consistent comparison of outcome
patterns across heterogeneous models.

Although a random-effects meta-analysis was prespecified, calculation of pooled effect
sizes was not feasible for the majority of studies due to insufficient numerical reporting,
with many outcomes presented only graphically. Therefore, association analyses and
descriptive synthesis were prioritized, while the meta-analytic framework was retained for
potential future updates if extractable data become available.

3. Results
3.1. Study Selection and Characteristics

To analyze the most recent advances in microenvironment-responsive drug delivery,
our systematic search across PubMed and Scopus focused on studies published between
2020 and 2025. The query identified 104 records. After the removal of four duplicates,
100 articles were screened by title and abstract. Full texts of potentially eligible articles were
retrieved and assessed for compliance with the inclusion criteria. Thirty-five studies were
excluded due to ocular delivery, wound-healing indications, non-biodegradable materials,
or absence of in vivo validation. Ultimately, 65 studies met the inclusion criteria and were
included in the final synthesis (Figure 1).

The selected studies covered a wide spectrum of inflammatory and tumor-related
disease models, including IBD, arthritis and cartilage disorders, atherosclerosis, hepatitis,
pancreatitis, and solid tumors. Both murine and larger animal models (mouse, rat, rabbit)
were employed, using standard induction methods such as DSS-induced colitis, collagen-
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induced arthritis, high-fat diet-induced atherosclerosis, and xenograft implantation. Across
these models, formulations were based on biodegradable polymer systems with diverse
backbone chemistries, including methacrylate copolymers (e.g., Eudragit), polysaccha-
rides (chitosan, alginate, and hyaluronic acid), aliphatic polyesters (PLGA), gelatin-based
matrices, PEG-derived block copolymers, and hybrid biomimetic constructs.

Many platforms combined natural and synthetic components, membrane coatings,
or inorganic modules to achieve disease-specific responsiveness. Stimulus sensitivity
encompassed pH, ion, ROS, and enzyme triggers, as well as dual- or multi-responsive
systems, reflecting attempts to match carrier behavior to pathological microenviron-
ments. Administration routes were predominantly oral and parenteral (intravenous,
intraperitoneal, intratumoral).

In cardiovascular diseases, particularly in atherosclerosis, multiple studies focused
on ROS-responsive platforms. ROS-responsive nanoassemblies enhanced macrophage
targeting and attenuated atherosclerotic plaque progression [18,19,27,37,62], while cell-
membrane-based and shear-stress-responsive systems promoted endothelial repair and
plaque stabilization in ApoE~/~ models [22,60,62]. In acute myocardial infarction,
inflammation-modulating nanoparticle systems reduced infarct size and myocardial
fibrosis by suppressing inflammatory pathways and macrophage activation [53,79].
Microenvironment-responsive hydrogels have also been engineered for cardiovascular
implants and tissue substitutes, where glycocalyx-mimetic or polymer-layered coatings
improved antithrombosis, immunoregulation, and resistance to calcification [61,70].

In joint and cartilage disorders, including rheumatoid arthritis, osteoarthritis, and
intervertebral disk degeneration disease, polymeric hydrogels responsive to matrix met-
alloproteinases (MMPs) and hyaluronic-acid-based composites were frequently applied.
These systems enabled enzyme-triggered degradation and targeted intra-articular drug
release, supporting localized therapy with reduced systemic exposure across multiple
in vivo arthritis and cartilage repair models [7,20,24,34,49,54,55,58].

Tumor models, such as hepatocellular carcinoma, colorectal cancer, and breast cancer,
highlighted the versatility of dual-responsive carriers. In colorectal cancer, ROS- and
enzyme-sensitive nanoparticles improved drug penetration and tumor inhibition [35]. For
hepatocellular carcinoma, polymer-based targeted nanocarriers provided selective release
in the tumor microenvironment while reducing systemic toxicity [36,71].

Some excluded studies still provided contextual insights, such as applications in
wound healing, ocular delivery, or non-biodegradable polymer systems [8-11].

3.2. Quantitative Synthesis and Mapping

The analyses in Section 3.2 describe patterns of application across studies (frequencies
and associations) rather than comparative therapeutic efficacy.

3.2.1. Trigger Type Distribution

First, we quantified the distribution of stimulus-responsive mechanisms across the
65 included studies using the harmonized trigger classification described in Section 2.2.
ROS-responsive systems were reported in 23 studies (35.4%), pH-responsive platforms
in 20 studies (30.8%), and dual- or multi-responsive formulations in 12 studies (18.5%).
Approaches categorized as “other”, including ligand-mediated or mechanically responsive
strategies, were reported in 6 studies (9.2%), while enzyme-responsive carriers appeared in
4 studies (6.2%) (Figure 2).
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Figure 2. Trigger distribution across the 65 analyzed studies. ROS, reactive oxygen species.

3.2.2. Polymer Family Trigger Type Mapping

Cross-tabulation of polymer families and stimulus types (Figure 3) revealed non-
uniform responsiveness patterns across the included studies. Eudragit-based systems were
pH-responsive (8 studies, 12.3%). Chitosan- and alginate-based carriers appeared primarily
in pH-responsive categories and were also represented in ROS-responsive and multi-trigger
formulations. PEG-PPS copolymers clustered within ROS-activated systems (4 studies,
6.2%). Hyaluronic acid (HA) platforms were represented mainly in ROS-related and dual-
responsive designs (3 studies, 4.6%). PLGA-based carriers showed distribution across pH-,
ROS-, and multi-responsive strategies (6 studies, 9.2%). MOF- and nanozyme-containing
systems were linked mainly to ROS-dependent or combined triggers (3 studies, 4.6%).

Polymer type x Trigger type (n=65)

Alginate 1 1 1
7
Cellulose 1 1
Chitosan 1 1 1 6
Eudragit
o 5
o
2
g °
s Gelatin/Collagen 1 1 2
5 k3
K Hyaluronic acid 1 2 1 .g
E}
-3 =
Liposome/biomimetic 4 1 3 1
Other 3 2
preesed 1 1 _ 1
rl
PLGA 1 2 2 1 2
T . . I
R 9 e & &
Q L 17\& & S
<« &
o
Trigger type

Figure 3. Polymer type-trigger type mapping across the 65 analyzed studies based on harmo-
nized classifications. The heatmap shows the frequency of polymer classes (rows) associated with
different stimuli-responsiveness (columns). Darker shading indicates higher study counts. PEG-
based, poly(ethylene glycol)-derived copolymers; PLGA, poly(lactic-co-glycolic acid); ROS, reactive
oxygen species.

Taken together, Figure 3 shows that polymer families were not evenly distributed
across trigger categories, with some materials appearing predominantly in single-trigger
designs and others recurring across multiple trigger types.
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3.2.3. Cross-Tabulation Analysis of Polymer Chemistry and Trigger Type

To further resolve the patterns observed at the polymer family level, stimulus dis-
tribution was analyzed according to polymer backbone chemistry (Figure 4). Composite
or biomimetic hybrid systems were represented across ROS-responsive and multi-trigger
designs. Polyanionic methacrylate copolymers (e.g., Eudragit) appeared predominantly in
pH-responsive studies, while polycationic polysaccharides (mainly chitosan-based systems)
were likewise dominated by pH-driven release. Anionic polysaccharides were more fre-
quently represented in multi-responsive designs. Aliphatic polyesters (PLGA/PLA) were
distributed across ROS-responsive and combined-trigger categories. Polyethers, including
PEG-derived copolymers such as PEG-PPS, clustered within ROS-activated systems.

Polymer backbone chemistry x Trigger type (n=65)

6
Composite/biomimetic hybrid 2 2 2
Inorganic/MOF/nanozyme hybrid 4 2 2 2 5
Lipid-based (liposomes/LNPs) 2 1 1
Other biopolymers (protein-based) - 1 1 2 1 2 4
Other/unspecified 4 2 1 1

Polyanionic methacrylate copolymer (Eudragit/enteric)

Polycationic polysaccharide (chitosan-based)

Polyester (aliphatic) - 1 1

Polyether/PEG-based copolymer 2 2 1

Polymer backbone chemistry
w
Number of studies

N

Polysaccharide (carboxylate/anionic)

& ‘é@@z

Trigger type
Figure 4. Cross-tabulation of polymer backbone chemistry and trigger type across the 65 included
studies. The heatmap shows the frequency of associations between polymer chemistry classes
(rows) and stimulus-responsive mechanisms (columns). Numbers indicate the number of studies for
each combination, and darker shading corresponds to higher study counts. Dual/multi categories
represent formulations responsive to more than one stimulus (e.g., pH+ROS, pH+ion, ROS+enzyme).
MOEF, metal-organic framework; ROS, reactive oxygen species.

Inorganic or catalytic materials, including MOF- and nanozyme-containing systems,
were concentrated in ROS-related and combined categories. Crosslinked polymer networks
appeared mainly in pH- and enzyme-responsive systems, consistent with cleavage- or
degradation-controlled release. Protein-based matrices were rare and showed no dominant
trigger profile.

Overall, Figure 4 shows that stimulus responsiveness follows polymer backbone
chemistry rather than carrier form. Polyelectrolytes align with pH-dependent mechanisms,
oxidation-sensitive polyethers with ROS triggers, degradable polyesters support broader
strategies, and hybrid systems enable multi-trigger designs.

3.2.4. Trigger Distribution Across Disease Groups

We analyzed the distribution of trigger types across disease groups to identify
disease-specific design patterns (Figure 5). Inflammatory models, including colitis, arthri-
tis, atherosclerosis, hepatitis, and pancreatitis, were predominantly associated with pH-
responsive systems. ROS-responsive platforms were also frequently applied in inflamma-
tory diseases, particularly in atherosclerosis models. Ion-responsive systems and enzyme-
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sensitive carriers were less frequent but were primarily confined to inflammatory contexts,
especially gastrointestinal and joint disorders.

Distribution of trigger types across disease groups (n = 65)

Number of studies in each trigger category stratified by disease group (inflammatory/other vs
tumour

Il Inflammatory/other [l Tumor

Dual/multi Enzyme Other ROS pH

Figure 5. Distribution of trigger types across disease groups in the 65 included studies. Bars represent
the number of studies employing each trigger mechanism in inflammatory versus tumor models.
ROS, reactive oxygen species.

In contrast, tumor models were dominated by ROS-responsive and dual-responsive
designs. Enzyme-responsive systems appeared only sporadically in tumor settings, whereas
ion-associated mechanisms were rare outside inflammatory conditions.

Overall, trigger profiles differed between inflammatory and tumor models, with
pH-associated mechanisms recurring more frequently in inflammatory conditions and
ROS-based or multi-responsive systems recurring more frequently in tumor-targeted for-
mulations (Figure 5).

3.2.5. Polymer Chemistry Distribution Across Disease Groups

Polymer backbone chemistry showed a clear disease-dependent distribution across
the included studies (Figure 6). Composite and biomimetic hybrid systems constituted the
largest category overall and were strongly enriched in inflammatory models. Polyanionic
methacrylate copolymers (e.g., Eudragit) and protein-based matrices were likewise almost
exclusively associated with inflammatory diseases.

In contrast, inorganic and MOF/nanozyme hybrid systems displayed a comparatively
higher representation in tumor models, distinguishing them from most organic polymer
classes. Aliphatic polyesters, polyethers, polysaccharide-based carriers, and lipid systems
were present in both disease groups.

Other or unspecified systems were rare and showed no consistent disease preference.
Overall, these data indicate that polymer selection is not uniform across indications but
shows distinct distributions between inflammatory versus tumor-targeted applications
(Figure 6).

To clarify how stimulus selection relates to specific pathological environments, trigger
distributions were analyzed across disease subtypes (Figure 7). Distinct patterns emerged
across disease subtypes. Across inflammatory conditions, pH- and ROS-responsive systems
predominated, but their relative contributions differed substantially between subtypes.
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Polymer backbone chemistry distribution across disease groups (n=65)
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Figure 6. Polymer chemistry distribution across disease groups across 65 included studies. The
stacked bar chart illustrates the number of studies focusing on inflammatory diseases (blue) or solid
tumors (red) in relation with polymer chemistry. MOF, metal-organic frameworks.
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Figure 7. Normalized trigger-type distribution across inflammatory and tumor disease subtypes
(n = 65). Stacked bars represent the percentage contribution of pH-, ROS-, enzyme-, dual/multi-,
and other stimulus-responsive systems within each subtype. Normalization enables comparison of
trigger selection patterns across disease contexts with unequal sample sizes.

Cardiovascular inflammatory models were dominated by ROS-responsive systems.
These studies [19,27,37,41,42,60,62,64,75,79] primarily employed redox-responsive poly-
mers or hybrid carrier systems.

Colitis and inflammatory bowel disease models showed a strong bias toward pH-
responsive platforms. Protonation-dependent behavior of ionizable polymers enabled
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localized drug release within the inflamed colon. Arthritis and joint disorders displayed a
broader trigger profile. pH-responsive systems were represented by studies [24,34], ROS-
responsive systems by [7,61], enzyme-responsive platforms by [20], and alternative trigger
strategies by [58], indicating heterogeneous trigger usage across joint disease models. Other
inflammatory conditions exhibited mixed trigger usage across studies.

Tumor models showed fewer studies overall but demonstrated clear subtype-specific
tendencies. Breast cancer models (n = 3) were restricted to oxidative and dual-responsive
designs, with ROS-responsive systems represented by [25,32] and dual/multi-responsive
platforms by [23]. Melanoma models were associated primarily with non-classical or com-
posite triggers; for example, study [52] utilized a pathogen-mimicking platform categorized
as “Other”.

Colorectal cancer models relied on both ROS-responsive and dual-responsive carriers,
represented by studies [26,35], respectively. Oral cancer models included pH-responsive
systems such as [38].

Across inflammatory and tumor subtypes, trigger categories showed subtype-
dependent distributions, with pH-, ROS-, enzyme-, and dual/multi-responsive systems
recurring at different frequencies (Figure 7).

3.2.6. Polymer Type-Trigger-Disease Interaction Network

Finally, we integrated the relationships between polymer families, dominant stimulus-
responsiveness categories, and associated disease models into a tripartite network (Figure 8).
The resulting network revealed distinct clusters among the analyzed groups.

Polymer-trigger-disease interaction network (N = 65)

- CAtheroscIerosis / CVD}

PEG-based | - -
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PLGA )|~ - S 2 > Ve _
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f
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Figure 8. Polymer-trigger-disease interaction network. The tripartite network illustrates the re-

lationships between biodegradable polymer families (blue nodes), dominant trigger mechanisms
(green nodes), and associated disease model groups (red nodes) across 65 included preclinical studies
(n = 65). Edge thickness corresponds to the number of studies supporting each association. The
map highlights dominant formulation strategies linking polymer chemistry, microenvironmental

responsiveness, and disease context.

Polyanionic methacrylate copolymers (Eudragit), together with chitosan- and alginate-
based systems, were predominantly associated with pH- and ion-responsive triggers and
were mainly linked to inflammatory bowel disease models. PEG-PPS and MOF/nanozyme-
based systems formed a separate cluster around ROS-responsive triggers and were strongly
associated with tumor and atherosclerosis models. HA-based hydrogels were mapped
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primarily to enzyme-responsive triggers and were most frequently applied in arthritis and
intervertebral disk degeneration models.

Connections between multiple triggers and disease groups were observed for dual-
or multi-responsive systems, indicating cross-category associations across heterogeneous
pathological conditions.

Overall, the network representation demonstrates non-random associations between
polymer families, trigger mechanisms, and disease models across the included studies.

4. Discussion
4.1. Integration of Outcomes

Rather than testing whether microenvironment-responsive polymers can function, the
present analysis addresses a more practice-oriented question: Which material strategies
have been repeatedly applied with reported benefit across diverse pathological settings?
Because the majority of included studies reported improvement relative to untreated or
baseline controls, a pattern that may partly reflect publication tendencies toward positive
findings in preclinical research, the dataset represents a “solution landscape” of experi-
mentally validated formulations rather than a balanced comparison between success and
failure. This perspective enables identification of recurring design patterns linking polymer
chemistry, trigger mechanism, and disease microenvironment.

Across disease models, therapeutic alignment appears structured rather than random.
Outcome patterns stratified by polymer family correspond to characteristic functional
groups and degradation pathways: ionizable carboxylates and amines in methacrylates,
alginate, and chitosan support protonation—deprotonation equilibria and ionic swelling;
ester hydrolysis governs PLGA behavior in vascular and tumor contexts; redox-active
thioethers in PEG-PPS and labile coordination bonds in metal-organic frameworks enable
ROS-sensitive destabilization; and glycosidic hyaluronic acid backbones are susceptible
to enzyme-mediated cleavage in protease-rich tissues. These recurring motifs suggest
physicochemical compatibility between polymer backbones and disease-associated mi-
croenvironmental features.

Importantly, trigger categories did not perform uniformly across contexts. Protonation
equilibria and ion-exchange mechanisms showed the most consistent representation in
colitis models, whereas ROS-responsive platforms predominated in tumor and atheroscle-
rosis settings. Enzyme-responsive systems were concentrated in joint and degenerative
models. Dual- or multi-responsive designs appeared across heterogeneous conditions and
were frequently associated with robust therapeutic readouts, suggesting that combined
activation mechanisms may buffer spatial and temporal variability within diseased tissues.

Viewed through a network framework, polymer-trigger—disease relationships form co-
herent clusters rather than diffuse associations. Polysaccharide- and methacrylate-based car-
riers converge on pH- and ion-sensitive strategies in inflammatory bowel disease; PEG-PPS
systems and metal-organic frameworks cluster within oxidative tumor and vascular en-
vironments; hyaluronic-acid hydrogels map predominantly to enzyme-responsive joint
disorders. Multi-node connections highlight the recurring use of composite materials in
complex microenvironments.

Based on these patterns, Table 2 consolidates empirically recurrent polymer-trigger
combinations by disease subtype together with their mechanistic rationale. Rather than pre-
scribing a universally optimal material, this synthesis delineates a structured design space
within which polymer selection can be aligned with dominant pathological conditions.
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Table 2. Recommended polymer-trigger systems by disease subtype, associated positive outcome
rates, and mechanistic rationale.

Recommended Polymer

Dominant Trigger

Disease Subtype Family/System Mechanism Evidence Strength * Mechanistic Rationale
Enteric dissolution and
Eudragit (methacrylate . rotonation-deprotonation equilibria
c%)polymers) Y pH-responsive Strong Penalble site-speiiﬁc release l_l’lq acidic
inflamed intestinal regions
Cationic swelling, mucoadhesion,
. L and electrostatic interaction with
IBD/ colitis Chitosan-based systems pH/ionic Moderate negatively charged mucosa enhance
retention and release
Ester hydrolysis and
PLGA formulations pH-associated Supportive autocatalytic acidification
degradation promote sustained release
under inflammatory conditions
Enzyme- responsive Selective degradation in
Hyaluronic acid hydrogels (MMPs, hyaluronidase) Strong protease-rich synovial environment
Arthritis/cartilage Py enables localized drug liberation
disorders Alginate or HA Ox1'dz.1t1v.e .stress and enzymat.m
composites ROS/enzyme Moderate activity jointly promote matrix
breakdown in inflamed joints
. High oxidative burden in plaques
ROS—l(‘eezsgog;é(_eI?;Slglmers ROS Strong activates redox- sensitive linkages,
Atherosclerosis/ car- e triggering payload release
diovascular disease PEGylated nanoparticle Prolor}ged_ circul.atior} combined with
systems ROS/dual Moderate oxidative activation enhances
vascular targeting
Elevated ROS flux in tumour
ROS-responsive systems ROS Strong microenvironment ensures efficient
Solid tumours activation of redox- labile carriers
Concurrent acidity and oxidative
Dual pH + ROS platforms Combined stimuli Moderate-strong stress provide robust activation

despite spatial heterogeneity

* Evidence strength reflects the frequency of successful application across included studies rather than comparative
therapeutic efficacy. “Positive outcome” denotes any statistically or biologically meaningful improvement in
disease-related endpoints reported by the original authors relative to control conditions in the respective preclinical
model. Across the included studies, authors reported improvement relative to control conditions; negative or null
findings may be underrepresented due to publication and reporting biases.

Taken together, the findings support the concept of mechanochemical compatibility
as a central organizing principle in biodegradable polymer drug delivery. By integrating
evidence across models, this work provides a formulation-oriented framework that moves
beyond descriptive cataloging toward context-aware material selection.

4.2. Translational Relevance of Recommended Polymer-Trigger Systems

Table 2 synthesizes the most consistently reported polymer-trigger pairings across
65 preclinical studies, providing a formulation-oriented framework for disease-specific
carrier selection. Rather than identifying universally superior materials, the data indicate
that therapeutic performance is strongly influenced by the degree of mechanochemical
compatibility between the carrier and the dominant pathological microenvironment.

In colitis and inflammatory bowel disease, polyanionic methacrylate copolymers
(Eudragit) and polysaccharide matrices such as alginate and chitosan were frequently
associated with reproducible outcomes. These systems exploit robust physicochemical
constants of the intestinal milieu: protonation—deprotonation equilibria along the colonic
pH gradient and dynamic ion-exchange processes. Carboxylate-bearing methacrylates
undergo predictable dissolution transitions, while Ca?*-crosslinked alginate networks
respond to Na*/Ca?* exchange through formation and rearrangement of egg-box junc-
tion zones. Combined with chitosan-mediated mucoadhesion and ionic swelling, these
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mechanisms provide stable, scalable colon-targeted delivery platforms compatible with
oral administration.

In arthritis and degenerative joint disorders, hyaluronic-acid-based hydrogels and
HA-PEG composites were consistently associated with positive performance by leveraging
matrix metalloproteinase (MMP) overexpression in inflamed synovial tissues. PEGylation
improves retention and reduces nonspecific protein adsorption, whereas enzymatic cleav-
age of the HA backbone enables localized payload release. This trigger mechanism closely
mirrors disease pathophysiology and supports the development of intra-articular depot
formulations capable of sustained therapeutic exposure.

Atherosclerosis and vascular inflammation were dominated by ROS-responsive carri-
ers, including PEG-PPS micelles and MOF- or nanozyme-based composites. Oxidation of
thioether groups and destabilization of labile coordination bonds under oxidative stress
can induce structural collapse and drug release. However, variability in local ROS concen-
trations suggests that adaptive or multi-responsive systems may be required for reliable
human translation.

Solid tumors frequently employ dual pH+ROS-responsive or biomimetic composite
systems. Their orthogonal activation pathways enable drug release even when one stimulus
is heterogeneous or subthreshold, while nanoscale size and surface properties facilitate
accumulation via the enhanced permeability and retention (EPR) effect. This redundancy
may be particularly advantageous in spatially heterogeneous tumor microenvironments.

Collectively, these findings emphasize that polymeric drug-delivery systems tend
to perform most consistently when chemical functionality, material physics, and disease-
specific triggers are co-optimized. Translation is therefore unlikely to benefit from universal
carrier platforms; instead, rational selection should prioritize alignment between ionizable
groups, redox-sensitive motifs, or enzyme-labile structures and the dominant biochemical
cues of the target pathology. Proteomics-derived epithelial biomarkers (e.g., TGM2, ICAML1,
CEACAM1, ANXAL1 [9]) further support the integration of disease-specific diagnostic
profiling with targeted or trigger-matched formulation strategies in IBD.

4.3. Mechanistic Interpretation

Across stimuli-responsive platforms, efficacy patterns appear to closely track the
intrinsic chemical reactivity of the materials within physiological ranges of pH, ionic
strength, and redox potential. Polyanionic methacrylates exhibit predictable solubility shifts
driven by protonation of pendant carboxyl groups, whereas polycationic polysaccharides
such as chitosan rely on reversible amine protonation to induce swelling and mucoadhesion.
Polyester carriers including PLGA and PLA undergo hydrolysis that is accelerated under
acidic and inflammatory conditions, explaining enhanced release kinetics in tumors and
damaged tissues.

Redox-responsive block copolymers such as PEG-PPS convert thioether oxidation into
polarity changes that destabilize micellar cores, directly coupling drug release to oxidative
stress gradients characteristic of atherosclerotic plaques and tumors. Hyaluronic-acid
matrices exploit enzyme overexpression for site-specific degradation, while MOF- and
nanozyme-based systems combine labile coordination bonds with catalytic modulation of
reactive oxygen species, producing both therapeutic and environment-responsive effects.

From a translational perspective, these observations support the concept of mechano-
chemical matching, defined as the alignment between molecular reactivity and pathological
milieu as a major determinant of in vivo performance. Systems activated by fundamental
physicochemical properties of disease states, such as acidity, oxidative stress, or protease
activity, tend to exhibit more reproducible outcomes. In contrast, platforms dependent on
less stable or spatially variable stimuli may produce inconsistent results across models.
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Importantly, each polymer family offers a defined activation pathway that can be
tuned through composition, architecture, or crosslinking density. This design flexibility
may enable the prediction of behavior under patient-specific biochemical conditions and
provide a foundation for personalized formulation strategies. At a molecular level, re-
sponsiveness is governed by a limited set of recurring chemical motifs, including ionizable
carboxylate and amine groups enabling pH- and ion-dependent behavior; hydrolysable
ester backbones driving acid-accelerated degradation; redox-active thioethers mediating
oxidative destabilization; enzyme-cleavable glycosidic networks; and labile coordination
bonds in metal-organic frameworks. These motifs collectively define the physicochemical
design space of biodegradable polymer carriers.

4.4. Regulatory and Translational Challenges

Considerable heterogeneity among the included studies, encompassing animal models,
polymer architectures, dosing strategies, and outcome metrics, limits direct quantitative
comparability. Incomplete reporting of sample sizes, variance measures, and release
kinetics further constrains formal effect-size synthesis and necessitates a hybrid qualitative—
quantitative approach.

Translational extrapolation is additionally complicated by differences between animal
models and human pathological microenvironments. Although rodent models reproduce
major disease hallmarks, electrolyte composition, pH distribution, oxidative status, and
protease activity often differ from human tissues, potentially altering trigger responsiveness.

Future progress will require integration of mechanistic polymer design with experi-
mental models that better capture patient-level biochemical variability. Biomarker-guided
selection of responsive motifs, including protonatable groups, ion-sensitive crosslinks,
redox-labile bonds, and enzyme-cleavable backbones, represents a promising strategy to
align carrier behavior with disease-specific environments.

In summary, this analysis maps a coherent landscape of disease-linked polymer respon-
siveness but also highlights the need for standardized reporting, improved quantitative charac-
terization, and translational models that reflect clinically relevant biochemical conditions.

4.5. Limitations of the Study

Despite providing a comprehensive synthesis of microenvironment-responsive poly-
mer systems, this analysis has several limitations. Considerable heterogeneity among the
included studies, in terms of animal models, polymer architectures, dosing regimens, ad-
ministration routes, and outcome measures, limits direct quantitative comparability across
experiments. In addition, incomplete reporting of sample sizes, variance measures, pharma-
cokinetic parameters, and release kinetics in some studies constrained formal meta-analytic
effect size calculations and necessitated a hybrid qualitative-quantitative approach.

Translational extrapolation from animal models to human disease remains uncertain.
Although rodent models reproduce key pathological features, differences in electrolyte com-
position, pH distribution, oxidative status, immune responses, and protease activity may al-
ter trigger responsiveness in clinical settings. Furthermore, publication bias toward positive
findings in preclinical research may lead to overrepresentation of successful formulations.

Finally, the analysis focused exclusively on biodegradable polymer systems published
between 2020 and 2025 and indexed in major databases, which may exclude earlier foun-
dational work or studies reported in other sources. Therefore, the framework proposed
here should be interpreted as a contemporary evidence-based landscape rather than an
exhaustive representation of all possible responsive materials.
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5. Conclusions

Analysis of 65 preclinical in vivo studies identified non-random, disease-specific
clustering of biodegradable polymer systems according to dominant activation mechanisms.
Rather than being broadly interchangeable, polymer platforms tended to converge within
distinct pathological contexts, indicating that disease microenvironments impose strong
constraints on viable material designs.

Gastrointestinal inflammatory models were overwhelmingly associated with ionizable
polysaccharide-based and methacrylate carriers operating through pH- and ion-dependent
mechanisms, whereas enzyme-responsive hyaluronic acid systems were concentrated
in joint and cartilage pathologies characterized by protease overexpression. In contrast,
oxidative vascular disorders and solid tumors preferentially employed redox-responsive
polyether systems and coordination-chemistry-driven platforms, reflecting the central role
of reactive oxygen species in these conditions. Notably, composite and multi-responsive
carriers were disproportionately represented in disease settings known for spatial and
temporal heterogeneity, suggesting that robustness across fluctuating microenvironments
may require orthogonal activation pathways.

These findings indicate that therapeutic performance is associated not simply with
trigger compatibility but with the stability and dominance of specific biochemical cues
within each disease. Pathologies with relatively uniform activation signals tend to favor
single-mechanism systems, whereas complex or evolving microenvironments are more
frequently addressed by hybrid architectures capable of maintaining functionality despite
local variability.

By consolidating these recurrent associations into a polymer-trigger—disease frame-
work, this study provides a practical basis for disease-calibrated formulation selection.
Polymer choice may therefore be guided by the dominant microenvironmental drivers of
the target pathology rather than by empirical material preference. Such an approach has
direct implications for translational development, as alignment between carrier responsive-
ness and disease biology is likely to influence reproducibility and clinical viability.

Collectively, these findings suggest that, unlike platform-based pharmaceutical formu-
lation, effective experimental drug-delivery systems exhibit disease-dependent material
selection patterns. Incorporating pathological context into carrier choice may therefore
support more rational and potentially personalized formulation strategies.

This framework may serve as a preliminary decision-support tool for selecting polymer
carriers in personalized formulation development.
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EPR enhanced permeability and retention
HA hyaluronic acid

IBD inflammatory bowel disease

MMP matrix metalloproteinase

MOF metal-organic framework

PEG poly(ethylene glycol)

PEG-PPS  poly(ethylene glycol)-block-poly(propylene sulfide)
PLA poly(lactic acid)
PLGA poly(lactic-co-glycolic acid)

ROS reactive oxygen species
Tg glass transition temperature
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Abstract

Porphyria cutanea tarda (PCT) is a disorder of hem biosynthesis resulting from a decreased activity of the
uroporphyrinogen decarboxylase enzyme. Hem precursors are accumulated in the blood, liver and skin. Inherited and
acquired factors also contribute to the pathogenesis of PCT. Hem precursors and porphyrins are excreted with urine
and faeces.

Whole blood of 8 PCT patients and 6 volunteers of Caucasian origin were analysed. In addition to routine
laboratory measurements, 19 elements (Al, B, Ba, Ca, Cd, Co, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, S, V, Zn) were
determined by means of inductively coupled plasma optical emission spectrometry (ICP-OES).

Mg, P and S concentrations in whole blood were decreased significantly (p <0.05), whereas Ba was increased in PCT
patients compared to controls. Metabolic alterations are reflected in the correlation of parameters. Positive
correlations were found between the element pairs of Zn—Al, Zn—-Mg, Zn—-Mn, B-S, Fe-Mg, K-P, Mg-Mn for PCT
patients, whereas in the control group Al-Mn, Ca—Cu, Ca—Na, Cu—Mg, Fe-K, Mg-Na, Zn-P showed positive
correlations.
© 2005 Elsevier GmbH. All rights reserved.

Keywords: Porphyria cutanea tarda (PCT); Major and trace elements; ICP-OES

accumulation of UROs and heptacarboxylporphyrin
mainly in the liver and skin [1]. Erythrocyte UROD
activity is normal in the sporadic form of PCT. UROD
activity was found to be reduced in tissues (skin,
erythrocytes, liver) in familial PCT. The enzyme defect

Introduction

Porphyria cutanea tarda (PCT) is a common form of
porphyria. PCT is differentiated from porphyrias by
clinical (skin lesion) and biochemical (high uroporphyr-

in (URO) level in blood, urine and faeces) parameters.
PCT is a human metabolic disorder, determined by
acquired or genetic factors. This disease is characterized
by the strongly decreased activity of the enzyme
uroporphyrinogen decarboxylase (UROD), and the
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is inherited as autosomal dominant. Alcohol consump-
tion, virus infections, hepatotoxic chemicals, hepatic
siderosis, estrogens and drug abuse determine clinical
manifestations of PCT [2,3].

Excess URO production in the liver associated
with consumption of alcohol and moderate iron over-
load causes skin lesions in the PCT patients. The lesions
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are more pronounced in summer and in sunny
climates [4].

Excessive porphyrinuria with dominance of URO is
one of the indicators in PCT. [6]. Therapeutic phlebot-
omy reduces the iron load and the UROs [5]. In most
cases, PCT is associated with high iron levels in the liver;
and the excess iron may cause decreased activity of
UROD. Transferrin receptor polymorphism may influ-
ence the affinity of this receptor to its ligand with a
subsequent increase of cellular ion absorption and
storage [6]. The resolution of the cutaneous manifesta-
tions and porphyrin overproduction with venesection is
associated with the normalization of hepatic UROD
activity in sporadic PCT [7].

Element concentrations in the blood of phleboto-
mized PCT patients have not been determined so far.
Therefore, the concentrations of 19 major and trace
elements were determined in whole blood samples of
PCT patients.

Materials and methods
Materials

Alcohol and acetic acid were purchased from Merck
(Darmstadt, Germany). The “Porphyrin Acids Marker
Kit” was from Porphyrin Products Inc. All other
chemicals were of the highest purity grade available
and were obtained from Reanal, Budapest.

Subjects and samples

Eight male PCT patients of Caucasian origin (average
age: 62+ 13 years) were examined. The diagnosis of PCT
was based on the results of blood and urine analyses.
The control group consisted of 6 male Caucasian
volunteers (average age: 43+ 13 years).

Routine clinical parameters were determined in serum
directly after the sampling of blood. Determinations in
urine were carried out in urine collected within 24 h.
Whole blood samples were kept in a freezer (—20°C)
until sample preparation for inductively coupled plasma
optical emission spectrometry (ICP-OES) measure-
ments.

All procedures were in accordance with the ecthical
standards formulated in the Helsinki Declaration of
1975 (revised 1983), permission number: IKEB 5/2003.

Clinical parameters

Routine clinical parameters were measured by using
an Olympus AU-600 and a Roche/Hitachi MODULAR
instrument (nr = normal range): aspartate aminotrans-
ferase (AST) (nr: 0-35U/L), alanine aminotransferase

(ALT) (nr: 0-43U/L), gamma-glutamyltransferase
(GGT) (nr: 7-47U/L), and alkaline phosphatase
(ALP) (nr: 98-279 U/L) enzyme activities, serum trigly-
cerides (TG) (nr: 0.6-1.7 mmol/L), high-density lipopro-
tein (HDL-CHOL) (nr: >1.45mmol/L), low-density
lipoprotein (LDL-CHOL) (nr: <4.0mmol/L), choles-
terol (CHOL) (nr: 3.2-52mmol/L), iron (nr:
6.0-27.0 umol/L), transferrin (nr: 2.1-3.8 g/L), ferritin
(nr: 30-400 ng/m). Hemoglobin (HGB) (nr: 13.5-17.5g/
dL) was determined with a Cell-dyn Haematological
Automate. The Laboratory parameters were measured
with Randox (Ardmore, UK) and Roche (Mannheim,
Germany) kits.

Urinary porphyrin

Urine was collected and kept in dark bottles for 24 h
at 4°C. The concentration of uro- and coproporphyrins
was measured by the method of Westerlund [8].

Sample preparation

For element determinations, the whole blood samples
(weight ranges: 1.5-2.0g) were digested with a mixture
of HNO; (7mL) and H,O, (2mL) in Parr bombs. After
digestion, the samples were diluted to 25mL with
deionized water [9].

Element determinations

Since most elements are intracellular, serum samples
do not show the relevant element status. Therefore
element concentrations were determined in whole blood
by ICP-OES with an Atom Scan25 (Thermo Jarrell Ash)
instrument, a sequential spectrometer. The following 19
elements were determined: aluminium (Al), boron (B),
barium (Ba), calcium (Ca), cadmium (Cd), cobalt (Co),
copper (Cu), iron (Fe), potassium (K), lithium (Li),
magnesium (Mg), manganese (Mn), molybdenum (Mo),
sodium (Na), nickel (Ni), phosphorous (P), sulfur (S),
vanadium (V), zinc (Zn).

Three times 3s integration time, blank subtraction
and background correction were applied during the
measurements. The working solutions for calibration
were made by diluting ICP standards from Merck
(Darmstadt, Germany).

The method was optimized for all elements and the
recovery was between 90.6% (phosphorus) and 116.2%
(boron) [10,11].

Statistical analysis

Summary statistics (n, mean, standard deviation,
correlation coefficient) were calculated. The changes
between control and patient groups were analysed using
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t-test. A probability value of 0.05 or less was considered
significant. Statistical analysis was performed with
STATISTICA 6.0 software.

Results

Tables 1-3 show the clinical parameters for PCT
patients and controls. Most of the parameters did not
differ significantly between the PCT and the control
group. The amount of porphyrins in urine increased, the
main component was URO. Twenty-four hours urinary
porphyrins were between 45 and 500 nmol.

The evaluation of the data showed that serum Fe
concentrations were changed together with ALT
(r = 0.84) in the phlebotomized PCT patients (p <0.05)
but not in the control group.

The detection limits and results of element determina-
tion in whole blood of patients with PCT are shown in
Table 4. The detection limits were calculated from the
detection limits of the instrument, the weight of the
blood samples and the final volumes. The concentra-
tions of Cd, Co, Li, Mo, Ni and V were below detection
limit, therefore, they were omitted from the table.

Blood Ba, Al, B and Ca levels in the PCT group were
increased compared to the control group, and the Al
and B levels in the PCT group were also higher
compared to normal values. In the case of Mn, Zn, P,
Mg, K and S, the results were below the concentrations
determined in the control group and normal values.

The blood element concentrations from PCT patients
were compared statistically with those of the controls.
Significant differences (p<0.05) between the groups
were observed for the elements Ba, B, Mg, P and S.

Since the metal ion metabolism is changed in the
disease, the correlations between different elements are
also altered. The exception is the correlation between
Al-Mn (r =0.96; 0.99) in both the control and the
phlebotomized PCT group. Positive correlations were
found in phlebotomized PCT patients for Al-Mg
(r=0.89), Al-Zn (r=0.77), B-S (r =0.84), Fe-Mg
(r=10.79), K-P (r = 0.88), Mg-Mn (r = 0.87), Mn—Zn
(r=0.78), Mg—Zn (r = 0.78) and in controls for Ca—Cu

Table 1. Liver parameters (mean 4+ SD) of porphyria cutanea
tarda (PCT) patients compared to the control group

PCT (n = 28) Controls (n = 6)
AST (U/L) 36.25+16.73 29.66+4.96
ALT (U/L) 36.50+26.54 21.00+7.32
GGT (U/L) 50.50+21.91 24.00+9.26
ALP (U/L) 230.00+101.60 161.83+52.30

AST, aspartate-aminotransferase; ALT, alanine-aminotransferase;
GGT, gamma-glutamyltransferase; ALP, alkaline phosphatase.

Table 2. Lipid parameters (mean + SD) of porphyria cutanea
tarda (PCT) patients compared to the control group

PCT (n=239) Controls (n = 6)
CHOL (mmol/L) 4.48+1.04 4.4240.30
TG (mmol/L) 1.034+0.44 1.02+0.43
LDL-CHOL (mmol/L) 2.694+0.82 2.3940.35
HDL-CHOL (mmol/L) 1.314+0.54 1.3940.35

CHOL, cholesterol; TG, triglycerides; LDL-CHOL, low density
lipoprotein; HDL-CHOL, high density lipoprotein.

Table 3. Iron metabolism parameters (mean+SD) of por-
phyria cutanea tarda (PCT) patients compared to the control
group

PCT (n=28) Controls (n = 6)
HGB (g/dL) 15.22+1.77 14.37+£26.05
Iron (umol/L) 27.83+8.06 20.05+8.99
Transferrin (g/L) 2.43+0.31 2.78+0.15
Ferritin (ng/mL) 150.05+123.99 76.41+13.03

HGB, hemoglobin.

Table 4. Results of element determinations (mean+SD) in
whole blood of phlebotomised PCT patients and controls as
well as detection limits

Control (n = 6) PCT (n =38) Detection limit
(ng/g) (ng/g) (ng/g)
Al 0.658+0.313 2.748 +1.169 0.1
B 0.657+0.493 2.402+1.04 0.02
Ba 0.013+0.005 0.108+0.048* 0.002
Ca 53.64411.89 66.41426.79 0.002
Cu 0.738+0.159 0.706+0.130 0.01
Fe 530.4451.7 483.824+51.18 0.01
K 17904183 1542.74 +225.06 0.5
Mg 41.37+6.15 32.52+5.96* 0.0025
Mn 0.105+0.071 0.039+0.015 0.005
Na  2323.004+160.00 2270.01+139.09 0.05
P 329.60+18.31 297.22 +24.48* 0.25
S 1501 +83 1319.70+145.49* 0.25
Zn 7.854+0.99 6.794+1.78 0.001

*Significant difference vs. controls.

(0.83), Ca—Na (r=0.86), Cu—Mg (r=0.90), Fe-K
(r = 0.85), Na-Mg (r = 0.86), Zn—P (r = 0.94).

Discussion and conclusions

Mainly URO accumulation causes the photoderma-
tosis and Fe overload increases the lipid peroxidation in
cutaneous symptoms. The lower concentration of Zn



220 M. Dinya et al. / Journal of Trace Elements in Medicine and Biology 19 (2005) 217-220

and the significantly low concentrations of Mg, S and P
in whole blood may contribute to the cutaneous reaction
— skin fragility, blisters on the area exposed to the sun —
in PCT; therefore further investigations are required to
elucidate the relations between the elements.

The concentrations of Al and B are relatively high in
PCT compared to the control and the normal values
(n.r.<0.2ug/g). Although the Ba concentration was
significantly higher in PCT patients than in the controls,
this concentration is similar to the normal value.

Correlations were found between the concentrations
of Al and Mn (r = 0.96; 0.99) both in the control and
the phlebotomized PCT group, whereas the other
element correlations in the control group changed.
Similarly, altered correlations were found in other
diseases, e.g. in IBD, in which totally different correla-
tions were observed, e.g. positive correlations for AI-Cu
and Fe—Cu [12]. The similarity of the two diseases is the
positive correlation between the concentrations of Al
and Zn, and of Fe and Mg.

Phlebotomy, although having been proved to be the
proper treatment supported by the clinical data, does
not modify efficiently the metal-ion components in the
whole blood of the patients.
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Abstract

Our earlier studies have shown that some steroids increase myeloperoxidase enzyme (MPO) release from human granulocytes, and that
MPO plasma levels are significantly lower in postclimacteric people. Moreover, we have proven that MPO inhibits production of atherogenic
free radical superoxide anion and MPO-inhibitors increase superoxide release. The aim of the present study was to investigate the effect of
MPO-inhibitors on the early phase of aortic atherosclerosis, namely the extent of intimal plaques and the thickening of the medial layer.
Adult male rabbits were fed with lipid rich food (cholesterol: 1.3%, peanut oil: 8%) for 8 weeks. During this period MPO-inhibitors were also
given (4-aminobenzoicacid-hydrazide/ABAH/-13.3 mg/kg/day or indometacin-5 mg/kg/day). All animals developed intimal lipid plaques
(raised fatty streaks). The relative plaque-covered areas of the aortas were compared and the media thickness of the aorta was measured on
plaque-free as well as plaque-containing areas. The medial smooth muscle density and peroxidase activity of the aortic media were also
determined. The media thickness increased (p <0.05) in the cholesterol+ ABAH as well as in the cholesterol +indometacin groups up to
375.7 (£60.5) and 442.5 (+123.4) um, respectively, compared to the control group (cholesterol feeding alone) where it measured only
308.4 (£51.67) um. The medial peroxidase activity decreased significantly in the indometacin treated group and showed a decreasing
tendency using ABAH. In parallel to this there was a tendency of increase in the relative plaque covered areas. The smooth muscle density
showed no significant modifications, while inhibitors of the MPO seemed to enhance aortic medial thickness, i.e. the grade of a pre-
atherosclerotic lesion, in our animal model. Collectively, the anti-atherogenic effect of certain steroid hormones might be realized through
the impact on MPO activity.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Myeloperoxidase; Myeloperoxidase inhibitors; Cholesterol fed rabbits; Media thickness; Atherosclerosis

1. Introduction

The degradation of toxic byproducts of aerobic respir-
ation produces excess hydrogen peroxide (H202), which is,
in turn, destroyed by heme proteins known as peroxidases.

* Corresponding author. Tel.: +36 1 317 4548; fax: +36 1 266 0816.
E-mail address: bekesig@invitel.hu (G. Békési).

0531-5565/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.exger.2004.12.004

Peroxidase reduces H202 to water while oxidizing a variety
of substrates. Myeloperoxidase is the best caracterized
enzyme in animal and human tissues, it is abundantly
secreted from activated phagocytes. MPO catalyzes the
oxidation of halide ions to hypohalous acids at the expense
of hydrogen peroxide. Other MPO—Ilike enzymes, posses-
ing a peroxidase activity are widely distributed in different
tissues. The biological consequences of these reactions
in vivo are still unclear.
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In most of the previous publications the higher level of
MPO was connected to enhanced free radical production
and greater exposure to atherosclerosis, thus, it has been
known to possess a prooxidant, i.e. atherogenic ability
(Mohacsi et al., 1996; Dougherty et al., 1994). The presence
of the enzyme in atherosclerotic lesions also backs up this
view (Dougherthy et al., 1994; Heinecke, 2002).

However, other authors argue that increased MPO
activity also contributes to the termination of the free
radical production through inactivation of NADPH-oxidase
enzyme, generating superoxide anion (Jandl et al., 1978;
cited by Feher et al., 1987).

Some in vitro and in vivo data ascribing a significant role
for certain steroids in the regulation of granulocyte MPO
enzyme activity and release are already known. Estrogen
had been demonstrated to enhance the myeloperoxidase
activity in human polymorphonuclear leukocytes (Jansson,
1990). Estrogen replacement therapy in postmenopausal
women also increased MPO activity and release from
neutrophils (Bekesi et al., 1997). Testosterone and pre-
dnisolone treatment seemed to have such an effect, too
(Bekesi et al., 2001a). We also proved a physiologically
decreasing-with-age plasma concentration of MPO in both
genders (Bekesi et al., 2001a).

Certain steroids show superoxide inhibiting capacity
(Bekesi et al., 2000). However, other steroid compounds do
not have such a property (Bekesi et al., 2004). MPO
inhibitors abolished even the steroidal antioxidant effect
(Bekesi, 2001a).

Oxygen derived free radicals such as superoxide anion
are responsible for LDL-oxidation, the highly important key
factor in atherogenesis (Babior, 2000). Although the free
radical superoxide anion is reactive only to a limited degree,
it also induces peroxidatic changes in lecithin-cholesterol
membranes (Seligman et al., 1979) and can be transformed
into other more reactive oxygen intermediates, so it is of
great importance. By cooperating with hydrogen peroxide,
superoxide anion can produce hydroxyl radical and singlet
oxygen, which are the proximate causes of lipid peroxi-
dation (Kellogg and Fridovich, 1977). Beyond the oxidative
role of superoxide anion it is also a vasoconstrictor (Das,
1992) and significantly stimulates vascular smooth muscle
cell proliferation in aortic explant of rats (Cathapermal
et al., 1998). By neutralizing the vasodilator nitric oxide
(NO) superoxide anion produces peroxynitrite, which also
oxidizes the lipoproteins, decomposes to highly reactive
species (Van Der Vliet et al., 1994) and contributes to the
loss of cardiac efficiency in animal heart (Ferdinandy et al.,
1999).

A plasma membrane-associated NADPH oxidase is
present not only in neutrophils but also in endothelial
cells, vascular smooth muscle cells and fibroblasts and
seems to be the most important source of superoxide anion
in the vessel wall (San José et al., 2004).

In a recent study we demonstrated that adding MPO to
separated neutrophils results in decreased release of free

radical superoxide anion from these cells (Bekesi et al.,
2001b). MPO inhibitors, on the other hand, have been
proven to enhance the superoxide anion production of
neutrophil granulocytes (Bekesi et al., 2001a). MPO-
deficient mice are known to develop severe atherosclerosis
(Brennan et al., 2001a).

Returning to the previously mentioned harmful features
of superoxide anion and to the superoxide inhibiting ability
of certain steroids, the explanation is clear that estrogen, and
perhaps other steroid compounds, are able to inhibit smooth
muscle cell proliferation and thereby, among other things,
temper with the extent of damage to the vascular wall.
Hormone deficiency related to menopause, by means of the
deficient steroidal effect—in our opinion also because of a
reduction in the enhancing effect towards the MPO
enzyme—may therefore justifiably lead to an increase in
intima-media thickness providing a degree of pre-clinical
atherosclerosis. Several statements published in this subject
area conform to the contents of this chapter: early
menopause is associated with increased sub-clinical athero-
sclerosis [intima-media thickness] (Mack et al, 2004).
Several outstanding publications also deal with estrogen’s
anti-proliferating nature for smooth muscle cells (Dai-Do
et al, 1996; Joswig et al, 1999; Espinosa et al, 1996). In the
knowledge of inhibition by estrogen on production of
superoxide anion, with its proliferating effect, this seems to
have a biochemical basis.

4-Aminobenzoic acid hydrazide (ABAH) is a specific
MPO inhibitor (Mytar et al., 1999). MPO oxidizes ABAH to
aradical that reduces the enzyme to its ferrous intermediate.
Ferrous MPO reacts either with oxygen to allow enzyme
turnover, or with hydrogen peroxide to give irreversible
inactivation (Kettle et al., 1997). Indomethacin has also been
known to be a strong MPO inhibitor. It directly inhibits the
chlorinating activity of the enzyme (Shacter et al., 1991).

Feeding rabbits with cholesterol-rich food for several
weeks has been considered an appropriate method for
developing atherosclerotic plaques in the vessel walls of the
animals and for investigating the pathogenetic impact of
free radicals on atherogenesis (Heinle, 2002). Ultrasono-
graphy has been applied recently to detect the early stage of
atherosclerosis. The thickened intima-media is associated
with an increased cardiovascular risk (Bots et al., 1999;
Salonen et al., 1991; Kadar et al. 1999).

Accordingly, in the present study we planned to test the
effect of MPO-inhibitors ABAH and indomethacin on aortic
atherosclerosis and medial thickness. We used an exper-
imentally induced atherosclerosis model in rabbits, which
disclosed alterations corresponding to an early phase
atherosclerosis in humans.

2. Methods

New-Zealand white male adult rabbits were fed with lipid
rich food (cholesterol: 1.3%, peanut oil: 8%) for 8 weeks.
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During this period the animals were also given orally
administered MPO-inhibitors (4-aminobenzoicacid-hydra-
zide/ABAH/ 13.33 mg/kg/day, or indometacin 5 mg/kg/day)
in parallel with the only cholesterol-fed control group (n=
S/group). No data are available in the literature on the in vivo
administration of ABAH. Effective concentrations used in
our previous in vitro experiments were extrapolated to the
extra-cellular volume of the animals. In vivo dosage of
indomethacin, on the other hand, is well known and
established in animal experiments. In terms of size, the
quantity of all daily indomethacin given to our experimental
animals is close to the maximum dose allowable therapeuti-
cally under human conditions (mg/kg/day).

2.1. Histochemical staining

Rabbits were killed by intravenously administered
sodium pentobarbital overdose. The aorta was dissected
and opened longitudinally from the end of the aortic roots to
the iliac bifurcation, then pinned on boards and fixed in 4%
buffered formalin.

The intimal plaques were stained red with Sudan stain for
lipids, then the aortas were photographed using a digital
camera (Nicon Coolpix 4500).

After this aortic segments were rolled up and embedded
in OCT(Optimal Cutting Temperature Compound; 10.24%
polyvinyl alcohol, 4.26% polyethylene glycol, 85.5% non-
reactive ingredient; Miles Inc. Elkhart, IN, USA) then
frozen at —22 °C. These specimens were sectioned 10 pm
thick, proceeding deep enough so the entire length of the
aorta segment could be viewed in a spiral configuration.
This technique allows perpendicular cuts on longitudinally
oriented aortas. For medial thickness and cell density
measurements sections were stained with hematoxylin.

To measure the peroxidase activity, adjacent frozen
tissue sections were further processed. Under a dissecting
microscope aortic wall segments were dissected from these
slides using sharp blades. All collected aortas were placed
on a single, wet silane coated microscope slide (previously
treated with a 2% solution of 3-aminopropyltriethoxy-silane
in acetone; SIGMA A-3648) and dried. This allowed us to
measure the peroxidase activity of all the collected aorta
segments in a single assay (microarray technique). The
peroxidase reaction was performed by immersing the slide
in a diaminobenzidine tetrahydrochloride (DAB, VIEW
Ventana, Tucson, AZ 85737) solution containing hydrogen
peroxide for 20 min (10 ml TRIS buffer, pH 8.2; 6 mg DAB;
and 20 ml of 6% hydrogen peroxide). The slide was then
covered by an aqueous mounting medium (DAKO Ultra-
mount S1964).

2.2. Morphometry and image analysis
The pictures of the Sudan stained intimal aspects of the

aortas were analysed by measuring their total surface and
the red stained plaque covered areas (Scion Image for

Windows version Beta 4.0.2 free software). The percentage
of plaque area was calculated (Fig. 1(a)).

On hematoxylin stained slides, proceeding from the
proximal toward the distal end of each aorta, measurements
were made at the first lipid plaque encountered and at the
segment with intact intima immediately next to it
(Fig. 1(b)). Measurements were performed by capturing
images of media below the lipid plaques and below the
normal intima. The final magnification used was 200. For
medial thickness three measurements for each site were
averaged (Scion Image software). In rabbits, the normal
intima viewed by a light microscope consists only of a thin
endothelial layer. Because of the highly variable thickness
of plaques, we did not investigate the intimal plaque
thickness.

The same software was used to count the number of
medial smooth muscle cells. Images were density-sliced,
and the nuclei were identified as dots greater than 8 pixels.
Areas of medial segments were measured directly by
manual highlighting. The medial smooth muscle cell
density was calculated by dividing the number of nuclei
by corresponding medial areas.

The peroxidase activity of the aortic media was measured
on the tissue microarray slide. The technical setup included
an Olympus BX-50 microscope equipped with an Olympus
DP70 digital camera and corresponding software which
allowed the capture of images of identical intensities. The
brownish DAB reaction was quantified after white and black
conversion (Adobe Photoshop 5.0 LE software) by optical
densitometry, using the same threshold values throughout
(Scion Image software). The mean optical densities of the
groups were compared.

2.3. Statistical analysis

During evaluation of the media thickness and plaque
proportion data Fisher-exact test was used (comparing
control and ABAH or indometacin data and creating
contingency tables). In the case of media-site results and
peroxidase activity data the median-test was also applied.
Smooth muscle density outcomes were also assessed by the
Fisher-test. The Kruskal-Wallis ANOVA test and Mann—
Whitney U post-hoc test with a-correction were applied for
comparison of all media thicknesses (plaque-free and
plaque-containing), controls, ABAH and indometacin data
used. The level of significance was set to p<<0.05. All
results were expressed as means +SD.

3. Results

The percent proportions of plaque sites to the whole
surface area of aortas showed a tendency to increase after
treatment with MPO inhibitors, however, the differences
from controls were not significant. Control: 39.8 +25.7%;
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Fig. 1. (a) Intimal aspects of the thoracic and abdominal aorta stained with Sudan to highlight the lipid content of plaques. Images were converted to black and
white (upper picture) The aorta was analyzed by measuring the total surface and the red stained plaque covered area, then the percentage of plaque area was
calculated. (b) Aortic intimal plaque above an eosinophilic media from a cholesterol-fed (control) rabbit (L =1lumen). The lower, fibrotic layer is the adventitia

(A). M=media. Arrows indicate the intimal plaque. Hematoxylin—eosin 200 X.

ABAH: 40.44+28.6% (p=0.64); indometacin: 52.5+
18.1% (p=0.24).

Aortic media thickness of animals treated with MPO
inhibitor ABAH or indometacin showed a significant
increase in comparison with data of control animals in
both plaque-free and plaque-containing sites of vessels.
Plaque-free area: control group (cholesterol feeding alone):
308.4£51.67 um; cholesterol+ABAH: 375.7+60.5 um,
p <0.05; cholesterol +indometacin: 442.5+123.4 um, p <
0.05. Plaque-containing area: control group (cholesterol
feeding alone): 349.94108.4 um; cholesterol+ ABAH:
438.5+56.7 pum, p<0.05; cholesterol+indometacin:
469.94122.3 um, p<0.05 (values are averages +=SD and
represented in Figs. 2 and 3). Comparing all (plaque-free
and plaque-containing areas) of control, ABAH and
indometacin data, a marked difference was also found
between control and treated groups, p <0.05. No significant
differences were established between the two MPO
inhibitors’ effect (p=0.328). Although mean media thick-
ness data from plaque-containing areas were higher in all
three groups, the differences from plaque-free areas in the
same study group were not significant (p=0.1).

In case of smooth muscle density no significant
changes were detected after treatment with MPO inhibitors.
Plaque-free area: control group (cholesterol feeding alone):

15.3+3.8; cholesterol+ABAH: 16.8 +3.8, p=0.24; cho-
lesterol +indometacin: 13.9+ 1.6, p=1. Plaque-containing
area: control group (cholesterol feeding alone): 19.4+7.1;
cholesterol+ ABAH: 17.9+3.2, p=1; cholesterol +indo-
metacin: 14.6+4.5, p=0.49 (values are mean nuclear
numbers/100 pm?* =+ SD as shown in Fig. 4).

Feeding animals with the MPO inhibitor indometacin
resulted in significant decrease of peroxidase activity of
plaque free vessel walls. Control: 39.8 7.5, indometacin:
29.343.8; p<0.05. Although after treatment with ABAH
we also found a decreasing tendency in mean values of
peroxidase activity (ABAH: 34.4+2.8; p=0.41), it did not
reach statistical significance (Figs. 5 and 6).

4. Discussion

The above findings might be considered a direct
continuation of our previous studies published recently,
according to which the important antioxidant effect of
steroid hormones may be at least partly related to their
impact on the MPO metabolism of human neutrophil
leukocytes (Bekesi et al., 1997, 2000, 2001a,b). MPO may
influence endothelial function, and hereby media thickness.
Inhibition of MPO or of peroxidase enzyme activity of



G. Békesi et al. / Experimental Gerontology 40 (2005) 199-208 203

Fig. 2. Light microscopic images of aortic walls from representative animals of the different study groups. (a and b) cholesterol +indometacin, (¢ and d)
cholesterol + ABAH and (e and f) only cholesterol-fed (control) rabbits. In (a, c, €) segments with intact, barely visible intima and in (b, d, f) adjacent segments
with intimal plaques are shown. There is a medial thickening below the intimal plaques compared with the intact intima, and a thickening of the media induced
by MPO inhibitors could also be detected. Hematoxylin 200X. L, lumen; M, media; A, adventitia. Arrows indicate the intimal plaque.

medial smooth muscle cells could directly induce cell
proliferation. Our findings favor this hypothesis because
after the administration of MPO inhibitors peroxidase
activity decreased in the aortic media even in plaque
free sites, parallel to which a significant thickening of
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Fig. 3. Aortic media thickness of control (cholesterol-fed only) and ABAH
or indometacin treated animals in plaque-free or plaque-containing areas.
Data are means + SEM. *p < 0.05.

the media in both plaque-free and plaque-containing areas
occurred.

As treatment with MPO inhibitors increased aortic media
thickness without changing the smooth muscle density,
smooth muscle cell proliferation with proportional
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Fig. 4. Aortic media smooth muscle density of control (cholesterol-
fed only) and ABAH or indometacin treated animals. Data are means &
SEM.
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Fig. 5. Peroxidase activity of aortic vessel walls of control (cholesterol-fed
only) and ABAH or indometacin treated animals. Data are averages of the
mean optical densities (MOD) of the aortic media (£ SEM) and reflect
accumulations of peroxidase reaction products. *p < 0.05.

extracellular matrix accumulation might be the basis of this
finding.

The results of the present work support the hypothesis
that MPO or the peroxidase activity in general could have
certain free radical inhibiting effects. Several contradictory
data have been published in the literature regarding the role
of MPO in the regulation of free radical production and its
consequences in relation to human health. MPO generated
oxidants have been considered to be of great importance in
the pathogenesis of atherosclerosis (Wieland et al., 1993;
Santanam and Parthasarathy, 1995; Podrez et al., 2000).
MPO generates modified-oxidized lipoproteins via inter-
mediate formation of hypochlorous acid (HOCL). In vitro
generation of HOCL transforms lipoproteins into high
uptake forms for macrophages giving rise to cholesterol-
engorged foam cells. The colocalisation of immunoreactive
MPO and HOCL-modified-LDL epitopes in serial sections
of human atherosclerotic lesions provides further evidence
for MPO-H202-halide system-mediated oxidation of
lipoproteins under in vivo conditions. MPO could act as
an important link between the development of athero-
sclerotic plaque in the artery wall and chronic inflammatory
events (Dougherthy et al., 1994; Malle at al., 2000).

L

According to Zhang et al. (2001) elevated levels of
leukocyte and blood MPO are associated with coronary
artery disease. Kutter et al. (2000) presented a protective
effect of MPO deficiency against cardiovascular damage.
Brennan et al. (2003) attributed a predictive role of elevated
MPO levels to acute myocardial events. In their in vitro
study McNally (1996) did not find any alterations in
lucigenin chemiluminescence (marker of superoxide pro-
duction) of MPO-deficient human neutrophils. According to
several studies the MPO inhibitor indometacin seems to
have a protective role against atherosclerosis (Dhawan et al.,
1992; Jerlich et al., 2000).

Poliakov and Hazen found that free radical-induced
peroxidation promoted by the MPO/H202 system of
leukocytes serves as one mechanism for the generation of
isolevoglandins (oxidative products of arachidonate-con-
taining lipids and markers of oxidant stress in Vvivo;
Poliakov et al., 2003). Kumar et al. (2004) present
atherosclerosis as an alteration in which MPO is involved.
Shishehbor et al. (2004) display myeloperoxidase in their
work as a promising marker of cardiovascular diseases.
The pseodohalide thiocyanate (high levels of it are found in
plasma of smokers-risk group for cardiovascular disease)
has been shown to be a suitable substrate for MPO, forming
reactive oxidant, which acts as a catalyst of atherogenic
modification of LDL (Exner et al., 2004). Data of Stocker
et al. (2004) indicate that the principal product (hypohalous
acid) of MPO imparts a defect in endothelial nitric
oxide production due to a reduction in nitric oxide synthase
dimer stability.

MPO has a catalyzing role in the production of several
free radicals (hypochlorite anion, nitrogen dioxide, tyrosyl
radicals formed with the involvement of hydrogen peroxide
and made up of tyrosin, and dityrosine—the tyrosyl radical
addition product). Relevant findings suggest that generation
of the tyrosyl radical by means of myeloperoxidase allows
activated phagocytes to damage both proteins and lipids
(Heinecke, 2002). On the other hand, according to other
authors MPO-dependent formation of NO-derived oxidants,
and not tyrosyl radical, appears to serve as a preferred

L

Fig. 6. Peroxidase activity reflects a difference in intensity of the brownish staining of aortic walls from a: control (cholesterol-fed only) versus b: cholesterol +

indometacin-fed animals. Light microscopic image of DAB staining under the same reaction conditions (bar=100 pm). L, lumen; M, media; A, adventitia.
Arrows indicate the intimal plaque.
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pathway for initiating lipid peroxidation and promoting
oxidant stress in-vivo (Zhang et al, 2002). Furthermore,
other results indicate that hypochlorite, and not nitrogen
dioxide, generated via MPO activity, could represent one of
the pathways for generation of advanced oxidation protein
products in plasma proteins exposed to activated phagocytes
(Capeillere-Blandin et al, 2004).

Other authors demonstrated increased oxygen con-
sumption and augmented superoxide anion generation in a
group of patients with MPO-deficiency (Badwey and
Karnowsky, 1980; Klebanoff et al., 1980). The MPO
inhibitor sulphite in micromolar concentrations exerted a
stimulating effect on the superoxide anion production of
human neutrophils in an extracellular manner (Mishara
et al.,1995). Nyberg showed a stimulated lucigenin
response (marker of superoxide production) by another
MPO inhibitor azide (Nyberg and Klockars, 1990).
According to Dima et al. (1996) superoxide is accumu-
lated due to the MPO blockade by inhibitor azide. Further
information seeming to support our working hypothesis is
provided by Podrez and Hazen: modification of high
density lipoprotein (HDL) with an MPO-generated tyrosyl
radical system enhances the ability of this lipoprotein to
support reverse cholesterol transport (Francis et al, 1993;
Podrez et al, 2000; Wang et al, 1998). By enhancing
transport of cholesterol to the liver from the periphery, or
by oxidation of bio-molecules, tyrosyl radical may have a
role both in the reduction or proliferation of vascular wall
cellular elements, and thereby in media thickness.

Beyond these observations the most supportive publi-
cation in respect to our present work is the study of
Brennan and colleagues (2001a), who described increased
atherosclerosis in MPO-deficient mice. Furthermore, in
the central nervous system of wildtype mice MPO is
present in invading macrophages that produce reactive
oxidants which are thought to be cytotoxic to the
oligodendrocytic myelin sheath, yet contrary to expec-
tations, the lack of MPO in MPO-KO mice significantly
increased the incidence of experimental autoimmune
encephalomyelitis, representing another free radical
mediated disorder in which MPO may have a protective
role (Brennan et al., 2001b).

Indomethacin inhibits not only MPO but the cyclo-
oxygenase enzyme (COX), i.e. acts as a brake on synthesis
of prostaglandins, known to be mitogenic in certain tissues
(Nitta et al, 1991; Vane et al., 1998), and this may render its
effect mechanism more complex. Despite the anti-inflam-
matory effect in relation to COX inhibition and the
decreasing effect on production of mitogenic prostaglan-
dins, however, in our study indomethacin also increased
media thickness, similarly to ABAH. This is in conformity
with the results of our earlier work (Békési et al., 2001a),
where both MPO inhibitors used behaved as prooxidants.
Even then we selected two enzyme inhibitors with different
effect mechanisms so that we could link the results with
MPO inhibition.

There are different types and species of peroxidase
enzymes. Although they are similar in terms of general
structure (favouring a common evolutionary origin), it is
still possible to find many discrepancies among them. The
literature refers to animal peroxidases as myeloperoxi-
dase-like peroxidases. Two species belong to this family:
one is myeloperoxidase, found in humans and dogs, the
other is recorded in sheep and mice. Plant, fungal and
bacterial peroxidases belong to the cytochrome C
peroxidase-like family, which includes six further species
(Dawson, 1988; Welinder, 1992). In the course of our
work we used the known inhibitors of the human
myeloperoxidase enzyme in rabbits. We do not have
any data on the exact sub-group in which we may classify
the peroxidase enzyme found in the vascular walls of
these animals.

Summarizing our earlier and present data, the assumption
can be made that the atherosclerotic structural aortic changes
in rabbits treated with MPO inhibitors and cholesterol might
be related to a decrease in peroxidase activity. The MPO and
its product (hypochlorite anion) have been shown to inhibit
the superoxide anion production of leukocytes, furthermore,
MPO inhibitors are able to increase the free radical release
from neutrophils (Békési et al., 2001a,b). Free radicals have
been considered as the proximate cause of lipid peroxidation,
the important initiating factor of atherogenesis. Steroid
compounds which among other things (Lusis, 2000) have an
impact on MPO activity might also have an antioxidant, i.e.
antiatherogenic effect (Békési et al., 2001a, 2004), thus
they could become appropriate for combined administration
with other effective vasoprotective agents such as statins
(Hodis et al., 2003).

We are well aware that animal and human data often
display inconsistent tendencies. In many publications highly
noteworthy of attention, MPO seems to have a prooxidant,
i.e. atherogenic role. On the other hand, there are studies
which are in accordance with our work hypothesis. The
wide variety of methods and models used can also be
responsible for the different conclusions. The picture is
further complicated by the differing preponderance and
frequency of cardiovascular morbidity that can be observed
in respect to myeloperoxidase gene polymorphism in
human studies, and by the role of estrogen in the regulation
of MPO gene expression. Moreover, the MPO gene
structure of individual animal species also shows differ-
ences (Kumar et al, 2004).

With regard to the contradictory viewpoints, we firmly
believe on the basis of our results so far, that there is
nowhere near as much antagonism in this matter as it
might first appear. Pursuant to our earlier and present
working hypothesis, one of the end products of the
reactions catalyzed by MPO, hypochlorite anion, has a
negative feedback-type inhibitive effect on the first
enzyme in a chain reaction, NADPH oxidase, and thereby
reduces the release of superoxide anion, an essential
source of radical production in phagocytes, in similar
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smooth muscle cells in the vascular wall, as well as in the
endothelium (Békési et al, 2001a). We could therefore be
dealing with a self-regulatory process similar to the one
often seen in biological systems. The most typical
example of this is the hypothalamo-hypophyseo-corticoid
(thyroid, etc.) regulatory method known from endocrin-
ology. Thus MPO produces radicals, i.e. it is prooxidant,
but beyond a certain quantitative limit, counters the
process of radical production by means of feedback (in
biological systems we can also find other examples of a
given substance having either a pro-oxidant or anti-
oxidant effect, depending on its quantity; for instance
Vitamin C, Feher, 1987; Cooke et al., 2003). We believe
that the net outcome of these contradictory effects may
depend on the prevailing unstable and sensitive equili-
brium, control over which may be affected by the effect of
certain steroids on MPO.

Further efforts are needed to clarify the real role of MPO
in the pathogenesis of free radical mediated disorders and to
answer the question, in which circumstances and respect
does MPO enzyme have a harmful or a beneficial impact on
living organisms. It seems necessary to elucidate how
relevant animal experimental data can be interpreted under
human conditions.
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Intellingens polimerek alkalmazasa a gyégyszer-technolégidban

I. Altalanos fogalmak, lehetéségek

Dinya Mariann és dr. Antal Istvin

Bevezetés

Az anyagtudomdny fejlédésével, a kémiai szerkezet
és tulajdonsagok kozotti kapesolatok felismerésével lehe-
t6vé vilt adott célra tudatosan, mérnoki médon tervezett
anyagok (engineered materials) elGallitdsa, amelyek kii-
16nb6z6 el6nyos — pl. mechanikai, elektromos, termikus —
tulajdonsdgokkal rendelkeznek [1]. Az anyagok egy ré-
gebben ismert csoportja a mindennapi kornyezeti feltéte-
lek mellett passzivan érintkezik kornyezetével, és ez a
vdltozatlansdg a hosszu élettartam feltétele. Ugyanakkor
az aktiv anyagok kérnyezeti behatdsra tulajdonsdgaik (pl.
méret, alak vagy fénydteresztGképesség, viszkozitds, ve-
zetGképesség stb.) megviltoztatdsival vélaszolnak (1. db-
ra), ami funkcionalisan kihasznalhatd.

Néhdny elem esetében az elektromos tulajdonsdg
fényhatdssal hozhat6 Gsszefiiggésbe (fotoelektromossag),
példdul a szelén vezetSképessége megnd megvildgitds ha-
tdsdra, vagy a szilicium-napelem a fényerdsség viltozasait
fesziiltséggé alakitja at. Pierre és Paul Jacques Curie
1880-ban fedezték fel a piezoelektromos hatdst, amikor a
kvarckristdlyban (SiO,) mechanikai igénybevétel (pl.
nyomds) hatdsdra elektromos adram keletkezhet. Deforma-
16dds kovetkeztében ugyanis kisebb és nagyobb potenci-
ald gécok alakulnak ki a kristalyban illetve annak feliile-
tén, meginditva az elektronok vandorldsat. A folyamat re-
verzibilis, elektromos dram hatdsdra a kvarckristily me-
chanikai rezgéseket végez (napjainkban pl. a kvarcéra-
ban).

Az anyag tulajdonsdgbeli véltozdsa utal az azt eld-

idéz6 igénybevételre, ezért lehetSséget adhat érzékeld
funkcié elldtdsdra (szenzor). Forditott esetben, a tulaj-
donsdgbeli vdltozdst kisérG alakvéltozdst kihaszndlva,
az anyag mozgdst elindit6 (aktudtor) szerkezetben alkal-
mazhaté.

Az USA-ban 1967-ben fejlesztették ki a fototrop iive-
get [2], amely fénytl fiiged pigmentdloddsat a szub-
mikroszképikus nagysidgi €s mintegy 1:2000 ardnyd
eziist-halogenid kristdlyoknak koszonheti. A fototrop
szemiivegek fénydteresztd képessége alkalmazkodik a
fényviszonyokhoz, az elsotétedés oka, hogy fény hatdsa-
ra fémezist vdlik ki. A gyakorlati alkalmazhatésigot a
kiilonleges technikai megoldds biztositja, vagyis a reak-
cié visszafordithatdsdga, bér az Gjra kivildgosod4s lassab-
ban megy végbe.

Az anyagtudomdny egyik feladata az ilyen alkalmaz-
koddképességgel rendelkezd aktiv anyagok kutatdsa. Az
emlitett jelenségek az anyag és kozvetlen kornyezete ko-
z0tti mechanikai, kémiai, termodinamikai egyensilyi 4l-
lapottal magyarazhatok. A viltozé fizikai vagy kémiai
koriilményeknek megfelelden uj egyensiilyi dllapot alakul
ki, amelyben az anyag mar mds tulajdonsdgokkal rendel-
kezik. A kornyezeti hatds viszonylag kis kiillonbségeire az
anyag jellemz6 és nagymértékd tulajdonsdgbeli valtozas-
sal vdlaszol.

Az ,intelligens” viselkedés az ilyen tipust anyagok sa-
Jjatsdga, igy ezek kiilonboznek a mérnoki technika révén
elédllitott intelligens rendszerektdl illetve szerkezetektdl
(www.intellimat.com/materials/overview/: materials,
devices, systems, structures). Tekintettel az alkalmazko-
déképességre és az érzékeld
funkciéval Osszefiiggd ,,fel-

1
1
—

AKTIV
ANYAG

1. d@bra. Aktiv anyagok viltozdsai

fogbképességre”, valamint a
folyamatra jellemzg inger-va-
lasz kapcsolatra, a csoporthoz
tartozé anyagokra hasznaljdk
tobbek kozott az ,,intelligens
anyagok” (intelligent materi-
als), ,.furfangos anyagok”
(smart materials), ,,alkalmaz-
kodé anyagok” (adaptive
materials) vagy egyszerien
,-aktiv anyagok” (active mate-
rials) elnevezéseket. (Ugy td-
nik, hogy fejl6dése sordn a
technika kénytelen az élettu-
domanyoktdl kolesonodzni ki-

Térfogatvaltozas

Alakvaltozas

Fényétereszté
képesség
valtozasa

fejezéseket, pl. az elmult évti-
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zedben mar megszoktuk az drtalmas és fert6z6 szdmitogé-
pes programokra haszndlt ,,virus” elnevezést.)

Az intelligens anyagok egy jelentds hanyadat alkotjdk
azok a szilard anyagok, amelyeknek mérete illetve alakja
elektromos, médgneses, vagy hémérsékleti hatdsra vilto-
zik meg (elektro-, magneto-, termostrikcids jelens€g). Bi-
zonyos fémotvozeteknél (pl. réz-cink-aluminium) a mé-
retvdltozds olyan kicsi, hogy ezekbdl az anyagokbdl
nagypontossigl poziciondld eszkozok vagy pl. tdzvédel-
mi berendezések készithetdk [3]. Az din. emlékezd féme-
ket és mdanyagokat az élet igen sok teriiletén alkalmaz-
z4k és felhaszndlési koriik egyre béviil, kiilondsen az or-
vostudomény és a robottechnika teriiletein. Legismertebb
ilyen anyag az USA-ban 1958-ban felfedezett Nitinol,
amely a fémotvozet alkotorészeinek (nikkel és titdn) kez-
débetiiibsl és az anyagot eldallité laboratérium (Naval
Ordnance Laboratory) kezddbet(iib6l kapta nevét. Az
alakmemoria megGrzésének alapja jellegzetes kristdly-
szerkezeti dtalakulds (martenzit-szerkezet), amely htités-
sel és/vagy mechanikai fesziiltség alkalmazdsdval is ki-
alakithat6. A hémérséklet csokkentése mellett alkalma-
zott mechanikai fesziiltség irdnyitottsdgot visz a kristdly-
szerkezetbe. Az (j fazisban szimmetrikus ikerkristdlyok-
bdl 4ll6, egymadssal parhuzamos savok képzddnek, ame-
lyek az ered§ fesziiltség irdnydban rendezddve ,befa-
gyasztjdk” az anyag belsejében a fesziiltségeloszldsi min-
tat. Az anyag eredeti, kritikus h6mérséklet felett Iétreho-
zott alakjat az irdnyitott kristdlyszerkezet révén lehttve is
meg0rzi, majd melegités hatdsara visszanyeri kezdeti for-
mdjat. Megfelel§ otvozéssel a kritikus hémérséklet az
emberi test hémérsékletére is bedllithatd, ezért az emléke-
26 anyagokat eredményesen haszndlhatjdk az orvosi gya-
korlatban értdgité- vagy csontmitéteknél. Mivel ezek az
anyagok jelentGs erét képesek kifejteni mikozben vissza-
nyerik eredeti alakjukat, ezért robotok készitésénél is al-
kalmazdst nyerhetnek [4].

A mechanikai behatdsokkal szemben kismértékd tehe-
tetlenséggel rendelkez$ ldgy anyagok (soft materials)

csoportja folyékony vagy képlékeny halmazallapoti. Fo-
lyadékok is rendelkezhetnek intelligens tulajdonsagokkal,
mint példdul a magneto- és elektro-reolégiai folyadékok.
Ezeknél a reoldgia jellemzdk (pl. viszkozitds és folydsha-
tar) a magneses illetve elektromos tér nagysdgatdl fiigge-
nek, alkalmazdsuk elsGsorban erdatviteli rendszerekben
varhat6 [5, 6]. A mar forgalomba keriilt viszkoelasztikus
tulajdonsdgi SmartGel szobahdmérsékleten lidgy €s haj-
lithatd, testhmérsékleten viszont keményebb lesz, igy ci-
pGbetétként haszndljak, kényelmesebbé téve a viseletet
[7].

Mivel a folyadékokon és rugalmas midanyagokon ki-
viil ebbe a csoportba tartozik a biolégiai anyagok nagy
tobbsége, igy a ldgy anyagok intelligens tulajdonsdgdnak
kutatdsa tobb eldnyos felhaszndldsi lehetdséget teremt az
orvostudomédny mellett a gydgyszertudomdnyok teriilete-
in is, kiilonosen a gyégyszer-technoldgidban.

Intelligens makromolekulas gélek

1975-ben Tanaka poliakrilgélek tanulmdnyozdsa koz-
ben arra a jelenségre lett figyelmes, hogy a vizsgalt gél
hiitve (=20 °C) opalos lesz, majd felmelegitve visszanye-
ri tisztasdgat [8]. A gélrendszerben tapasztalhat6 jelensé-
get olyan fdzisdtalakuldssal magyardzta, amely hasonlé a
viznél ismert folyadék-g6z &atmenethez. A fazisdtdta-
lakuldst szobah6mérsékleten is megvaldsitva kizdrta az
opaleszcencidt ad6 jégkristdlyok keletkezését, igy sikeriilt
meggy6znie a magyardzatban kételked6ket. Tanaka meg-
figyelte, hogy az eldillitott gélek az €16 szervezetekhez
hasonléan vélaszolnak a kiils6 kornyezeti ingerekre, fel-
fedezéseivel j kutatdsi teriiletet nyitott meg. A bioldgiai
vonatkoz4sok miatt legigéretesebb és ezért legtdbbet ta-
nulmdnyozott anyagok a hidrogélek, melyek a kornyeze-
ti hatdsok egészen kis viéltozdsara is élesen reagdlnak, pl.
1 °C-os hémérséklet viltoztatds térfogatuk sokszoros no-
vekedéséhez vagy éppen csokkenéséhez vezethet. Az
utébbi esetben folyadéktartal-

gélkollapszus

2. abra. A gél fazisdtalakuldsdnak vdzlatos szemléltetése

gélduzzadas

muk 90%-it is elveszithetik.

A kolloid koherens rendszerek
kozé tartozé makromolekulds
gélrendszerek dtmenetet ké-
peznek a szildrd és a folyadék
halmazallapot kozott, folya-
dékbdl és a benne szertedgazd
polimer térhalébdl épiilnek fel.
A gél tulajdonsdgait jelentSs
mértékben befolydsolja a két
alkotérész kolcsonhatdsa. A
folyadék megakaddlyozza a
polimer térhdlé dltal alkotott
haromdimenzids vdz dsszeom-
1dsét, a térhdlé pedig utjat dllja
a folyadék kifolydsdnak. A
gélrendszerek alaktarték és
konnyen deformalhatdk,
ugyanakkor nagy folyadéktar-

talmuk miatt fizikai tulajdon-
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sdgaik az oldato-
kéhoz hasonldak.
A gél konziszten-
cidja a kémiai Osz-
szetételtdl és mas
tényezdkt6l fiig-
gben a viszkézus
folyadéktdl a szin-
te merev szildrd
allapotig valtoz-
hat, de 4ltaldban
lagy és rugalmas,
vagyis a legegy-
szerlibb kifejezés-
sel élve ,,zselés”.
A gélnek a

3. dbra. Hidrogél duzzaddsa optimadlis pH-értéken [21]

kornyezeti feltéte-
lekre adott kiilonboz8 valaszai a kritikus jelenségek illet-
ve fazisitalakuldsok alapjan értelmezhetSek. Mig sza-
mos anyag folyékony vagy gdz dllapotban fordul el6 kii-
16nboz6 koriilmények kozott, addig a gélek a polimer tér-
hélé konfiguricidja dltal megkiilonboztethetSen kétféle
fizisban létezhetnek. A forrdsban 1év6 vizhez hasonléan
a gél térfogatdnak és egyéb tulajdonsdgainak nem-
folytonos valtozdsa a fazisok kozotti hirtelen dtmenettel
jellemezhetS. A kritikus pontban a polimer térhdld tulaj-
donsdgai (pl. stirisége, pérusmérete stb.) nagymértékben
ingadoznak. Az 4llapotvaltozédsok alapjdul szolgdl6 fo-
lyamatok jellemzGek a gél szerkezetére és csak a polimer
térhdléban haté erdk tanulmdnyozdsdval vdlnak értel-
mezhet6vé.

A vazként szolgalé makromolekuldk kozotti kolcson-
hatdsok négy tipusba sorolhatdk [9]: ionos, hidroféb, van
der Waals és hidrogénhid kotések. A folyadékfazis szol-
vaticié révén, kapilldris er6kkel vagy mechanikailag be-
zérva kapcsol6dhat a gélvazhoz [10].

A kiilonboz6 polimerek egyedi méretbeli és haromdi-
menziés szerkezetbeli tulajdonsdgokkal rendelkeznek. Ké-
miai reaktivitdsukat elsGsorban a monomeregységek kémi-
ai jellemzdi hatdrozzak meg, de tulajdonsdgaik nagymér-
tékben fiiggnek a monomerek kapcsolédasitdl is. A poli-
mer l4nc alapvetSen egyenes vagy eldgaz6 lehet, ugyanak-
kor a lancok keresztirdnyud dsszekapcsoldsa (kovalens vagy
elektrosztatikus médon) gyak-

illapotban lehet kornyezetével, ilyenkor a jellemzd
egyensiilyi térfogat a folyadékmolekuldk duzzaszté (oz-
motikus) hatdsdnak, valamint a polimer molekuldkban a
deformécié ellen ébredd visszahtizé er$ hatdsdnak a ko-
vetkezménye. A polimer térhdlé tiguldsa dltaliban elekt-
rosztatikus jelleg( taszit6 intermolekuldris er6knek tulaj-
donithat6 [9].

A kornyezeti paraméterek médosuldséra a gél térfoga-
tanak valtoztatasival vélaszol (2. dabra). E térfogatvilto-
zds lehet folytonos vagy pl. ugrdsszerli zsugorodds
(gélkollapszus), amely a gél szerkezetétdl fiiggd kritikus
hémérsékleten jatszodik le. A gél térfogatvéltozdsa a hé-
mérsékleten [12] kiviil elGidézheté a pH [13], ion- €s
elegyosszetétel [14], fényintenzitds[15] megvaltoztatasa-
val valamint elektromos [16] illetve magneses [17] tér al-
kalmazasaval.

Tekintettel arra, hogy sokféle kornyezeti hatdsra képe-
sek reagilni, a polimergélek kiilonleges helyet foglalnak
el az intelligens anyagok kozott. A gélkollapszus, vagy
ennek ellentéte, a nagymérvi duzzadds, az emlitett kor-
nyezeti paraméterek kritikus pont koriili kismérvi véltoz-
tatdsaval érhetd el. A gél térfogatmddosuldsa igen jellem-
z8 (3. dbra), de azt mas valtozdsok is kisérhetik, igy pl. az
optikai (transzparencia-opaleszcencia), mechanikai illet-
ve az oldott anyag diffaziéjat meghatdrozd transzporttu-
lajdonsdgok is médosulhatnak [18-20].

ran oldhatatlan polimer térhalét
eredményez. A polimer tulaj-
donsdgai még azonos monome-
rek esetén is (homopolimerek)
befolydsolhaték a molekulato-
meg valtoztatdsdval. Kiilonbo-
z$ tipusi monomerekbél fel-
épiilé kopolimer molekuldkban
az egységek viltozé elrendezé-
se a kiilonboz6 fizikai kémiai

(3) (2) (1) livegszerii
L AT mag

tulajdonsdgokkal rendelkezd viz . d dt

szintetikus polimerek elllitd- _polimer ety uzzadé front
sdnak bdséges forrdsdul szolgdl (“Yegszeru eSSV

[11]. allapot)

A polimergél egyensilyi

4. dbra. Polimergél dizzaddsa iivegszerii allapotbol
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A viz livegszerd gélmatrixba torténd diffuzidjat (4.
dabra) kovetd duzzadas soran lényegében harom 1épés kii-
16nboztethetd meg: (1) a viz molekuldk diffizidja a poli-
mer térhalo kozé, (2) a polimerlanc hidratacidja és relaxa-
cidja, (3) a polimerlanc fellazulasat kovetSen a térhéld
szétterjedése a vizes kozegbe [21].

A duzzadas folyamata egyszerten jellemezhet§ a gél
alakjanak (pl. gomb, korong, henger stb.) méretbeli valto-
zéasaval, illetve a szamitott térfogati értékekkel [22]. A
duzzadés ardnya tanulmanyozhato a gél vizfelvételnek tu-
lajdonithato tomegnovekedésébdl is [23]:

D]m o m, —m, (1)
myg

ahol DI a duzzadasi index, m, és m, a gél tomege kez-
detben, illetve t id§ utan.

Intelligens gelek alkalmazdsdnak néhdny igéretes lehetosége

A kornyezeti ingerre valaszol6 polimergélek elGallita-
sa és tulajdonsagaiknak tanulmanyozasa gyorsan fejl6dé
kutatési teriiletté valt. A lagy robottechnika, a biologiai
rendszerekhez hasonld, azokat utinzd energiadtalakito
rendszerek, mikroszerkezetek, szelektiv szorbensek,
szenzorok és a szabalyozott hatdéanyagleadd rendszerek
fejlesztése képezik a kutatdsok {6 irdnyait.

Mesterséges izom

A gél térfogatvaltozasa terhelés soran is bekovetkezik,
ha a duzzado gélt terhelésnek vetjiik ald, azaz felszinére
sulyt helyeziink, vagy az Osszehuzodo géllel tomeget
mozditunk el [24]. A térfogatvaltozas alkalmas mechani-
kai munkavégzésre, valamint kiilénleges alakvéltozasok
és mozgasok megvalositasara.

Ha a kornyezeti hatas kémiai természetd, akkor az
energia hasznositasanak az izomra jellemzd modja vald-
sul meg. Ez a kiilonleges tulajdonsdg mér a negyvenes
évek végétdl inspiralta a kutatokat mesterséges izmok és
uj tipust gépek kifejlesztésére [25]. A mozgast kivalto
hatés alapjan megkiilonboztethetSk termikus, elektroszta-
tikus, kémiai, elektrokémiai és magneses hatdssal aktivalt
gélrendszerek.

Kiilon figyelmet érdemel a Zrinyi és munkatdrsai 4l-
tal kifejlesztett magneses gél, amely alkalmasan megva-
lasztott méagneses tér segitségével nydjthato, hajlithato,
forgathaté és osszehiizhato [26, 27]. A magneses gél kii-
16nlegessége, hogy a deformacidja nem homogén, hanem
a magneses tér eloszlasatol fiigg. Megvaldsithatd a gél
egyik részének nyujtasa, masik részének pedig dsszenyo-
masa is. Mivel a magneses polarizacié gyorsan megy vég-
be, ezért a gélek rendkiviil gyorsan (<0,05 s) reagalnak a
mégneses tér valtozasdra, ami lehet6vé teszi a rendkiviil
bonyolult bioldgiai mozgasok mimelését.

Viztisztitas
Tanaka és munkatdrsai olyan kopolimert allitottak el
poliakrilsav és poli-N-izopropilakrilamid segitségével,

amely képes szelektiven felismerni és megkdtni a nehéz-
fémeket [28]. 37 °C-on a polimer duzzadt éllapotban van,
igy a kelatképz6 csoportok tavol vannak egymastol.
Ugyanakkor a gél melegitve (kb. 50 °C) zsugorodni kezd
¢s ebben az éllapotdban magaba tudja zarni a fémet. A gél
fazisatalakuldsanak hémérséklete minden fémnél més és
csokkentve a hdmérsékletet, a gél térfogatnovekedésével
a fémion ismét felszabadul. Az elv 0 technoldgia beveze-
tését teszi lehet6vé a viztisztitds szamara.

Mesterséges pancreas

Kisérletes eredmények [29] azt mutatjdk, hogy mes-
terséges pancreas allithato el§ héérzékeny poli-N-izo-
propil-akrilamid és poliakrilsav egyiittes alkalmazasaval.
Inzulint szekretalé hasnyalmirigy sejteket tartalmazé fo-
lyékony polimer oldat féligatereszt6 membranba csoma-
golva a testbe implantalhatd. 37 °C-on az oldatbdl gél
lesz, ami rogziti a sejteket, s azok a vér glukdzszintjének
megfelelGen szekretalni képesek az inzulint. Bar a beiilte-
tett Langerhans-sejtek maximum egy évig életképesek, de
a csere konnyen megoldhatd: jegelni kell a testrészt, mire
a gél elfolydsodik.

SmartHydrogel alkalmazadsa szemcseppekben

A SmartHydrogel polimer 6sszetevdi a bioadheziv és
pH-érzékeny poliakrilsav (PAA) és egy polipropilén-oxi-
dot (PPO) és polietilén-oxidot (PEO) tartalmazd
kopolimer (Pluronic). Mig a hagyoményos szemcseppe-
ket a konny hamar felhigitja és kimossa, a SmartHydrogel
a szembe cseppentve még folyékony, de testhGmérsékle-
ten viszkozussd valva megnyujthatja a gydgyszerek ha-
tastartamat. Ugyanakkor a gél nyiroerdkre érzékeny, min-
den pislogéasnal pillanatszerden elfolydsodik. Ez biztosit-
ja a hatéanyag fokozatos felszabadulasat és egyenletes el-
oszlasat. TesthGmérsékleten a hidroféb PPO részek mi-
cellat képezve aggregalodnak, ezéltal lehetGséget terem-
tenek vizes kozegben a lipofil hatéanyagok szolubi-
lizalasara és felszabaditasara is [30].

Osszefoglalds

A kozlemény elsS részében az dltalanos fogalmak és
néhény igéretes gyakorlati alkalmazas attekintésével ki-
vantuk az anyagtudomany egy vj teriiletére.felhivni a fi-
gyelmet. Az intelligens anyagok kutatdsa a mar megszii-
letett illetve folyamatban 1évo fejlesztések révén forradal-
mi valtozasokat eredményezhet nemcsak a mindennapi
¢let technikai alkalmazasaiban, hanem az orvosi és
gyogyszerészeti tudomanyok teriiletein is. Szervezetiink-
ben a homeosztazisnak koszonhetden a fizioldgids koriil-
mények (pl. hdémérséklet, pH, ionkoncentricio,
glukozszint, stb.) kiilonleges pontossdggal szabalyozot-
tak. A belsG kornyezeti feltételeket érzékelni és azokhoz
alkalmazkodni képes anyagok alkalmazasa hozzéjarulhat
a betegség soran sériilt mikodés helyreéllitdsahoz, illetve
lehet6séget adhat a gydgyszeres terapia hatékonysdganak
optimalaséhoz.
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M. Dinya and I. Antal: Application of intelligent polymers in
pharmaceutical technology. Part I. General considerations and per-
spectives

The review focuses on intelligent polymer gels (hydrogels) which may
respond sharply to various external stimuli (temperature, pH, ionic
strength, light, clectric and magnetic field etc.) exhibiting large changes
in volume, optical transmission, surface energy and permeability for
mass transfer process. The potential application of thesc polymers for
drug dclivery is under intensive investigation in order to optimize the
effectiveness of drug therapy.

Semmelweis Egyetem, Gyogyszerészeti Intézet, Budapest, Hégyes Endre u. 7. — 1092

Az EGIS Gyogyszergyar Rt.

TERMELESTERVEZO

sziikséges.

sz016 foglalkoztatast kinalunk

1106 Budapest, Keresztri ut 30-38.
Fax: 265-57-94, e-mail: hr2@egis.hu

GYOGYSZERESZ
(E‘GIS végzettségli munkatarsakat keres az alabbi munkakdrokbe:
-

Feladatok: — a gyogyszergyarto lizemek termeléstervezése
— részvétel a tavlati és operativ tervek készitésében
— a kapcsolodo szamitogépes rendszer kezelése, karbantartdsa

Feladatok: — gy6gyszerkészitmények GMP elvek szerinti gyartdsénak ellendrzése és aktiv

Elény: — gyogyszergyartas teriiletén szerzett gyakorlat
— szervezO készség, j6 kapcsolatteremtd készség
GMP UGYINTEZO
részvétel
a gyartasi tételek felszabaditasaban
— részvétel a mindségbiztositasi tevékenységben
Elény: — szakgyoOgyszerészi végzettség

— gyogyszerkészitmény gyartasban, mindségbiztositasban szerzett gyakorlat
A munkakérdk betdltéséhez angol nyelvismeret és felhasznéléi szintii szamitégépes ismeret

A sikeres palydzonak versenyképes jovedelmet, magas szintii szocialis ellatast és hosszutdvra

Jelentkezni szakmai onéletrajz megkiildésével az alabbi cimen lehet:
EGIS Gyogyszergyar Rt., Személyzeti és oktatasi osztaly




2002. marcius

GYOGYSZERESZET 141

Gyogyszerészet 46, 141-145, 2002,

Intellingens polimerek alkalmazisa a gyogyszer-technologiiaban

II. A hatéanyagleadas szabalyozasara alkalmas mechanizmusok

Dr: Antal Istvan és Dinya Mariann

Bevezetés

A hatoanyagleadas szabalyozasanak célja a hato-
anyag jellemzd sebességgel torténd eljuttatasa meghata-
rozott helyre, annak érdekében, hogy adott id6ben megfe-
lel6 mennyiségben legyen jelen a hatds helyén.

A szabdlyozott hatéanyagleadas biztositasdra alapve-
téen a hatéanyagot raktarban (rezervodr) vagy monoliti-
kus (matrix) rendszerben tartalmazé megoldasok szolgal-
hatnak [1-5]. EIGbbi esetben a hatéanyag elsdsorban dif-
fuzio, utobbi esetben erdzi6 révén szabadul fel. A folya-
matos hatdanyagfelszabadulds szabdlyozasanak elvi alap-
jat képezheti [6]:

— a hatéanyag passziv diffuziojanak sebességét befo-
lydsold polimerbevonat alkalmazasa membranbarri-
erként,

— oldodas-kontrollalt felszabadulas,

— ozmotikus pumpa vagy

— duzzadas altal szabalyozott felszabadulas.

Hosszabb idén at a nulladrendd hatoéanyagleadasi ki-
netikdt elérd technoldgiai megol-

hatéanyag felszabaduldsa visszacsatoldsos (biofeedback)
elv alapjan szakaszosan, az aktualis fiziologias igények
szerint megy végbe. A szakaszos hatéanyagleadas ered-
meényeként kialakuld hatéanyagkoncentricio oszcillal, igy
alkalmas lehet a fiziologias koriilmények utinzdsara
(mimicking). Az oszcillalo, vagy mas néven pulzild
hatéanyagleadas iranti igény kiilondsen a hormonterapia-
ban mutatkozik meg [8, 9].

Az 1. dbra ingerérzékeny (stimuli-sensitive), a fiziolo-
gias kdrnyezeti ingerre a hatdanyag leadasaval valaszolo
rendszer miikodési elvét vazolja. Ilyen tipust hatéanyag-
felszabadité rendszer megvaldsitasara ad lehetGséget in-
telligens makromolekulds gélek gyogyszer-technologiai
felhasznaldsa. A polimergél alkalmas a benne eloszlatott
hatéanyag raktdrozasara és a kornyezeti feltételektdl fiig-
g6 tulajdonsagbeli valtozas egyben jelérzékeldként illetve
szabalyoz6 mechanizmusként szolgal. A gélallapot mo-
dosulasat az oldott anyag diffiziojat illetve a hatdanya-
gleadas képességét meghatdrozo transzporttulajdonsagok
valtozasa kiséri.

dasok (pl. mikrokapszulak, vaz-
szerkezetek. ozmotikus rendsze-
rek) keriiltek elGtérbe, amelyekkel
biztosithatova valt a hatéanyag fo- VALASZ
lyamatosan, allandé sebességgel
torténé szervezetbe juttatasa. E
célkitlizés megvalositasa az ada-
gok szamanak csokkentése révén
lehetdvé tette a beteg életminGsé-
gének javitasat, mikozben az al-
landé6  hatéanyagkoncentracid
megnovelte a terapias hatékonysa-
got illetve a vérszint ingadozasai-
nak minimalizalasaval mérsékelte
a mellékhatasok kialakulasat.
Figyelembevéve a szervezet
biologiai ciklusait, ma mar ismert,

HATOANYAGLEADAS :

HATOANYAG
ELSZABADITO RENDSZER
- hatéanyagraktar

- jelérzékeld

- szabilyoz6 mechanizmus

KRONOFARMAKOKINETIKAI

- FOLYAMATOK  _ _ T HATOANYAG MEGFELELG

KONCENTRACIOJA A
MEGKIVANT HELYEN

4
TERAPIAS HATAS

(KRONOFARMAKODINAMIAS HATAS)

INGER

1. abra. Inger-érzékeny hatéanyag-felszabadito rendszer mikodési elve

hogy szdmos betegség a kronofar-
makokinetika és kronofarmakodi-

namia alapjan kezelhetS leghaté-
konyabban [7]. A fiziologias para-
méterek ingadozasa kovetkeztében
amegnovelt terapias hatdanyagko-
centracié irdnti igény egy adott
napszakban jelentkezik szamos
betegségnél (asthma, sziv és kerin-
gési betegségek, arthritis stb.). Eb-
ben az esetben elGnydsebb, ha a

Kronofarmakokinetika: az a szakteriilet, amely a hatoanyagnak a felszivodasat,
megoszlasat, metabolizmusat, eliminacidjat jellemzd farmakokinetikai paraméterek
valtozasait tanulmanyozza a fiziologias koriilmények (pl. vérnyomas, homérséklet
stb.) id6szakos (pl. napszaki) ingadozasaival dsszefliggésben.

Kronofarmakodinamia: az a szakterillet, amely a gyogyszerhatassal Osszefiiggd
fiziologias és biokémiai valtozasokat az élettani folyamatok idészakos (pl. napszaki)
ingadozasaival osszefliggésben kutatja.
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A hatéanyagleadas szabdlyozasdanak elvi alapjai

Tekintettel arra, hogy gélekben a hatoanyag oldodasat
és diffuziojat a vizfelvétel illetve a polimer térhalo Kiter-
jedése hatarozza meg, a komyezeti feltételektSl befolya-
solt duzzadas vagy zsugorodas nyilvanvalé megoldast ki-
nal a hatdanyag felszabadulasanak szabdlyozésédra. Hid-
rogél rendszerben a hatdanyag relativ mobilitasa a hatar-
feliileti duzzadasi szammal (swelling interface number,

§,) jellemezhet6:

S“' =L6D(_I)‘ (1)

ahol v a penetralé folyadék éltal eredményezett moz-
duzzadt réteg vastagsiga és D a hatoanyag diffizios ko-
efficiense a duzzadt rétegben [10].
A hatdanyagleadas kinetikaja polimergélbdl dltaldban
az alabbi egyenlettel modellezhetd [11]:
LY (2)

xRN

ahol M, a t id6ben felszabadult hatéanyagmennyiség,
M, a végtelen idGben felszabadul hatoanyag mennyisé-
ge, k a polimer rendszer szerkezeti és geometria tulajdon-
sagait magaban foglalo sebességi dllando, n a diffazio

transzport mechanizmusat jellemzd hatvanykitevs. Duz-
zadas altal szabalyozott hatéanyagfelszabadulds esetén
alapvetden fontos a hatoanyagleadas és a gél viselkedése
kozotti osszefliggések tanulmanyozasa (1. tablazat).

I tablazat

A hatéanyagleadads kinetikai modellje duzzadas dltal
szabdlyozott hatéanyagfelszabadulds esetén

Transzport mechanizmus M/M, =kt S,
Fick-féle diffuzio n=0,5 >>]
Anomaélias transzport n>0,5 ~1
JIdéfiiggetlen" (0.-rend kinetika) n=1 <<]

Szabadlyozo mechanizmusok

A kornyezeti paraméterek modosuléséra a gél térfoga-
tanak valtoztatdsaval valaszol, a duzzadds vagy zsugoro-
das kiilonbséget eredményez a hatoanyagleaddsban. Ne-
hany ilyen elvi lehetdséget a 2. dbrdn vézolt esetek (a-d)
szemléltetnek. Egyszerii megoldast jelenthet a hatoanyag
gélmatrixba dgyazésa (a), amikor a hatoanyag diffiziojat
a gél duzzadasa teszi lehetGvé. Hasonlo elv érvényesithe-
tG gy is, ha gélmembrannal hozunk létre bevonatot a ha-
toanyagraktar koril (b). Hatoanyagot tartalmazo
gélmatrix bevonaséval képezheté olyan multipartikularis
rendszer, amelynek bevonata a térfogatnovekedés kovet-
keztében feltagolddik (c), és az igy nyilt porusok nyitnak

I1I. tablizat

Géldllapot viltozasit eloidézd fizikai és kémiai ingerek

Inger Hidrogél tipusa

Mechanizmus

Fizikai Hémérséklet

Hdgérzékeny hidrogél
poly(N-izopropilacrylamid)

Hémérsékletkiilonbség befolyasolja a
gél duzzadt allapotat meghatarozé
polimer-polimer és viz-polimer
kolcsonhatasokat.

Elektromos mezé

Polielektrolit hidrogél

A duzzadas elektromos mezd hatasara
médosul, a gélmembran feltoltédik és a
toltéssel rendelkezd hatdanyag
elektroforetikus mobilitasa is valtozhat.

Fénybesugarzas

fotokrém (pl. azobenzén)
csoportot tartalmazoé polimer

A fotokrém csoport konformécios
viltozasa befolyasolja a gél duzzadt
allapotat.

Magneses mez6

Magneses részecskék
eloszlatva alginatos
mikroszféraban

Migneses tér alkalmazasa
megvaltoztatja a duzzadast illetve a
porusok méretét.

Ultrahang-besugérzas

Etilén-vinilalkoholos hidrogél

A duzzadés az ultrahang hatdsira
bekovetkezd homérséklet-emelkedéstdl

fugg.

Kémiai pH

Savas vagy bazikus hidrogél

A duzzadas illetve a pérusok nyitdsa
vagy zérasa a pH-tol fliggGen kovetkezik
be.

Ioner&sség

Ionos hidrogél

Az ionerGsség véltozas miatt a gélen
beliili ionkoncentracié megvaltozik és a
duzzadas modosul.

Komplexképz6, reaktans

Elektron akceptor csoportot
tartalmaz6 hidrogél

A duzzadas az elektron donor
dsszetevivel képzadott komplexnek
tulajdonithatoéan modosul.

Enzim-szubsztrat

Enzimet tartalmazo hidrogél

Szubsztrat jelenlétében enzimatikus
atalakulds, a reakcidtermék jelenlétében
valtozik a duzzadas
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GELZSUGORODAS

Bedgyazott
hatéanyag Hidrogél O

bevonat

Hatéanyag
raktar

c ) Bevonat

Bedagyazott
hatoanvag

Porusok—=
@)

7
"‘/{«Hidrogél

® ©
bevonat

2. dbra. A hatéanyagleadas intelligens polimerekkel torténd szabdlyozasanak elvi lehetdségei

GELDUZZADAS

t6l fligg. A hdémérséklet
emelkedése pozitiv hémér-
séklet-érzékenység esetén a
@) duzzadast, negativ hémeér-
©) séklet-érzékenység esetén
forditott valtozast, a géltér-
fogat csokkenését viltja ki.
Bizonyos polimergélek ese-
tében a hdmérséklet emel-
kedése a fazisok elkiilonii-
lését okozza, a gél elvesziti
folyadéktartalmat. A gél fa-
zisatalakulasat jellemzd kri-
tikus homérséklet (lower
critical solution tempera-
ture, LCST) kopolimerek
el@allitasaval valtoztathato.
Példaul a gyakran vizsgalt
poli(N-izopropilakrilamid)-
bol készitett NIPA-gél ne-
gativ.  hémérséklet-érze-
kenységet mutat (LCST=32
°C), ugyanakkor a fazisat-
alakuldas hoémeérséklete ak-
rilsavval  vagy  alkil-
metakrilattal torténd
kopolimerizacid révén mo-
dosithato [14, 15].

A hdémérséklet hatéanyag-
leadast befolyasolo hatasa
Osszetett mechanizmussal
jellemezhet§ és az adott gél
viselkedésének kovetkez-
ményeként ellentétes irdnyu
is lehet [16]. Egyes esetek-
ben a kritikus hdmérséklet

Hatoanyag
raktar

utat a gyogyszer szamara. Porusok nyitasan illetve zara-
san alapul¢ szabalyozas kialakithato olyan polimer bevo-
nattal, amelynél a gél zsugorodasakor tagulnak illetve
duzzadasakor osszehuzodnak a porusok.

A gélallapot véltozasat fizikai és kémiai ingerek idéz-
hetik el6 (I1. tablazat).

Hémérséklet

A hémérsékletnek mint ingernek az alkalmazasa azzal
flgg Ossze, hogy a testhémérséklet koros allapotban
gyakran eltér a normal 37 °C-os értéktdl. Hokozléssel
koénnyen megvaldsithato a hémeérséklet kiilsS szabalyoza-
sa, akar helyi hipertermias kezeléssel. Ez a megoldas ha-
tékony lehet a rakterapiaban [12], a lokélis hémérséklet
emelés alkalmazhato héérzékeny hatoanyag-felszabadito
rendszerrel kombindlva [13].

A hémérséklet jelentGsen befolyasolja a polimer mo-
lekuléris kolcsonhatasait, igy a lancok kozotti hidrogén-
hid kotéseket és hidrofob kolcsonhatasokat, valamint a
polimer lanc és oldoszer kozotti interakciot. A hdmérsék-
let duzzadast befolyasolo hatasa a hidrogél érzékenységé-

folott (>LCST) a fazisatala-
kulasbol eredéen a gél felszinét strd ,bérréteg” boritja
be, amely a hatbanyag felszabadulasat lelassitja, igy a fe-
liillet szabalyozo szerepének (surface regulation) tulajdo-
nithatéan nyujtott gyogyszerhatas érhetd el. Mas esetek-
ben a kritikus hémérséklet folott az egész géltomeg oly-
mérték( zsugorodasa mehet végbe, hogy az oldott hato-
anyag a mintegy kifacsart folyadékkal egyiitt préselddik
ki a gélb6l (bulk matrix squeezing), igy a hatdanyaglead-
as felgyorsul [17].

Elektromos mezd

A polielektrolit gélek olyan kereszttérhalos polime-
rek, amelyek a lancokon ionizalhatd csoportokat tartal-
maznak. Vizes oldatban ezek a funkciés csoportok ioniza-
lédhatnak, a polimer makroiont ellentétes téltést kisebb
ionok stabilizdljak. A duzzadas Ggy kovetkezik be, hogy
a gélen beliili magas ionkoncentraciobol eredden, ozmo-
zis révén viz aramlik a gélbe.

Elektromos mez6 hatasara, az oldott hatéanyag feltol-
tott gélmembranon at végbemend permeacidja kiillonbozs
elektrokinetikus jelenségek alapjan értelmezhet6 illetve
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szabalyozhato [18-20]. Emellett
a hatoanyag felszabaduldsaban Ki Ki Ki Dirkzédss
kisebb molekilak (pl. pilokapin) | . v ' y
esetén elsésorban a zsugorodo gél § INGER
tolyadektartalmanak kipréselGde- S (Pl pPH, hGmérséklet, stb.)
se jatszhat szerepet, nagyobb mé- e 3 4 Zsugorodas
retd molekulak (pl. inzulin) fel- Be Be
szabaditasara inkabb a duzzadas 48
ad lehetdséget [21].
A hatoanyag leaddsa torténhet Duzzad4s
loncsere utjan is, pl. a pozitiv tol- “,_.";,
tésti oldott hatoanyag helyét hid- £ BNSZABALYOZAS
rogénionok valthatjak fel a gél- = 3
ben [22]. [ © Zsugorodas
Sikeresen allitottak el olyan
vezetdképességgel rendelkezd (4B
polimereket, amelyek alkalmasak | 3 gpra. Polimergétek hatéanyagleadisit szabdlyozé mechanizmusok elvi vizlata ingervezérelt és
a neurotranszmitter-felszabadulas dnszabilyozo térfogatviltozds esetén

elektromos potencial hatasara be-
kovetkezd, , ki-be” mechanizmussal jellemezhetd utanza-
sara [23, 24].

Fénybesugarzas

Fényérzékeny polimerek elGallithatok fényérzékeny
vegyliletek (pl azovegyiiletek) polimervazhoz kapcsola-
saval. Ebben az esetben a gél duzzadasat vagy zsugoroda-
sat a forokrom csoport fényenergia hatasara bekovetkezd
konformacios vagy konfiguracids valtozasa befolyasolja.
Ilyen polimerek felhasznalhatok gélekbdl alkalifémsok-
nak [25], fehérjéknek [26] és aminosavaknak [27] fotoké-
miai Gton torténd felszabaditasara.

Magneses mezd, ultrahang

Magneses ingerre valaszolo gélrendszerek ferromag-
neses anyagnak a gélbe agyazasaval készithetdk [28, 29].
A hatoanyag felszabaditasara mikropdrusok jelenléte ad
lehetdséget, mikozben a leadds sebességét a gél zsugoro-
dasa illetve duzzadasa szabélyozza. A rendszer j6l szaba-
lyozottan és reprodukalhatéan mikodik, mert egy adott
magneses er6hoz meghatarozott hatéanyagleadasi sebes-
ség rendelhets. Egy jovébemutatd elképzelés szerint a
magneses teret egy karora méretli eszkoz szolgaltatna,
amellyel a beteg az adagolas idejében egy gombnyomas-
sal indithatja meg a gyogyszer felszabadulasat [30].

Hasonloan jol reprodukalhato kisérleteket végeztek
ultrahang-besugarzasra vilaszolo polimergélek alkalma-
zasaval 1s [31].

pH

A kornyezet kémhatasara érzékeny polimerek alkal-
mazasat indokolja a szervezet folyadéktereinek jellemzd
pH-értéke. A hatéanyagleadas szabalyozasa szempontja-
bol a gasztrointesztinalis rendszer mentén valtozd pH
[32] évtizedek ota Osztonzdleg hat kiilonbozG pH-érzé-
kenységgel rendelkezé polimerek eldallitasara, amelyek-
nek hagyoményos bevont gyogyszerformakban torténd

alkalmazasanak el6nyeirdl bGséges tapasztalat all rendel-
kezésre [33, 34].

Bar a vérplazma és koétGszoveti folyadék kémhatasa
jellemzden dllando, a tumoros szovet pH-értéke pl. emlo-
rakban alacsonyabb [35].

A pH-viltozas befolyasolja a polielektrolitok ionizalt-
trolit gél pH-érzékenységét alapvetéen az ionizalhaté cso-
portok tipusa és szama, a kereszttérhalo sirdsége és a
polimervaz hidrofobicitasa hatarozza meg [35-39].

A kornyezeti pH-ra valaszolo polimerek alkalmazast
nyerhetnek a hatéanyagnak helyspecifikus (pl. colonban)
[40] és tumor-specifikus [41] felszabaditasdara. A pH-ér-
zékeny polimer elényosen hasznalhato fel antacid készit-
mények formulalasanal is, amikor a gyomor pH valtoza-
sa a polimer mikropérusainak 6sszehtizodasaval vagy ta-
gitdsaval szabdlyozza a hatéanyag kiaramlasat [42].

Gliikozérzékeny polimergél

Peppas és munkatdrsai pH-érzékeny kopolimert alli-
tottak eld polimetakrilsav (PMAA) és polietilénglikol
(PEG) 6sszekapcesolasaval [43]. A féligatereszté memb-
rannal kortlvett gélrendszer belsejébe gliikdz-oxidazt
agyaztak, amely enzim a gliikozt glikonsavva alakitja,
Megemelkedett vércukorszint hatdsara az enzim
mokddése fokozadik, ami a komyezet pH csokkenését
eredményezi. Savas kozegben a PMAA karboxil csoport-
jai protonalodnak, hidrogénkotések jonnek létre a PMAA
szekvenciak, illetve a PMAA és a PEG étercsoportja ko-
zOtt. Megnd a hidrofobicitas, ami a gél Osszehuzodasat
okozza és igy a kitagult mikroporusokon keresztiil sza-
badda vélhat a raktarozott inzulin, a gélzsugorodds mérté-
kének megfelelden.

Onszabdlyozo gélek
A hatéanyagot kornyezeti inger altal vezérelt ,ki-be”

mechanizmus révén felszabaditd gélrendszerek mellett
elonyos lehet olyan polimerek eléallitasa, amelyek belsé

—
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program éltal szabalyozva (self-oscillating) végzik miko-
désiiket (3. @bra). Az dnszabalyozé polimergélek pl. mint
hormon-felszabaditd gyogyszerrezervoar-rendszerek ke-
riilhetnek alkalmazasra.

Az 6nszabalyozas megvaldsitasara alapul szolgdlhat a
Belouszov-Zsabotyinszkij-reakcid [44]. Ennek sordn, a
magasabb oxidacios allapot hidrofilebbé teszi a polimer-
lancot és a gél fazisatalakulasanak hémérséklete eltolo-
dik. igy a gél térfogatvaltozasa az oxidécios allapot valto-
zasainak megfelelGen zajlik. [30, 45, 46]

Osszefoglalis

Az sszefoglald masodik részében a hatoanyagleadas
intelligens polimerekkel torténé szabalyozasanak lehetd-
ségeit kivantuk attekinteni. A szervezet homeosztazisa ré-
vén pontosan szabdlyozott fiziologias koriilmények (pl.
hémérséklet, pH, ionkoncentracio, glukozszint stb.) olyan
ingerként szolgalhatnak, amelyeket a gyogyszeres terdpia
optimaldsa érdekében célszer(i a gyogyszerforma terveze-
sénél figyelembe venni illetve alkalmazni. Az onszaba-
lyozé polimergélekkel végzett kutatasok ramutatnak arra,
hogy a nemlinearis rendszerek kiilonleges viselkedésének
klasszikus kémiai példdja, az oszcillalo reakciok modell-
je is felhasznalhaté 0 elven mikodo gyogyszerformak ki-
fejlesztésehez.
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[. Antal, M. Mariann: Application of intelligent poly-
mers in pharmaceutical technology. Part I1: Mechanisms for
controlling drug release

This summary reviews the possibilities for controlling drug
release by the use of intelligent polymers. Physiological envi-
ronments (e. g temperature, pH, ion concentration. glucose
level etc.) are precisely regulated by the homeostasis of our
body and they may serve as stimuli which can be applied to opti-
mize drug therapy during dosage form design. Recent results on
self-regulating polymer gels demonstrate that principles related
to special behaviour of nonlinear systems in the classical model
of oscillation reactions also give an opportunity to develope
pharmaceutics based on new principles.
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