improved by the periparticular molecules, which stands beside the QD as electron donors and
transfer the electric condition using their molecular polarity.
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Fig. 4. Polarity of the solvent regulates the frequency of the millisecond oscillation. The
millisecond oscillation of QD-COOH in (a) polar organic solvents; chloroform, ethanol, and
tetrahydrofuran, and (b) non-polar inorganic solvents; toluene, n-hexane, and styrene, were
observed on the evanescent field by the total-reflective fluorescent microscopy with a CCD
camera unit FASTCAM®. The blinking frequency of each monodispersed QD (n=6) on each
one millisecond is measured by one millisecond exposure. QDs. x-axis indicates the time
[millisecond] and y-axis indicates the fluorescence intensity. Data shown are one of three

independent experiments that gave the same results.

4 CONCLUSIONS
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We propose a novel photophysical property on the fluorescent intensity of QD called

millisecond oscilation. Millisecond oscillation has

direct relationship with the

increase/decrease of fluorescence intensity of QD-solution. The previous reports mentioned
that not only core materials but the surface covered molecules which surround QD regulate
the photoluminescent intensity of QD. In addition, we stated in this article that external
environmental molecules which stand beside the QDs also affect the fluorescent intensity via
millisecond oscillation. These results suggested that the surface and environmental molecules
surrounded QDs act as the way to transfer the excited electron on QDs. Our study provided
the criteria to determine the suitable molecules that covered QDs without losing higher

fluorescence activity.
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Use of fluorescent quantum dot bioconjugates for cellular imaging of
immune cells, cell organelle labeling, and nanomedicine: surface
modification regulates biological function, including cytotoxicity

Abstract With the development of nanotechnology, na-
noscale products that are smaller than several hundred
nanometers have been applied to all areas of science and
technology. Nanoscale products, including carbon nano-
tubes, fullerene derivatives, and nanocrystal quantum dots
(QDs), are wide spread as novel tools in various fields, not
only in materials engineering, electronics, plastics, and the
automobile and aerospace industries, but also in molecular
biology and medicine. At present, QDs have been widely
used in biological and medical studies because of their
superior photoemission and photostability. Although the
physical and chemical properties of QDs have been circum-
stantially investigated, little is known about any harmful
effects of QDs on human health. Here we report on the
toxicity and biological behavior of QDs in vitro and in vivo.
The toxicity of the core constituent chemicals such as
cadmium and selenium has been identified. Recently, the
surface molecules surrounding QDs have been intensively
investigated. Accumulating evidence thal toxic surface-
covering molecules showed their cytotoxicity and biomole-
cules conjugated with QDs maintained their biological
effects indicates that at least the biological properties of
QDs are attributable to the QD-capping material rather
than to the core metalloid complex itself.
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Surface molecules define the properties of quantum
dots

The fact that enormous advances in the field of nano-
technology could give conventional materials additional
functionality based on nanoscale effects was predicted by
Professor Ryogo Kubo in the 1960s,' but it has taken more
than 40 years 1o realize the production of nanomaterials.*
Nanomaterials that have specific functions based on nano-
meter size effects are now attracting much attention due
to the intrinsic characteristics of nanomaterials, which are
enhanced by their significantly larger surface area.>” Cur-
rently, colloidal nanocrystal quantum dots (QDs) emitting
very bright fluorescence are widely used in biological and
in medical studies. These QDs are attractive fluorophores
for multicolor imaging due to their broad absorption and
narrow emission spectra, and are brighter and far more
photostable than organic fluorescent dyes.>*

Great quantities of artificial nanomaterials, including
QDs, are produced and consumed on the unfounded as-
sumption that nanomaterials are biologically and environ-
mentally harmless: in fact, only a few studies have reported
on the toxicity of such nanomaterials.'>* Recently, nano-
material researchers have started to address nanomaterial-
induced toxicity problems.*** Why has research on the
toxicity of nanomaterials progressed so slowly? The reason
is attributed to some of the following factors: (1) Some re-
search on nanomaterials has been performed under the
premise that they are not toxic. Such research does not
consider the viewpoint of toxicity. (2) Various kinds of nano-
materials that have their own unique properties have been
synthesized, and a variety of QD concentrations has been
reported. This makes it difficult to generally discuss the
toxicity of QDs in terms of dose-dependent effects. (3) Suf-
ficient quantities of nanomaterials cannot be supplied to
carry out a series of toxicity studies. Some studies have been
designed for toxicologists.

We and other nanomaterial researchers have reported
that the behavior of QDs in the body [in terms of absorp-
tion, distribution, metabolism, and excretion (ADME)],
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Fig. 1a,b. Dose- and particle-size-dependent quantum dot (QD) toxic-
ity at high concentrations. a The cytotoxicity of QD520 (green) solution
depends on its concentration. Vero cells were plated at 1 % 10° cells and
stimulated with culture media alone or with QD520 at concentrations
of 100, 200, and 400 uM. The cells were incubated for 3.6, 12, and 24 h
at 37°C. The cells were then harvested, stained for observation of
dead cells with propodium iodide (PI), and measured by flow cytomet-
ric analysis. Fluorescence was measured by FACS Calibur (Beckton
Dickinson). b Relative cell viabilities on exposure to different sized
QDs were measured by MTT assay. Vero cells were plated at | x 10°
cells on a 24-well plate and incubated for 12 h with the indicated con-
centration of QDs. The results show the averages of three separate
experiments

and their toxicity is dependent on multiple factors derived
from both the individual physicochemical properties and
the environmental conditions.#** The toxicity of nanoma-
terials is primarily caused by their inherent physicochemical
properties. In addition, some environmental factors, includ-
ing oxidative, photolytic, and mechanical stability, often
degrade QDs, resulting in additional 1oxicity.

A QD material has its own physicochemical properties
that influence the toxicity dependent on the QD size, elec-
tric charge, concentration, and surface-coating materials,
including capping materials and functional groups. We as-
sessed the dose and size dependency of QD-mediated cyto-
toxicity at concentrations approximately 1000-fold those
usually found in cellular applications. We observed the
dose-dependent (Fig. 1a) and the size-dependent (Fig. 1b)
cytotoxity of QDs.* The observed cytotoxicity is propor-
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Fig. 2a—c. Surface-capping molecules participate in QD-induced cell
damage and lethal cytotoxicy due to the toxicity of the molecules.
a ZnS-coated CdSe nanocrystal QDs (fluorescence wavelength: ap-
proximately 518 nm, emitting green) were capped with 11-mercaptoun-
decanioc acid (QD-COQH), 2-aminoethanethiol (QD-NH), and
3-mercapto 1, 2-propanediol (QD-OH) by thiol exchange reactons.
Cartoon images and solution photos of QDs capped with the vacious
surface molecules are shown on the fefr. The images of agueous QD
solutions (final concentration, 100nM) were captured using a digital
camera with 1/30s exposure excited by 365-nm wavelength ultraviolet
light (UV-A). The relative fluorescence intensity of each QD (shown
on the righr) was measured using fiuorescence spectrometry. b,e The
DNA-damaging effects of hydrophilic nanocrystalline QDs were as-
sessed by comet assay. When WTK-1 cells were incubated with cach
sample, the fragmented DNA of apoptotic cells (called a comet tail)
was eliminated from the nuclei by electrophoresis. The length of the
comet tail stained with ethidium bromide was measured. b QD solu-
tions induced genotoxic cell death. Cells were treated with QD-COOH
(red), QD-NH2 (blue), QD-OH (yellow), QD-OH/COOH (orange), or
QD-NH2/OH (green) for 2h. ¢ Chemicals capping QDs also induce
cell death. Cells were treated with MUA (red), cysteamine (green),
thioglycerol (yellow), TOPO (blue), or ZnS (orange) for 2h. The dif-
ference between the means in the treated and control plates was com-
pared with the Dunnett test after one-way ANOVA. #*P <0.03. Results
are from three separate experiments

tional to the number of QDs that are incorporated into the
cells. In fact, we demonstrated that red QDs are incorpo-
rated into cells less easily than green ones.*? Other groups
have also demonstrated that QD-induced cell death was
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due to chromatin condensation and that the size of QDs
contributed to their subcellular distribution.”” Moreover,
cadmium and selenium, two of the most widely used con-
stituent metals in the QD core crystal, are reported to cause
acute and chronic toxicities in vertebrates when the QDs
were irradiated to induce UV-mediated oxidative stress.®
Furthermore, the capping materials and biomolecules that
cover the QD surface also have a role in defining the total
biological behaviour of the whole nanocrystal QD, includ-
ing toxicity. We demonstrated that some surface-covering
toxic molecules caused severe cytotoxicity in a dose-
dependent manner, whereas some surface-covering less
toxic molecules caused less cytotoxicity (Fig. 2). These re-
sults suggest that the bioactive behavior of QDs in biologi-
cal systems is not only dependent on the nanocrystal particle
itself but also on the biochemical properties of any surface-
covering molecules®® These results provide evidence that
some hydrophilic compounds that cap the surface of QDs
are responsible for the biological effects of the whole QD
complex. This result prompted us to attach drug molecules
to QDs and observe whether the complex exerted its me-
dicinal effect in vivo. First, we conjugated QDs with an an-
tihypertension medicine, captopril.*** Then we measured
the effect of QD-conjugated captopril (QD-cap) in vitro;
further, QD-cap was administered to spontaneously hyper-
tensive rats to assess the effect of QD-medicine in vivo*
As expected, we were able to synthesize functional nano-
composit particles of QD and captopril without losing fluo-
rescence activity or antihypertensive effects (Fig. 3). These
results suggested that the surface treatment of nanocrystals
(surface-capping with functional groups or with biomole-
cules covering the surface of QDs) can define the biological
behavior of whole-nanocrystal QD complexes.'>53

Here, we consider that the toxicity of QDs in biological
systems is not only dependent on the nanocrystal “core-
particle” itself but also on the surface molecules. We ob-
served no cytotoxicity from the ingredients of the QD core
itself, suggesting that surface processing can overcome the
toxicity of nanomatenals, unless the core structure itself
is broken. Surface modification with functional molecules
combined with nanomaterials can produce novel bionano-
machines conforming to the functions designated by their
surface molecules.®' On the other hand, these results sug-
gest that inappropriate treatment and disposal of QDs may
still entail the risk of environmental pollution, including
human health concerns, under certain conditions.

Quantum dots targeted to specific organelles in
living cells

The result that the surface of a QD defines the total biologi-
cal behavior prompted us to investigate the biological role
of QDs with bioactive coverings; QDs conjugated with bio-
active materials and signal peptides can be transported to
the assigned organelle in living cells.® Some oligopeptides
have been demonstrated to penetrate the cellular mem-
brane by means of their protein transduction domains and
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Fig. 3a,b. Captopril-capped QI (QD-cap) exerts its medicinal effect
both in vitro and in vivo. Captoprol, an antihypertension medicine, was
directly conjugated with QDs (QD-cap). Each QD-cap particle con-
tains approximately 180 captopril molecules by peptide content assay.
aThe inhibition activity of angiotensin-1 converting enzyme (ACE, the
target molecule of captopril) by QD-cap was measured by the Cush-
man and Cheung method. The data presented are the mean £ SD of
triplicated samples. QD-cap shows inhibitory activity as well as capot-
pril alone. b QD-cap decreases the blood pressure in hypertensive rats.
QD-cap (Smg/kg) was injected i.v. into the SHR-SP spontaneous hy-
pertensive rat via the carotid artery. After injection, the systolic blood
pressure was measured by the tail-cuff method at the indicated times
(n = 3). SBP, systolic blood pressure

to specificially locate their designated organelle. Previous
studies have shown that protein transduction by nuclear
localizing signal (NLS) peptides is an efficient method
for delivering proteins into the nuclei of cells. In this
stucly, we used two functional transport oligopeptides that
localize to the nucleus or to mitochondria, and evaluated
whether the QD-peptide complexes worked as specific
functional supermolecules based on the original peptides.
We designed a supermolecule comprising luminescent QDs
conjugated with R;KC*® NLS peptides (QD-NLS), and
with cylochrome-c oxidase VIII* mitochondria-targeting
signal peptides (QD-MTS) (Fig. 4).

To trace the route of RyKC (NLS peptide) from the
outer membrane to the nucleus in living cells, QDD-NLS
was added to cultured cells. Relocation from the cell mem-
brane to nuclei was observed about 30s after incubation,
and movement into the nucleolus was observed after 1 min.
QD-NLS gradually accumulated throughout the whole
nucleus during 15min of incubation (Fig. 5a). Finally, we
could visualize the motion of the QD-NLS being delivered
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Fig. 4a,b. Schematic representation of peptide-conjugated QDs for
specific organelle targeting and subcellular traffic imaging. a The QDs
for peptide conjugation are based on carboxyl QDs (for anionic and
hydrophilic peptides) or amino QDs (for highly cationic peptides).
Chemically synthesized TOPO-capped QDs were replaced by mercap-
topropanoic acid or cysteamine using thiol-exchange reactions. After
the reaction, QDs were capped with approximately 250 carboxyl or
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Fig. 5a,b. Visualizing the subcellular trafficking of organelle-localizing
peptides using QDs. a Subcellular trafficking of QD-NLS for nuclei.
Vero cells were prestained with Hoechst33342 (blue) and stimulated
with QD640-R,,KC NLS peptides (emitting red, 1uM final) for the
indicated time at 37°C under a 5% CO, atmosphere with a culture fluo-
rescence microscope (IM-310 system, Olympus, Tokyo, Japan). QD-
NLS (red) was rapidly localized to nuclei after a few minutes’
incubation. Bars, 10pum. b Subcellular trafficking of QD-MTS for the
mitchondrial membrane. Vero cells were cultured with QDS20-Mito§
MTS peptide (emitting green, 1 pM) (a-¢) or QDS20-START negative
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amine groups per QD particle. b A two-step conjugation strategy for
QD-oligopeptide probes. MPA-QD (upper lane, for anionic peptides)
or cysteamine-QD (lower lane, for cationic peptides) was primarily
coupled with the amine groups of cysteine or serine, respectively, by
using EDC coupling reagents. Then amino acid-coated QDs were sec-
ondarily conjugated with these target peptides by coupling between
their N-hydroxysuccinimidyl and maleimide groups

b

SUAMN LT V]

e §

Ahwlrew st Ceern

control peptide (d-f) for 12h at 37°C. Then cells were coincubated
with MitoTracker (Molecular Probes, Engener OR) mitochondria
staining reagents for an additional 1h to confirm the mitochondrial
localization. The cells were observed using confocal microscopy. The
images were taken using a cooled CCD-camera equipped with confocal
microscopy. (Bio-Rad, Hercules, CA). The fluorescence of QD-MTS
(green) became merged with that of organic mitochondrial dyes,
whereas the fluorescence of QD-control peptides did not. Bars,20pm,
magnifications: x80
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into the nuclear compartment of cells using QD fluores-
cence. In addition, when cells were cultured with QD-MTS,
the QD fluorescence became merged with the signal of mi-
tochondrial fluorescent dyve (Fig. 5b), whereas control QD-
peptides did not. It is impossible for conventional fluorescent
organic dyes to trace such a series of motions because of
their labile fluorescent lifetime. Using this technique, we
could trace the movement of tiny bioactive molecules (i.e.,
antibodies, cytokines, and medicinal chemicals) by QD fluo-
rescence. Our techniques open up the possibility that QDs
can reveal the transduction of proteins and peptides into
specific subcellular compartments and could constitute a
powerful tool for studying intracellular analysis in vitro and
even in vivo.

We demonstrated that fluorescent QDs are a useful tool
for tracing the motion of specific peptides as they selectively
target specific organelles in living cells. In addition, these
signal peptide-QD complexes have the ability to translo-
cate across the cell plasma membrane and can subsequently
home in on their specific targets, including the nucleus or
the mitochondrial membrane.

The production of nanometersized materials with
biological function is very important since we currently
have no “designed material” that can arbitrarily penetrate
nanometer-sized gaps such as those in the skin, membranes,
and blood vessels, for example. This study demonstrates
that the surface modification of nanoaparticles with
functional molecules may function as bionanomachines
conforming to the functions designated by their surface
molecules. We have shown in this article that QDs with
targeted peptides can be transported to nuclei and mito-
chondria. These techniques open up the possibility that
QDs can reveal the transduction of proteins and peptides
to specific subcellular compartments in vitro and even in
vivo as a powerful tool for conducting intracellular analysis.
Nanomaterials have the capacity to change even the con-
cept of existing diagnosis and medical treatment by provid-
ing functions such as pharmacological and magnetic effects
and by giving information of the specificity to tissue or
organs in vivo.

QDs as cell-labeling dyes for immune cells

Here, we demonstrate the imaging of the movements of
mouse lymphocytes and macrophages using QDs. First, we
added a solution of QDs directly to lymphocytes, but failed
to stain the cells. Aqueous QDs were easily aggregated in
acidic or saline solutions, even if we produced aqueous
modification. In addition, living cells do not incorporate
substances that have a high electric charge, even if their
metaphor sizes are small (i.e., sodium ions use a special ion
channel to transport across the membrane). We have im-
proved the methods for stabilizing QDs in biological solu-
tions such as cell-culture media."** We examined several
kinds of serum and intracellular protein to assess efficient
stabilization. Among them, serum albumin with QDs was
found to be suitable for labeling living cells. In this study,

[
"v
Z
&
£
4
:
x
3
[
%
SEEE I F 3 TR

exposwe ime {sec)

Fig. 6a—c. Comparison of photostability of QDs with that of conven-
tional organic probes. Fluorescence photostability comparison of
a OD-stained and b CFSE organic dye-stained CD4" T lymphocytes
with continuous excitation from a 488-nm laser lamp. All images were
taken using a D1X digital camera equipped with fluorescence micro-
scope 1X-81 at the indicated times using a 1.0-s exposure. ¢ Comparison
of the relative fluorescence intensity between QDs and the organic
probe CFSE. Open circles indicate organic probes and closed circles
are the QDs ‘

we assessed whether QDs could be applied to various
applications using labeled cells for the purpose of long-
duration tracing of living cells in vitro and in vivo. To take
full advantage of the characteristics of QDs, we established
the labeling of immune cells using QDs*

Immune cells have specific features in that they move
inside the body to act in host defense. Once pathogenic
microbes attack the host, the immune cells are recruited
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Fig. 7a—c. QDs have less effect on CD4” T-lymphocyte function. Splen-
ic CD4’ cells were collected from splenocytes of CS7BL/6 mice and
were positively selected by a MACS column using a mouse CD4* T
isolation kit. a,b Splenic CD4" cells (5 x 10° cells/well in a 24-well plate)
were prestained with or without 4nM QD for 60min and incubated
without anti-CD3 stimulation for 4h. Next, T lymphocytes (2.5 » 10
cells/well) were stimulated with anti-CD3 antibody (BD Pharmingen)

QD-labeled
CD4+ T cells

=

and incubated for 12h. Supernatant was collected after 24h and 48h
and the cytokine 1L-2 and IFN-gamma production was measured by
ELISA. ¢ T lymphocytes (2 x 10" cells/well) were stimulated with anti-
CD3 antibody and then *H-thymidine (0.5 mCi) was added. After 16h
of stimulation, *H-thymidine uptake was measured. d Splenic CD4* T
lymphocytes were cultured for 5 days after being labeled with 4nM
QD and albumin solution for 60 min
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Fig. 8. Observation of QD-labeled CD4" T lymphocytes in the periph-
eral blood and spleen. Mouse splenic CD4* T lymphocytes were col-
lected with a MACS column with a CD4" T lymphocyte isolation kit.
The collected lymphocytes were stained with 4nM QDD and albumin
solution for 60min. The stained CD4” cells were intravenously injected
into mice (1 x 10° cells/head). The mice were killed as indicated at day
1 and day 5. The peripheral blood leukocytes were harvested, separated
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by percoll gradient, and stained with propidium iodide to exclude dead
cells from detection. The QD-positive lymphoctes were observed using
FACS Calibur flow cytometry. QD-labeled cells could be detected in
the blood circulation 5 days after injection. The fluorescence images of
paraffin-embedded spleen sections at day 1 and day S were measured
with fluorescence microscopy. Arrowheads indicate the location of QD-
containing cells. Magnification x200
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from the circulation to the inflamed site and undertake
specificactions. Tlymphocytes play critical rolesin the antigen-
specificimmune response. They continuously moved through
the body, but activated T cells migrate to the inflamed site
from blood vessels and promote bacterial killing by macro-
phages. T cells then leave the inflamed site and reenter the
circulation. Therefore, it is very important to visualize the
trafficking of T cells.

The labeling procedure of lymphocytes with QDs is quite
simple. We purified CD4-positive T lymphocytes from mu-
rine splenocytes using magnetic beads (MACS system), and
added QDs with albumin. Albumin-coated QDs were incor-
porated into the cells immediately after addition, and fluo-
rescence was detected in the cytoplasm within 15 min; QDs
were located in the endosomes. The cell labeling efficiency
was quite high and almost all the cells were labeled. The
fluorescent intensity increased, depending on the incuba-
tion time with QDs. Next we compared the photostability
of QDs and an organic dye, Carboxyfluorescein Succinimi-
dyl Ester (CFSE). CFSE faded completely within 1 min af-
ter exposure to an argon laser. Sometimes the fluorescence
of CFSE disappeared during the focusing of the camera,
resulting in missed photographs. In contrast, QD fluores-
cence was detected for over 30min (Fig. 6). Thus, labeling
with QDs is a strong tool especially for microscopic studies.
Next, we examined whether QDs affect cell function. We
labeled T lymphocytes with QDs and examined T-cell
proliferation using tritiated-thymidine uptake and the pro-
duction of cytokines, i.e., interleukin-2 (IL-2) and interfer-
on-gamma (IFN-y) productivity after activation of T cells
with anti-CD3 antibody. It was found that there was no
significant effect on cell function (Fig. 7). We found that
when stimulated T cells were kept cultured for 5 days,
QD-labeled living cells were still observed. These results
indicate that QD-labeling is stable and does not affect
either cellular activation or immune cell function. These
data prompted us to trace QD-labeled cells in vivo.
QD-labeled T cells were adoptive transferred to mice by
injecting intravenously. QD-labeled cells were eliminated
from the blood circulation promptly and became distribut-
ed throughout the whole body, but mostly in the spleen.
One day later, cells were detected in the marginal zone of
the spleen, and 5 days later, they were detected in the white
pulp. Thus, QDs enabled visualization of target cells by
time-lapse analysis (Fig. 8).

To summarize, visualization of the movements of im-
mune cells was possible using the bright fluorescence of QDs.
Labeling with QDs overcame the various problems described
below in the detection of cells using fluorescent dyes.

1. Cells were easily labeled with QDs.

2. Fluorescence from QDs was far brighter and more stable,
having clear advantages over conventional fluorescent
dyes for cell labeling.

3. There was no significant effect on cell function after la-
beling of T cells with QDs.

4. QD-labeling enabled us to detect the distribution of the
various cell types infiltrating various normal and in-
flamed tissues.
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Conclusions

We conclude that the surface treatment of nanocrystals
(surface covering functional groups and biomolecules cap-
ping the surface of QDs) determines the biological behavior
of entire nanocrystal QD complexes. Advances involving
the surface modification of QDs have enabled many novel
biological experiments. We and other groups previously
reported that QDs have been applied to some biological
experiments, including long-term multicolor cell imaging in
live cells,”®*"*® and even in cancer immunotherapy with
QDs.***% This study suggests that QDs are excellent
imaging agents for visualizing invisible vitreous in clinical
situations. In addition, we are now concentrating our efforts
on developing nanocrystals made from silicon, which are
expected to show less inherent cytotoxicity.® We anticipate
that these new imaging agents and methods will be used
broadly, allowing disease to be diagnosed and understood
easily and fully in the wvsual clinical setting and promoting
safe and complete treatment for many medical situations.
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In this paper, we model a nonlinear dynamics of infectious diseases
transfer. Particularly, we study possible applications to tubercular infection in
models with different profiles (peak values) of the population density depend-
ence on spatial coordinates. Our approach is based on the well known method of
instantons which has been used by the authors to describe kinetics of adiabatic
chemical reactions as a function of the heat-bath temperature and other system

parameters. In our approach, we use “social temperature” 7" as one of the con-

trolling parameters. Increase of 7" leads to acceleration of the infectious dis-
eases transfer. The “blockage” effect for the infectious diseases transfer has
been demonstrated in the case when peak values (in the population density) are
equal to one and under condition that the “social temperature” is low. Existence
of such effect essentially depends from environment “activity” (social and pro-
phylactic). Results of our modeling qualitatively meet the tuberculosis dynamic
spread data in Penza region of Russia.
Keywords: infectious diseases, transfer modeling.
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1. Introduction

The problem of exact modeling of different types of infectious diseases transfer
is of great importance [1, 2, 3, 4]. In most cases existing models are of “macro-
scopic” character (the scale is countrywide). A number of “macroscopic” mod-
els can be described as “network” models, percolation-, reactionary-diffusion-,
oscillating, stochastic-, multivariable Markovian models [1], etc. Another type
of models are of a microscopic character which are used at the molecular level:
mutation models; models, which reveal infectious stability to different medicine
influence, etc. Up to date, models of an intermediate (mesoscopic) level practi-
cally are not developed. Such models could give important (integrating) infor-
mation about infectious “carrier” (like incubation period or latency). Also, such
models would allow investigation of features of controllable infectious transfer
at the scale of connecting settlements, e.g., towns.

Existing spectrum of the infectious transfer models has been discussed at
the “International Symposium on Transmission Models for Infectious Diseases”
[2, 3, 4] at the Tokyo International Medical Center of Japan, and vital necessity
of the mesoscopic models for infectious transfer has been convincingly demon-
strated. Although the most reports at this Conference has been devoted to mod-
eling of the supposed global pandemic influenza (with account for high risks
and for the infectious transfer high rates); the mesoscopic model for the tubercu-
losis transfer has been recognized as important one as well. Importance of the
research at this level can be also confirmed by the integrated statistics for the
tuberculosis diseases growth in Russia since 1991 (see Fig. 1). This tendency is
kept today in Russia, and problem is complicated because of high population

decrease (see Fig. 2).
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Fig. 1. (a) Tendencies for the tuberculosis diseases growth in Russia since 1991;
(b) Population decrease in Penza region, Russia; (c) Tuberculosis diseases

growth in Penza region, Russia.

2. The model description

Prior to mathematical formulation of the model, we will discuss on some

assumptions. For example, with an account for the tuberculosis diseases features
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(as social diseases), preferential (or probable) directions of infectious transfer
are directions from settlements (towns) with lower population density (Fig. 3) to
settlements with higher population density. The infection transfer rate essen-
tially depends from social-economic conditions, which we indirectly describe by
the “social temperature” parameter. With higher “social temperature”, more
complicated social-economic conditions are realized (unemployment level in-
creases, inflation increases, medical service for the essential population part is
getting worse, etc.); as the result, infectious transfer rate becomes higher. Envi-
ronment (where infection transfers) essentially influence on the infectious dis-
ease transfer dynamics. Particularly, active prophylactics can increase resistibil-
ity (or “dissipation”) of environment to the infectious disease transfer. On the
other hand, destabilizing or excitation (oscillating) influence on the environment
can lead to the infectious transfer rate growth. Besides, “inertia”, which is re-
lated to incubation period of disease, can be included in the model through the
parameter similar to “mass”. All the abovementioned factors are considered in
suggested mesoscopic model.

To construct the model, we develop and apply well approved instanton
method, which has been used earlier in dissipative tunnel chemical kinetics re-
search (with account of the heat bath influence) [5, 6]. For this purpose, we will
specify the formulation of transfer (kinetic) problem and will show how Hamil-
tonian of the initial reactionary system can be transformed to the traditional one,
which can describe transfer with account of “dissipation”. To make it, we intro-
duce the reaction coordinate (infectious transfer direction); and the potential

profile along this coordinate will be of the form shown in Fig. 2.
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Fig. 2. Distribution of an infection (of infectious diseases transfer) along a line

connecting two neighbor settlements with various population density p(q),

depending on “social temperature” T'* (T, >T").

The condition of the reacting system in an environment is determined by
the multidimensional potential energy surface. Appropriate approximation to
study “low temperature” kinetics at such a surface is the following potential en-
ergies:

1

U =% ~0,(x+x,), U=ﬁ— 2(x, —x, ) —AlL 1)

l
' i=] 2
At low temperatures the potential energy terms of the initial and final

states are assumed to be presented as the set of oscillators with frequencies
@,, , relatively shifted to 2x,,, the oscillator “masses” are chosen to be equal

to 1, hence, their coordinates are renormalized to the square root of the cor-
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responding mass. The term of the final state lies lower than the initial one by
the value of Al (the “reaction heat” or asymmetry parameter in the popula-
tion density profile).

The plane, being the intersection surface of the two paraboloids, is de-

termined by the equation:

N

24 y.x, =-Al, )
i=1

where
1
Vi = zxo-'a)mz: 3)
2 ul 4 2
X =3 o, x, 4)

i-1

so that the normalization condition is fulfilled,

Y7 =1 5)

The coordinate normal to the plane (2) stands for a transfer coordi-

nate. Let us select it out of the whole coordinate set so that the remaining in
the plane (2) (N - 1) oscillators are mutually independent but and only line-

arly connected with the chosen transfer coordinate. For this aim we consider
the orthogonal rotation of the coordinate system, so that one coordinate coin-

cides with the transfer one:

) |
W=7, (6)
i=1
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whereas the other (N - 1) coordinates diagonalize the potential energy in
the plane (2):

N
y,=2U,x, (7
i-1

N
and U, = y,. The quadratic form Za)o,.zxi2 may be transformed to
i=1

N N
a)lz.yl2 +2ylzcaya +Zwa2ya2 ’ (8)
a=2 a=2

2 . . . . . .
where @, satisfies the equation for eigenvalues. To obtain this equation we

should diagonalize the quadratic form
N
PICIE A ©
i-1
Under condition that the transfer coordinate is determined by Eq. (6), and other
oscillators coordinates are chosen so that there are not terms of y,y, - type
(i, x > 2), but there are terms of the transfer coordinate y, interaction with co-

ordinates y, (i >2). For this purpose we should fulfill diagonalization of the

quadratic form:

N
Yo, UU,=0,8,, (10)

a " afi i
i=]

where U is element of an orthogonal matrix. Let's multiply both parts of this

equation on U, and make summation over @' from 2 to N with an account

for the orthogonality condition for the matnx of transformation,
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Up=—5"7, (1)
ka _wa
where
N 2
C,=20,rU,. (12)
i=1

Substituting U/, from (11) to (12), we obtain the equation, which determines

. 2
the eigenvalues @, ,:

5o,y
>——==1L (13)
i=1 0)01. -

a

One eigenvalue a),2 =0 should be excluded from the consideration. With an

account for Eq. (5), the equation (13) can be transformed to following form:

2

ZN:%Z—:O. .4

i=1 wOi _wa

Let's define now factors C_ from Eq. (12) and orthogonality conditions for the

matrix of transformation:
2 -1/2
N
Vi
C.=|2r—"—v| - (15)
=l (a)Oi _a)a )
Let's note, that
2 Y 2 2
@ = 0,7 (16)
i=1

Hence, the system Hamiltonian may be written as:

2

~ N . 1 N
H=p71+vl(yl)+ylzcaya+§z:2(pa2+wa2ya2)’ (17)
a=2 a=
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