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EVALUATION

OF A DEXTRAN-POLY(N-ISOPROPYLACRYLAMIDE)
COPOLYMER AS A POTENTIAL
TEMPERATURE-DEPENDENT

NANOCARRIER FOR PHOTOSENSITIZERS

WITH DIFFERENT PROPERTIES'

Thermosensitive polymer poly-N-isopropylacrylamide (PNIPAM) having a conformational
transition in the interval of physiological temperatures was discussed last years as a novel drug
delivery system. Chlorin e6 (Ce6) is a photosensitizer used in the photodynamic anticancer
therapy. The comparative study of the encapsulation of Ce6 and its derivative, dimethylether
of chlorine e6 (DME Ce6), into a water-soluble star-like PNIPAM-based copolymer to pre-
vent the aggregation of a photosensitizer in the water medium is carried out. The photophys-
ical properties of the copolymer/photosensitizer complezes as functions of the temperature in
the region of the conformational transition of the polymer matriz have been studied and dis-
cussed. It is shown that Ce6 at low temperatures interacts weakly with the polymer phase. As
a result, the absorption and fluorescence properties of Ceb in aqueous and polymer solutions
are practically identical. Fluorescence characteristics of Ce6 in a copolymer solution remain
unchanged, when it is heated, which indicates the lack of a possibility for this sensitizer to
bind in the bulk of the polymer phase. Following fluorescence data, all DME Ce6 molecules are
bound with the polymer matriz, when a temperature is higher than the Lower Critical Solution
Temperature (LCST) of the polymer. The formed complexes are quite stable. In the presence
of serum proteins, the molecules of the photosensitizer remain associated for a long time with
the polymer. At temperatures below LCST, DME Ce6 is not bound by the polymer. Moreover,
the cooling of a solution of DME Ce6/polymer complexes leads to the rapid dissociation of
photosensitizer molecules with subsequent aggregation or binding to biological structures in an
aqueous medium. The obtained results show that the possibility of using the polymer PNIPAM
as a temperature-dependent nanocarrier strongly depends on the properties of the loaded drug.
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1. Introduction

The growing progress in nanotechnology and life sci-
ences demonstrates an urgent need for novel intel-
ligent biocompatible polymers. Thermally responsi-
ble polymers based on poly(N-isopropylacrylamide)
(PNIPAM) with Lower Critical Solution Tempera-
ture (LCST) became a subject of the study as a
promising approach for the materials used in bio-
medical applications [1-7]. Such polymers exhibit
a lower critical solution temperature (LCST), be-
low which the polymers are soluble [7—8]. When the
temperature is raised above LCST, these polymers
firstly undergo a phase transition and become par-
tially hydrophobic. This phenomenon is reversible [7—
8]. Linear PNIPAM has a LCST value of approx-
imately 32 °C. Thus, PNIPAM is soluble at room
temperature, but it phase separates at the physi-
ological temperature (37 °C). Therefore, it can be
used as a nanoplatform for the controlled deliv-
ery of drugs in medicine. Any successful applications
of such intelligent polymers-nanocarriers are depen-
dent on the possibility to control the hydrophobic-
hydrophobic balance of a macromolecule and its be-
havior within the region of LCST. A possible tun-
ing of the hydrophobicity of these polymers and
the regulation of the region of a phase transition
and the size of hydrophobic domains would be a
real achievement in pharmaceutical materials science
and could extend their application. In our previous
work, it was shown that LCST depends on the poly-
mer molecular structure [9]. It was shown [10, 11],
that the incorporation of an additional component
into the polymer nanocarrier results in a change in
the hydrophilic-hydrophobic balance of the polymer
macromolecule. This process can lead to a signifi-
cant aggregation of the polymer resulted in a loss of
the pharmakinetic efficacy of the nanocomposite with
incorporated antitumor drugs such as cisplatin. In
the present work, we study the nanosystem con-
taining some photosensitizers (PSs) incorporated into
thermosensitive polymer-nanocarrier dextran-graft-
Poly-N-isopropylacrylamide. Chlorin e6 (Ce6) and its
derivatives generate singlet oxygen at the laser irradi-
ation and may be used as photosensitizers for photo-
dynamic therapy (PDT) [12, 13]. The application of
Ceb6 faces several challenges due to its inherent short-
comings [13-15], including the poor water solubility
leading to its aggregation. The aggregation leads to
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the loss of a photodynamic efficacy [16]. To prevent
the aggregation process, the PS can be loaded into
the polymer water-soluble nanoplatform [17, 18]. It
is known that the ideal drug delivery system can be
switched-on by responding to biological stimuli. One
of such stimuli is the temperature. Thus, the use of a
thermoresponsive polymer with LCST in the region
of physiological temperatures can create conditions
for the appropriate photosensitizer release.

In the present work, we have made the comparative
study of the behavior of nanosystems containing Pho-
tosensitizers of Chlorin’s series (Ce6 and dimethyle-
ther of Ce6) incorporated into thermosensitive poly-
mer-nanocarrier dextran-graft-Poly-N-isopropylacry-
lamide within the region of a Low Critical Solution
Temperature (LCST) of the polymer. The purpose
was to investigate the processes of binding and ef-
flux from the polymer-nanocarrier of photosensitizers
varying its hydrophobicity.

2. Materials and Methods
2.1. Polymer nanocarrier

Star-like copolymer with Dextran core (M,, = 70 x
x 10° g/mol) and 15 grafted poly(N-isopropylacryla-
mide) chains was used as a polymer nanoplatform
for the photosensitizer encapsulation. Further, this
polymer will be designed as D70-g-PNIPAM15. The
synthesis, characterization, and peculiarities of the
copolymer molecular structure were discussed in [9]
in detail. Molecular parameters of D70-g-PNIPAM15
are given in Table 1.

3. Photosensitizers

Photosensitizers Chlorine €6 (Ce6) and dimethylether
of Ce6 (DME Ce6), whose chemical formulas are rep-
resented in Fig. 1, were obtained from the Institute
of Physics of Belarusian Academy of Sciences. The
properties of Ce6 and DME Ce6 were described ear-

Table 1. Molecular parameters
of D70-g-PNIPAM15 copolymer

My, x 1076, | M, x 1076
it w ’ " " | My /M
Sample g/mol g/mol w/Mn
D70-g-PNIPAM15 1.03 0.674 1.52

M, — average molecular weight; M,, — the number average
molecular weight; M, /M,, — polymer polydispersity.
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Fig. 1. Chemical formulas of Ce6 (a) and DME Ce6 (b)
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Fig. 2. Dependence of the hydrodynamic diameter on the
temperature for a D70-g-PNIPAM15 solution

lier [15, 19]. Stock solutions of pigments (1072 M)
were prepared in ethanol and kept in dark at 4 °C.

4. Spectral Measurements

Corrected fluorescence spectra were recorded on
an SFL-1211A spectrofluorimeter (Solar, Minsk). All
spectral measurements were carried out with the ther-
mostated cell unit equipped with a magnetic stirrer.
Fluorescence polarization values were recorded by the
standard methods.

5. Fluorescence Polarization Measurements

Measurements of PSs fluorescence polarization de-
gree (P) were performed on Solar CM 2303 equipped
with polarizers. In this case, samples were excited at
415 nm, and the fluorescence was registered at 670 nm
as published before [16]. The polarization degree was
calculated using a mean values of fluorescence intensi-
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ties with the polarizers in parallel and perpendicular
positions. The absolute error value for all measure-
ments was less than 0.02.

6. Quasielastic Light Scattering (QELS)

QELS measurements were carried out using Zetasizer
Nano ZS (Malvern Instruments Ltd., UK). The ap-
paratus contains a 4 mW He-Ne laser with a wave-
length of 632.8 nm, and the scattered light was de-
tected at an angle of 173° (back scattering). For the
accurate study of the transition, the correlograms of
0.1 mg/mL aqueous D70-PNIPAM15 were collected
in the region of physiological temperatures, namely,
at 25, 37, and 40 °C. Each temperature point was
held for 5 min before measurements to equilibrate
the sample. At least 10 correlation curves for each
temperature point were treated by the CONTIN al-
gorithm [20], which is known to be reliable for com-
plicate systems to get hydrodynamic diameter (Dg)
distributions.

7. Results and Discussion

It was shown [9, 21] that, above 33 °C, DT70-g-
PNIPAM15 undergoes a reversible LCST phase tran-
sition. Figure 2 demonstrates the results of analysis
of the dynamic light scattering for a water solution
of D70-g-PNIPAM15 (dilute regime) at the heating
from 24 to 36 °C. The decrease of Dj from 31 to
22 nm in the temperature interval 32.6-33.4 °C and
the sharp aggregation process at 33.7-34.1 °C were
observed. The drastic change in the shape of the size
distribution curves and an increase in the scattering
intensity at 33.7-34.1 °C were registered. The further
heating to 36 °C caused no additional aggregation. It
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should be noted that the transition temperature is by
2—4 degrees higher than the typical LCST point for
linear PNIPAM with similar molecular weight and
polydispersity [22].

In the present study, we analyzed the compar-
ative behavior of the individual D70-g-PNIPAM15
(Figure 3) and nanosystems with incorporated PSs
Ce6 and DME Ce6 (Figs. 4 and 5) at 25, 34, and
40 °C. This approach helped us to understand the
processes occurring in the polymer-PS nanosystem
in the region of a conformational transition of the
polymer at aa variation of the PS hydrophobicity. Fi-
gure 3 a—c represents the dependence of the normal-
ized scattering intensity on the hydrodynamic diam-
eter of the components in a D70-PNIPAM15 solution
at 25, 34, and 40 °C, namely, before and after the con-
formational transition of the polymer and at LCST
(34 °C).

As can be seen, at 25 °C, two peaks are detected on
the size distribution curves. The peak in the region of
40-50 nm corresponds to the size of a polymer macro-
molecule and is consistent with the data on the static
light scattering, as in our previous work [9]. The peak
at 1000 nm is most likely due to the small number of
macromolecule aggregates formed due to the ability
of the amide groups of the grafted chains to form
hydrogen bonds. Their number may be small. But,
given the size and structure of objects, their contri-
bution to the scattering intensity is significant. This
peak can be also affected by a deviation of the scat-
tering objects (macromolecules and aggregates) from
the spherical shape during their motion, which, as
noted, is due to the specificity of the dynamic light
scattering experiment. These nodes cannot be caused
by the aggregation, since the system was studied at
the Guinier regime.

At 34 °C, the peak in the region of 35-40 nm cor-
responds to the observed size of the polymer macro-
molecule. But we indicate the narrowing of this peak
as compared to the peak registered at 25 °C, which
testifies to the beginning of a shrinking of the macro-
molecular coil. The second peak shifts to 120 nm and
is also narrower than that at 25 °C. Thus, the aggre-
gates, which can be present in the system, become
more compact, and the shape of scattering objects
approaches the spherical one.

At 40 °C, dramatic changes in the D70-g-
PNIPAM15 size distribution curves in an aqueous so-
lution are registered. One narrow peak is observed in
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the region of 100 nm. The intensity of this peak is
much lower than those the peaks at 25 and 34 °C,
which indicates a significant compaction of the scat-
tering objects in the solution. The size of scattering
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objects testifies to the absence of individual macro-
molecules and the presence of aggregates. The aggre-
gation is caused by an increase of the hydrophobic-
ity of the polymer macromolecule after the conforma-
tional transition (Fig. 2).

Figures 4 and 5 demonstrate the results of studies
of the nanosystem D70-PNIPAM15/PS at increasing
the hydrophobicity of PS of chlorine series (Ce6 <
TME Ce6) in the region of physiological tempera-
tures, namely, before and after the conformational
transition of the polymer nanoplatrform.

The polymodality of scattering objects is ob-
served for the D70-g-PNIPAM/Ce6 system (Fig. 4) at
25 °C. Two peaks are registered at 50 nm and 800 nm,
which is related to both the size of the scattering
objects and their shape. When the temperature in-
creases to 34 °C, only one peak in the region of 40-50
nm is observed, and its intensity increases. At 45 °C,
a slight decrease in the size of scattering objects up
to 40 nm and a slight decrease in the intensity were
registered. We can conclude that a drastic change in
the nanosystem occurs behind LCST of the polymer
nanoplatform, when the polymer began partially hy-
drophobic. However, the QUELS method cannot de-
tect the small molecules, that is why the released Ce6
can not be registered.

In Fig. 5, we observe the dependence of the nor-
malized scattering intensity of several peaks on the
hydrodynamic diameter of the components for the
D70-PNIPAM15/DME Ce6 system at 25 °C — at 40,
110, 800, and 1100 nm. As the temperature increases
to 37 © C and further to 45 °C, the system becomes
monomodal with one narrow peak. This peak is lo-
cated at 100 nm at 37 °C and at 40 nm at 45 °C.

Figure 6 allows us to compare the QELS results
for two nanosystems with Ce6 and DME Ce6 before
and after LCTS of the polymer. Apparently, we ob-
serve significant changes in the nanosystems before
and after the conformational transition of the poly-
mer nanoplatform. These changes are more expressed
for the nanosystem with DME Ce6. Obviously, they
can be caused by the binding and release of PS. This
assumption about the processes occurring in the na-
nosystems are only a hypothesis that needs to be con-
firmed by the study of the kinetics of a release of
photosensitizers behind LCST.

However, the QELS results are very important, as
they testify that, at physiological temperatures even
after the conformational transition of a polymer na-

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7



Evaluation of a Dextran-Poly(N-Isopropylacrylamide) Copolymer

n D,%
max
1.0 4 204
0.9 1 154 —=—DME Ceé
—+— Ceb
08 - —s—DME Ce6
: —e—Ceb
101
0.7 1
54
0.6 jﬂ
0.5 4 T T T T T T 04 T T T T T T

20 25 30 35 40 45 50
Temperature, °C

20 25 30 35 40 45 50

Temperature, °C

Fig. 8. Influence of the temperature on fluorescence characteristics of Ce6 and DME Ce6
in a D70-PNIPAM15 solution. Left panel — fluorescence intensity in maximum; right panel —
fluorecence polarization Cpro—pnipamis — 0.2 mg/ml; Cpg =1 X 10" M

noplatform, the large aggregates which can annul the
biological efficacy of nanosystems for PDT are not
formed.

The results obtained from the spectral studies of
Ce6 and DME Ce6 in neat solvents and polymer so-
lutions are summarized below. The spectral charac-
teristics of Ce6 and DME Ce6 are generally defined
by PS belonging to chlorin-type compounds. Absorp-
tion spectra of both PS reveal most prominent peaks
in the region of 402-405 nm (Soret band) and 660—
680 nm (Q-band). But, for DME Ce6, the Q-band is
more prominent (Fig. 7).

It is well known that, in organic solvents, all
chlorins intensively fluoresce at 665-675 nm with
a quantum yield around 0.15 [23] and the fluo-
rescence lifetime of 5.5 ns. In different organic sol-
vents, only minor spectral changes are observed:
shifts of 5-7 nm in the peaks and the relative flu-
orescence quantum yield varying within 10% com-
pared to an ethanol solution. Like many hydropho-
bic tetrapyrroles, chlorins in aqueous solutions tend
to aggregate. The formation of aggregates leads to a
significant change in the absorption and fluorescence
properties [23]. The aggregated species are character-
ized by the low extinction coefficients for all bands
and exhibit bathochromic shifts of the peaks.

In Fig. 8, a, b and in Table 2, the spectral char-
acteristics of the nanosystem D70-g-PNIPAM15 + PS
within the studied temperature interval are summa-
rized. The aggregation results in decreasing the quan-
tum yield of the fluorescence of chlorins in a water
solution as compared with an ethanol solution. This
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effect is particularly pronounced in the case of apolar
DME Ce6. For relatively polar Ce6, the fluorescence
intensity decreases by 20-30%, which indicates a low
probability of the formation of aggregates in dilute
aqueous solutions. It is well documented that the ag-
gregation of Ce6 derivatives is completely prevented
via their binding with different colloid particles (lipo-
somes, proteins, polymers) [24].

It is seen that, at the solution temperatures above
35 °C, the addition of the polymer causes a significant
increase in the fluorescence intensity of DME Ce6,
which suggests the destruction of molecular aggre-
gates due to their interaction with the polymer. The
shapes of the absorption and fluorescence spectra are
close to the same characteristics of these photosensi-
tizers in organic solvents. The formation of complexes

Table 2. Influence of the temperature
on the maximum fluorescence wavelength
for Ce6 and DME Ce6 in a D70-PNIPAM15 solution

Polymer + Ce6 Polymer + DME Ce6
T,°C a a
Amax, M Amax, nmM
20 662 670
25 663 670
28 664 670
30 664 670
32 664 670
35 664 671
37 664 672
40 664 672
45 664 672
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of DME Ce6 molecules with polymer macromolecules
is also evidenced by the results of measurements of
the fluorescence polarization degree for chlorins. The
PS binding with a copolymer restricts the rate of ro-
tational relaxation and enhances the degree of fluo-
rescence polarization.

At temperatures below the critical point, adding
a polymer has no effect on the fluorescence of DME
Ce6 in aqueous solutions. Low values of the relative
quantum yield of fluorescence and the fluorescence
polarization degree, which practically coincide with
the PSs characteristics in the absence of a polymer,
allow us to conclude that, under such conditions, the
processes of complex formation are ineffective.

The cooling of an aqueous solution of D70-g-
PNIPAM15 with DME Ce6 to a temperature be-
low the LCST point is accompanied by changes in
the fluorescence characteristics that are typical of
the aggregation of photosensitizers in an aqueous
medium. Thus, the stimulus-dependent change in the
phase state of the polymer is accompanied by the
release of photosensitizer molecules from the com-
plexes. It should be noted that if the solution con-
tains structures that are able to bind chlorins, for
example, serum proteins, the aggregation processes
are not observed. In this case, DME Ce6 molecules
released from the complexes can be bound by new
acceptor structures [16]. The results on fluorescent
characteristics indicate a significantly different behav-
ior of Ce6 in the polymer solution. This photosensi-
tizer is apparently uncapable to penetrate into and
form stable complexes with D70-g-PNIPAM15. This
results in that the Ce6 fluorescent characteristics are
independent of the polymer phase state. In view of
small values of P, the microviscosity of the photosen-
sitizer environment in the polymer solution does not
differ much from the same parameter in an aqueous
solution.

8. Conclusions

The analysis of results on the fluorescent charac-
teristics of chlorin derivatives allows us to draw
a number of conclusions about the mechanisms of
formation of the complexes photosensitizers/D70-g-
PNIPAM15. According to the obtained data, non-
polar chlorins effectively bind to a polymer in a
solution at temperatures above LCTS. DME Ce6
molecules are localized in the depth of the condensed
polymer matrix. This leads to a restriction of the mo-
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bility of bound chlorin molecules, accompanied by an
increase in the fluorescence polarization degree. As
shown earlier, the spectral characteristics of fluores-
cence of Ce6 and its esterified derivative depend on
the polarity of the microenvironment [19]. In this re-
gard, the position of the maximum of the fluores-
cence spectrum of DME in the polymer at 672 nm
corresponds to a significantly lower polarity com-
pared to the aqueous medium. The change in the
polymer structure during the cooling is accompanied
by a decrease in the density of polymer nanoparti-
cles, which provides a greater mobility of DME Ce6
molecules and, as a result, allows them to dissoci-
ate into the aqueous medium. With regard for the
small degree of polarization of the fluorescence of
Ceb6 in the polymer solution, it can be assumed that
the relatively polar molecules of this photosensitizer
are not able to penetrate into the condensed poly-
mer and, as a result, are located in an aqueous vol-
ume or on the surface of D70-g-PNIPAM15 nanopar-
ticles regardless of the temperature. This is confirmed
by the coincidence of the position of the maxima of
the chlorin fluorescence spectra in the aqueous and
D70-g-PNIPAM15 solutions regardless of the temper-
ature. The results of our research with structurally
similar chlorin-type photosensitizers clearly show that
the applicability of D-g-PNIPAM as a smart drug-
delivery system is dependent strongly on the proper-
ties of a loaded drug.
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JOCJILIXKEHHSA KOITOJIIMEPY
JEKCTPAH-TIOJII(N-I3OITPOIIITAKPUJTAMITY)
AK TTOTEHIIMHOTO TEMIIEPATYPO3AJIE2KHOTO
HAHOHOCIA IJId ®OTOCEHCUBILIISATOPIB

3 PISBHMU BJIACTUBOCTAMMI

Peszowme

OcranniMun pokamu TepMmodyTauBuil nosiMmep Jlekcrpan-mo-
s1i(N-izonpomninaxpuinamin) (IINIITAM), xordopmariiiauii me-
pexisi SKOro 3HaxXOAUThCA B iHTepBaJii i3ioIorivHUX TeMIiepa-
Typ, OOrOBOPIOETHCS sIK HOBITHSI cucTeMa JOCTaBKHU JiKiB. Po-
Tocencubinizarop Xmopun e6 (Ce6) BukopuctoByeThes 1iist Go-
ToauHaMiUHOI IPOTHPaKoBOl Tepamil. Y it poboTi Gyso mpo-
BEJIEHO MOPiBHsJIbHE JOCiixKeHHs iHKarcysnil Ce6 Ta itoro
noxigaoro JIumerunosoro edipy Xnopuny e6 (IME Ce6) y
BOZIOPO3UMHHUH 3ipKomoibuumii komosimep Ha ocuosi ITNIITA-
My nuist 3anobiranns npouecy arperartii doroceHcubisizaropa
y BogHOMY cepegosuiii. Jlocitimkeno Ta 06roopeno ¢porodizu-
YHI BJIACTMBOCTI KOMILIEKCIB KormoJimep/dorocencubinizaTop
B 3aJIE2KHOCTI Bij| TemmnepaTypu B obJiacTi KOH(MOPMAIIHHOIO
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nepexofy mosimeprol mMarpuni. Byno nokazano, mo Ce6 npu
HHU3bKHX TeMIlepaTypax Cjlabo B3aeMOi€ 3 moJiiMepHOIO da-
3010. B pesynbrari BractusBocTi morsumHanHs Ta (IIyOpECHEH-
uii Ce6 y BOAHUX Ta MOJIMEPHHUX PO3YMHAX HPAKTUYIHO OIHA-
KoBi. Xapakrepuctuku ¢uiryopecreniii Ce6 B KOmosiiMepHOMY
PO3YmMHI IpU HArpPiBaHHI 3a/IUMIAIOTHCA HE3MIHHUMMH, IO CBiJI-
YUTh MPO BiJCYTHICTH y LBOrO CEHCHUOLIi3aTopa MOXKJIMBOCTI
3B’sI3yBaTHCS B OCHOBHIN Maci momimepnoi dasu. Ha migcrasi
naHuX (QIIYOPECIHEHIII] IPU TEMIIEPATYPi, BUIIIN 38 HUXKHIO KPHU-
Truny Temneparypy posumuenus (HKTP) mosimepy Bei moste-
kymu JIME Ce6 3B’si3ani 3 moJliMepHOIO MaTpUIEIO. Y TBOPEHi
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KOMIIJIEKCU JIOCUTH CTifiKi. 3a HASBHOCTI CHPOBATKOBUX OLIKIB
MOJIEKYIH (HPOTOCEHCHO1TIZaTOpa TPUBAIMI YaC 3aJIUMIAIOTHCS
3B’a3aHuMu 3 mosimepoM. Ilpm Temmepatypi mmxkae HKTP
JIME Ce6 ne 3B’s13yeThcst mosiimepoM. KpimM Toro, oxoJiozke-
uHs posumHy Komiuiekcis JIME Ce6/mosiMep nmpusBoauThb 110
MIBUJKOI Jucorianil MoJsieKys doToceHcubimizaropa 3 Moaaab-
LIOI0 arperajieio abo 3B’sI3yBaHHAM 3 GIOJIOTIYHUME CTPYKTY-
pamu y BogHOMY cepenoBuini. OTpuMaHi pe3ysbraTi IoKa3au,
o MoXKJuBicTh Bukopucranusi nosgimepy IINITTAM B sikocti
TEPMOUIYTJIMBOIO HAHOHOCISI Ay»Ke 3aJIe?KUTH BiJ BJIaCTHBOCTER
3aBaHTaXKEHOIO IIpernapary.
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