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Abstract

Current paper presents the results of the system development for intracranial implantation aimed on therapy and prevention of brain gliomas
relapse. The main property of the system, in prospective, will be to direct the growth of glioma cells localized in the region adjacent to the site
of the removed tumor along the fibers towards the proximal part of the fiber-optic scaffold (neuroport). Such approach will allow carrying out
cells diagnostics by the photoluminescence signal and provide subsequent destruction of malignant cells by photodynamic action. Besides,
this system could be used for monitoring the processes occurring in the probed area in order to control the possible relapses. The localization
of cells along the fiber structures covered with gelatin compound, which is the source of amino acids during cultivation, was shown during
the glioma cells growth dynamics study. Moreover, four different designs of intracranial scaffold models, serving as ports for diagnostic and
therapeutic laser radiation delivery, were developed and successfully tested in the framework of the research. The results obtained on the
rats brain with induced tumors (glioma C6) after neuroport implantation demonstrate sufficiently intense fluorescence in the tumor bed after
intravenous injection of the nonmetallic sulfonated phthalocyanine based photosensitizer, and a pronounced photodynamic effect leading to
total destruction of the tumor. In this way, the results of this study open the prospects of creating the neuroport with an internal fiber structure
that focuses the glioma cells growth.
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TAMOMbI, AOKaAM30BaHHbIX B 0OAACTH, MPUAEratoLLEN K MECTy YyAAAEHHOW OMyXOAM, BAOAb BOAOKOH MO HaMpPaBAEHUIO K MPOKCUManbHOW
UacTu BOAOKOHHO-OMTUUYECKOrO MMMAGHTaTa (HEMPOMOPT) C LEAbD MX PErUCTPaLMu Mo CUrHaAy GOTOAIOMUHECLEHLMU U MOCAEAYHOLLEN
UX AECTPYKLMWM B pe3yabTaTte (GOTOAMHAMUUYECKOTO BO3AEWMCTBUS. Takoe YCTPOMCTBO AOAXHO 0O6ECMeYUTb MOHWUTOPUHI MPOLECCOB,
NPOUCXOASALLUX B 30HAMPYEMOW OBAACTH C LieAblO KOHTPOASI MPOLECCOB PELMAMBUPOBAHUS. B XoAe A@HHOrO MCCAeAOBaHUS AMHAMUKK
pocTa KAETOK TAMOMbI NMoKa3aHa AOKaAM3aLIUA KAETOK BAOAb BOAOKOHHbIX CTPYKTYP, MOKPbITBIX XEAGTUHOM, KOTOPbIN ABASIETCS UCTOUHUKOM
aMWHOKMCAOT MPU KYABTUBMPOBaHWUWU. Takxke B Xoae paboTbl ObiAM paspaboTaHbl M ycrewHo anpobupoBaHbl YETbIPE PA3AMUHbIX
KOHCTPYKLIMKU MAKETOB BHYTPUUYEPEMHbIX UMMAGHTATOB, BbINOAHSIOLLME POAb MOPTOB AASl AOCTAaBKM AMArHOCTUYECKOTO U TEpaneBTUYECKOro
Aa3epPHOro 13nyUYeHus:. MoAyYeHbl Ha FOAOBHOM MO3Ie KPbIC C UHAYLIMPOBAHHbBIMU OMyXOASiIMU (TAMoMa C6) MocAE UMMAAHTALMM HEMPOMOPTa,
AEMOHCTPUPYHOLLME AOCTATOUHO UHTEHCUBHYH (GAYOPECLEHLMIO B AOXE OMYXOAU NP BHYTPMBEHHOM BBEAEHWU GOTOCEHCMBUAM3aTOpa
Ha OCHOBE 6€3METaAbHOTO CyAbGUPOBAHHOrO (GTAAOLMAHMHA U BbIPaXeHHbIN GOTOAMHAMUYECKUN IDDEKT, MPUBEALIWI K TOTaAbHOMY
paspyLUEHWIO OMyXOAU. MOAYUEHHBIE PE3YALTAThl OTKPbIBAOT NEPCMNEKTUBLI CO3AAHUS HEMPOMOPTA C BHYTPEHHEH BOAOKOHHOW CTPYKTYPOIA,
bOKYCUPYHOLLLEN POCT KAETOK FAMOMbI.
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Introduction

Currently, the general treatment of patients with
glial brain tumors is characterized by a comprehensive
approach that includes surgical removal, radio- and che-
motherapy [1, 2]. Other methods, such as immunocor-
rective therapy and specific antitumor immunotherapy,
being developed in some clinics, are not considered the
standard and are still at clinical trials stage [3-5]. Despite
the improvement of the surgical intervention methods
and the enhancement of technical equipment capacity
of clinical units performing postoperative radio- and che-
motherapy, the results of combined malignant gliomas
treatment have not significantly improved. The median
overall survival of patients with multiform glioblastoma
is 14 months. A number of factors determines the high
mortality rate, one of which is the deep invasiveness of
the multiform glioblastoma. Due to the specific infiltra-
tive growth of such neoplasms type, the key shortcom-
ing of surgical intervention is the lack of total tumor
removal feasibility. That circumstance is the major rea-
son leading to disease recurrence. It is significant to note
that at present there are scaffolds that are placed into
the tumor bed after resection. This therapy approach
is based on the prolonged action of chemotherapeu-
tic drug, which is gradually released from the scaffold,
affecting the tumor cells remaining after surgical inter-
vention thereby preventing recurrence [6-7]. Such way of
brain neoplasms therapy is considered the most effec-
tive among the currently existing ones, however, some
glioma types are resistant to chemo- and radiotherapy,
which does not allow this method to be universal. Malig-
nant brain gliomas are known to invade and spread along
the white matter channels and blood vessels [8-10]. Due
to the characteristic features of infiltrative growth along
nerve fibers and vessels, the definition of primary intra-
cerebral tumors boundaries is a particularly difficult task
[11-12]. The recent studies of American scientific groups

have shown that C6 glioma cells migrate massively along
the polymer nanofibers coated with nutrient media. Fur-
thermore, scientists achieved significant reduction of
the tumor intracranial volume by implanting the fiber
structures inside the cranium and the externally affect-
ing with the chemo based on cyclopamine gel [8]. Based
on this scientific observation, the creation of conditions
for centripetal residual tumor cells proliferation ten-
dency, not centrifugal (from the center to the periphery),
appears to be perspective. Optical fibers, structurally
imitating the white matter channels and blood vessels,
are particularly relevant for such a system that sets the
direction of tumor growth. Photodynamic therapy is the
most appropriate and effective method for providing a
destructive impact on pathological tissues due to the
fiber-optic internal structure of the scaffold.

In this way, the major goal of this study is to create a
system the main property of which is to provide the direct
growth of glioma cells, localized in the region adjacent to
the site of the removed tumor, along the fibers towards
the proximal part of the fiber-optic scaffold (neuroport).
Such configuration will allow malignant cells registration
by the photoluminescence signal and their subsequent
destruction as a result of photodynamic effect [10]. Thus,
the neuroscaffold should be based on a biocompatible
material framework with an internal fiber structure that
focuses the glioma cells growth by branching from the
proximal end to the distal one. Such a device will also
provide monitoring of processes occurring in the probed
area in order to control the relapse processes.

Materials and methods

Biological material

To conduct the study of cells localization under incu-
bation conditions with optical fibers structures in vitro, a
culture of rat brain tumor cells C6 was used. Cells were
maintained by subculture method in RPMI medium.
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Then, the cells were taken off the plastic culture flasks
surface using trypsin. Tumor cells were incubated with
optical fibers in the flat-bottomed culture panels during
5-7 days at 37°C until a monolayer was obtained.

For biointegration study of the developed scaffold
framework, a series of experiments was conducted on
mature Wistar rats models with 200-220 g mass at the
beginning of the experiment, in which multiform Glio-
blastoma was modeled by stereotactic implantation of
5x105 cells of C6 glioma line into the striatum region
[13]. Dynamic magnetic resonance imaging (MRI) of
rats’ brains was carried out weekly, starting from the
5th day after glioblastoma modeling, by tomograph
("BioSpec 70/30" Bruker, Germany) with 7 T permanent
magnetic field. Ketamine anesthesia was injected into
the femoral vein of rats at a dose of 100 mg/kg. The
photosensitizer was then injected into the tail vein in a
dose of 5 mg/kg of the experimental animal under the
anesthesia.

The investigated photosensitizer

Phtalosens (Scientific Research Institute of Organic
Intermediates and Dyes "NIOPIK") was used as a pho-
tosensitizer based on nonmetallic compound of sulfo-
nated phthalocyanine, which is considered to be a good
photocatalyst of oxidation processes, which is essential
for effective fluorescence diagnostics and photody-
namic therapy. The photosensitizer was injected into the
experimental animals intravenously at 5 mg/kg dose.

Methods
The growth dynamics research of C6 glioma cells
under incubation conditions with the optical fibers struc-

tures in vitro was carried out using confocal microscopy
(LSM-710-NLO Carl Zeiss, Germany).

Experimental studies in vivo, devoted to monitor-
ing and correction of conditions of laboratory animals
with C6-induced glioma after intracranial implantation
of the developed scaffolds of various design, were per-
formed by fluorescence diagnostics method with the use
of LESA-01-BIOSPEC spectrometer (Russia), which has
proved its efficiency in clinical trials [14-15]. Moreover,
tumor growth and intracranial scaffold behavior in con-
tact with the tumor tissue were also visualized and moni-
tored by Magnetic resonance imaging (MRI) method
using "BioSpec 70/30" tomograph (Bruker, Germany).
Fluorescent diagnostics with the nonmetallic sulfonated
phthalocyanine derivative photosensitizer (c=5mgkg)
was carried out by laser radiation with 100 mW/cm?
power density and A=632.8 nm. Photodynamic therapy
with the use of a nonmetallic sulfonated phthalocyanine
derivative (c=5 mg/kg) was also carried out by A=675 nm
laser radiation in three 10-minute approaches with two-
minute intervals for fluorescent diagnostics with a total
dose of 200 J/cm?*

Results and discussion

Results of in vitro studies

The growth processes of C6 malignant glioma cells
and their localization on the optical fibers surface,
which in the plans will constitute the internal structure
of the brain scaffold, were visualized by laser scanning
confocal microscopy method. In vitro studies showed
that malignant glioma cells form agglomerates around
the optical fibers, create bindings and localize directly
along the fiber structures (Fig. 1). The obtained results

Fig. 1. 3D-reconstruction of fluorescent images showing the C6 glioma cell growth along the optical fiber:

a - single C6 glioma cell (highlighted area);

b — C6 glioma cell clusters, stained with acridine orange (AO) (Green - living cells) and propidium iodide (PI) (Red — dead cells)
Puc. 1. 3D-peKoHCTpyKUUA GayopecLEeHTHbIX M306parkeHunin pocta BAOIb ONTUHECKOro BONTIOKHA:

a — eAMHNYHasA KneTKa rnmombl C6 (BbiaeneHHas o6nactb);

b — ckonneHusa KNeTok rmuombl C6, oKpalleHHbIX aKPUAMHOBbLIM opaHKeBbiM (AO) (3eN1eHbli LBET — U306paXKeHue XKUBbIX Kie-
TOK) U nponuauin-noamaom (Pl) (KpacHbIi LBET — U306parkeHne NorubLImMX KNeTokK)
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suggest that the approach of directed malignant gli-
oma cells growth from the intracranial region into the
depth of the developed scaffold with subsequent pho-
todynamic impact leading to cell death can be realized
in vivo conditions.

The development of neuroscaffold for the glioblastoma therapy

During the course of the study, the scaffold design
was optimized to provide the most favorable conditions
for carrying out fluorescence diagnostics and photody-
namic therapy (Fig. 2, 3). Moreover, the biointegration
process of scaffolds made of various promising biocom-

TTY

Fig. 2. Scheme of neuroscaffold design evolution

Puc. 2. CxemaTnyeckoe U3o6paxKeHune 3BOJIIOLUMN KOHCTPYKLIUU HEelponopTa

Results of in vivo studies

During the study, different designs of scaffolds
made of various materials were developed and tested
on experimental animals. Scaffolds of various designs,
hollowed and with internal fiber structure, were pre-
designed and adapted to the scale of the fiber-optic
probe (Fig. 2). Samples were installed inside the cra-
nium of the experimental animals and served as ports
for local delivery of diagnostic and therapeutic laser
radiation (Fig. 3).

Fig. 3. Intracranial neuroscaffold device mount.
Puc. 3. KpenneHue HeiponopTa Ha YepenHon KOpoGKe aKcnepu-
MEHTaNbHOro }KMBOTHOIO

patible materials (hydroxyapatite, sapphire and poly-
meric materials) was investigated (Fig. 4).

The process of scaffold biointegration was moni-
tored by MRI method. The optimal properties and
nature of material for neuroport manufacturing were
identified by a series of experiments. According to MRI
results, the absence of extensive abscesses and scaf-
fold rejection was established only in case of poly-
mer structures implantation (Fig. 4). However, this
obstacle does not mean that hydroxyapatite- and sap-
phire- based scaffolds are not biocompatible, though
the quality requirements and the cleaning degree of
their surface should be higher. Successful approba-
tion allowed determining the optimal properties and
external size of the brain scaffolds for experimental
animals: polymer PLA d=3 mm, h=5 mm. It is worth
noting that designs based on biocompatible PLA
material were produced using 3D printing that makes
it easy to vary the scaffolds sizes.

Polymeric constructions with an internal fiber-optic
structure of the scaffolds were fixed subcutaneously on
the skull so that the scaffold frame and the end of the
fiber-optic interior part were set into the tumor bed of
the experimental animals (Fig. 4c). The scaffolds placed
into the tumor bed acted as a port for the local diagnos-
tic and therapeutic laser radiation delivery that allowed
monitoring of the experimental animals condition after
implantation. Control was carried out by fluorescent
diagnostics based on the nonmetallic sulfated phthalo-
cyanine photosensitizer at A_=632.8 nm excitation (Fig.
5, 6), and by MRI (Fig. 7). It was shown that the internal
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a b

C

Fig. 4. MRI T2 mode scans of the rat’s brain on the 5th day after neuroscaffold implantation; the devices are made of:

a — hydroxyapatite;
b — sapphire;
¢ — polymer PLA

Red arrows mark areas of inflammation; green arrows mark areas of protruding fiber part
Puc. 4. MPT-CHUMKM FOJIOBHOrO MO3ra KpbiCbl B pexxume T2 Ha 5-e cyTKM nocne UmnaaHTauun KOHCTPYKLUMIA C BHYTPEHHEeN

OMNTOBOJIOKOHHOW 4acCTblO U BHELLUHEN YacTbio, U3roTOBJIEHHbIX U3
a — rMapoKcuanaTur;
b — candup;
¢ — nonumep PLA

KpacHbiMK cTpenkamu oTMe4veHbl Npo6GieMHble 06/1acTU B npouecce GUOUHTErpaLunmn

pas/IMyHbIX NEPCNEKTUBHbIX GUOCOBMECTUMbIX MaTepuanoB:

HeipornopTa. 3efeHbIMU CTPesikamu

BbICTynaloLyas 4acTb BHYTPEHHE BOJIOKOHHOWM CTPYKTYpbl HeWponopTa

fiber structure allows tracing the cells growth into the
deep of neuroport by spectral methods. However, the
experiment complexity of MRI evaluation of C6 glioma
cells migration into the depth of neuroport is associated
with the need for the long-term monitoring that leads
to extensive accompanying tumor growth outside the

scaffold. Nevertheless, the high sensitivity and efficiency
of spectral methods for the early glioma cells detection
in the immediate vicinity of the scaffold by fluorescent
signal has been experimentally established. Hollowed
polymeric structures were also tested in experimental
animals. Hollowed scaffolds were fixed subcutaneously
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WNHTEHCMBHOCTb GnyopecLeHLnm, OTH. ea.
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Fig. 5. The fluorescence spectra, characterized by the drug (nonmetallic sulfonated phthalocyanine) accumulation in the tumor
(A, =632.8 nm) obtained for ~hollowed and —fiber-optic neuroscaffolds

Puc. 5. CnekTpbl pnyopecLeHLnm, CHATbIE C MOMOLLbIO UMMJIAHTATOB C —NOJION U —BHYTPEHHEN ONTOBOJIOKOHHON CTPYKTYPON, XapaKkTe-
puU3yloLMe YpoBeHb HaKomieHus ¢poToceHcMGuan3aropa Ha 0OCHoOBe 6e3MeTaibHOro cy/ibdUpPoBaHHOIO coeAUHEHUA dTaNoLnaHnHa B
onyxonu (A, =632,8 Hm)
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Fig. 6. Fluorescence diagnostic mode using phthalocyanine
series (A _=632.8 nm)

Puc. 6. MNpoBegeHue ¢bnyopecueHTHON AMArHOCTUKU ¢ Ge3me-
TanbHbIM CyNIbGUPOBaHHbIM pTanounaHmHom (A =632,8 HMm)

on the skull so that the scaffold frame and the cavity
were located into the rats’ tumors bed (monitoring was
carried out by MRI (Fig. 7a)). The high therapeutic effect
was obtained because of photodynamic therapy (with
nonmetallic sulfonated phthalocyanine, excitation by
radiation with a wavelength of 675 nm) and was assessed
by MRI. In Fig. 7a the MRI image shows the presence of
tumor in the striatum region, which is a light section with
the corresponding localization indicated by an arrow.
In Fig. 7b the MRI image demonstrates the therapeutic
effect of photodynamic therapy in the implantation area
which is uniform staining of the tissues in the striatum
region indicated by an arrow. The result of photody-
namic therapy was assessed by MRI for 2 weeks with a
3 day period. MRI photograph shown in Fig. 7 demon-

The development of neuroscaffold for the glioblastoma therapy

strates the photodynamic therapy efficiency obtained
on the 6th day after PDT. As a result of photodynamic
therapy a high therapeutic effect (survival score in com-
parison with the control group) was achieved, and the
constant access to the tumor bed was provided for con-
dition monitoring (Fig. 7b).

Survival score was 8-9 weeks after glioblastoma
modeling compared to 5-6 weeks of the control group.

Conclusion

It was shown under in vitro conditions that the C6 gli-
oma cells are localized on the optical fibers surface during
the growth process which gives the reason to expect that
the approach of directed malignant glioma cells growth
from the intracranial region into the developed within
the project scaffold interior can be realized in vivo and fol-
lowed by photodynamic impact, leading to cells death.

Various designs of neuroports with an internal fiber-
optic structure were developed and integrated into the
diagnostic monitoring of the rats’ brain tumor processes
in vivo.

MRI studies confirmed that the best therapeutic effect
was achieved in the case of photodynamic therapy ses-
sion with nonmetalic derivative of sulfonated phthalocya-
nine (c=5 mg/kg) using a polymer scaffold by A=675 nm
laser radiation delivering and 200 J/cm? dose.

The developed design of the scaffold with photosensi-
tizer-coated optical fibers made it possible to implement a
new approach to the brain gliomas diagnostics and ther-
apy, including cases with high degree of malignancy.

This work is supported by Ministry of Education and Sci-
ence of the Russian Federation RFMEFI60717X0183.

Fig. 7. MRI T2 mode scans of the rat’s brain:
a — before implantation and treatment;

b — after implantation and photodynamic therapy by the nonmetallic sulfonated phthalocyanine (\A=675 nm)

Areas of C6 glioma location are marked
Puc. 7. MPT-CHUMKM roI0OBHOIO MO3ra KpbiCbl B pexxume T2:
a - 40 UMNNIaHTauuu 1 Tepanuu;

b — nocne umnnantaumm n AT c 6e3meTanbHbIM CybdGUPOBaHHbIM dTaNoLUUAHUHOM (A=675 HM)

CTpenKkoi NoKasaHo MecCTO JIoKan3auum onyxonu
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