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EVALUATION
OF A DEXTRAN-POLY(N-ISOPROPYLACRYLAMIDE)
COPOLYMER AS A POTENTIAL
TEMPERATURE-DEPENDENT
NANOCARRIER FOR PHOTOSENSITIZERS
WITH DIFFERENT PROPERTIES 1
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 prevent the aggregation of a photosensitizer in the water medium is carried out. The photophysical properties of the copolymer/photosensitizer complexes as functions of the temperature in
the region of the conformational transition of the polymer matrix have been studied and discussed. It is shown that Ce6 at low temperatures interacts weakly with the polymer phase. As
a result, the absorption and fluorescence properties of Ce6 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 matrix, 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.
K e y w o r d s: poly-N-isopropylacrylamide, conformational transition, photosensitizer.
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1. Introduction
The growing progress in nanotechnology and life sciences demonstrates an urgent need for novel intelligent biocompatible polymers. Thermally responsible polymers based on poly(N-isopropylacrylamide)
(PNIPAM) with Lower Critical Solution Temperature (LCST) became a subject of the study as a
promising approach for the materials used in biomedical applications [1–7]. Such polymers exhibit
a lower critical solution temperature (LCST), below which the polymers are soluble [7–8]. When the
temperature is raised above LCST, these polymers
firstly undergo a phase transition and become partially hydrophobic. This phenomenon is reversible [7–
8]. Linear PNIPAM has a LCST value of approximately 32 ∘ C. Thus, PNIPAM is soluble at room
temperature, but it phase separates at the physiological temperature (37 ∘ C). Therefore, it can be
used as a nanoplatform for the controlled delivery of drugs in medicine. Any successful applications
of such intelligent polymers-nanocarriers are dependent on the possibility to control the hydrophobichydrophobic balance of a macromolecule and its behavior within the region of LCST. A possible tuning 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 polymer 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 significant 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 containing some photosensitizers (PSs) incorporated into
thermosensitive polymer-nanocarrier dextran-graftPoly-N-isopropylacrylamide. Chlorin e6 (Ce6) and its
derivatives generate singlet oxygen at the laser irradiation and may be used as photosensitizers for photodynamic therapy (PDT) [12, 13]. The application of
Ce6 faces several challenges due to its inherent shortcomings [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 Photosensitizers of Chlorin’s series (Ce6 and dimethylether of Ce6) incorporated into thermosensitive polymer-nanocarrier dextran-graft-Poly-N-isopropylacrylamide within the region of a Low Critical Solution
Temperature (LCST) of the polymer. The purpose
was to investigate the processes of binding and efflux from the polymer-nanocarrier of photosensitizers
varying its hydrophobicity.
2. Materials and Methods
2.1. Polymer nanocarrier
Star-like copolymer with Dextran core (M𝑤 = 70 ×
× 105 g/mol) and 15 grafted poly(N-isopropylacrylamide) 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 e6 (Ce6) and dimethylether
of Ce6 (DME Ce6), whose chemical formulas are represented in Fig. 1, were obtained from the Institute
of Physics of Belarusian Academy of Sciences. The
properties of Ce6 and DME Ce6 were described earTable 1. Molecular parameters
of D70-𝑔-PNIPAM15 copolymer
Sample

M𝑤 ×10−6 ,
g/mol

M𝑛 × 10−6 ,
g/mol

M𝑤 /M𝑛

D70-g-PNIPAM15

1.03

0.674

1.52

M𝑤 – average molecular weight; M𝑛 – the number average
molecular weight; M𝑤 /M𝑛 – polymer polydispersity.
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Fig. 1. Chemical formulas of Ce6 (a) and DME Ce6 (b)

ties with the polarizers in parallel and perpendicular
positions. The absolute error value for all measurements was less than 0.02.
6. Quasielastic Light Scattering (QELS)

Fig. 2. Dependence of the hydrodynamic diameter on the
temperature for a D70-𝑔-PNIPAM15 solution

lier [15, 19]. Stock solutions of pigments (10−3 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 thermostated 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 degree (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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QELS measurements were carried out using Zetasizer
Nano ZS (Malvern Instruments Ltd., UK). The apparatus contains a 4 mW He–Ne laser with a wavelength of 632.8 nm, and the scattered light was detected 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 algorithm [20], which is known to be reliable for complicate systems to get hydrodynamic diameter (D𝐻 )
distributions.
7. Results and Discussion
It was shown [9, 21] that, above 33 ∘ C, D70-gPNIPAM15 undergoes a reversible LCST phase transition. 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 Dℎ 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
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7
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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 comparative 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. Figure 3 a–c represents the dependence of the normalized scattering intensity on the hydrodynamic diameter of the components in a D70-PNIPAM15 solution
at 25, 34, and 40 ∘ C, namely, before and after the conformational 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 macromolecule 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 contribution to the scattering intensity is significant. This
peak can be also affected by a deviation of the scattering 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 corresponds to the observed size of the polymer macromolecule. 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 macromolecular coil. The second peak shifts to 120 nm and
is also narrower than that at 25 ∘ C. Thus, the aggregates, 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-𝑔PNIPAM15 size distribution curves in an aqueous solution are registered. One narrow peak is observed in
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7

Fig. 3. Dependence of the normalized scattering intensity
on the hydrodynamic diameter of the components in a D70-𝑔PNIPAM15 solution at 25 (1 ), 34 (2 ), and 45 ∘ C (3 )

Fig. 4. Dependence of the normalized scattering intensity
on the hydrodynamic diameter of the components in a D70-𝑔PNIPAM15/Ce6 solution at 25, 34, and 45 ∘ C

Fig. 5. Dependence of the normalized scattering intensity
on the hydrodynamic diameter of the components in the D70PNIPAM15/DME Ce6 nanosystem in a solution at 25, 34, and
45 ∘ C
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a

b
Fig. 6. Dependence of the normalized scattering intensity
on the hydrodynamic diameter of the components for D70PNIPAM15/Ce6; D70-PNIPAM15/DME Ce6 at 25 (a) and
45 ∘ C (b)

Fig. 7. Normalized absorption and fluorescence spectra in
ethanol

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 scattering objects in the solution. The size of scattering
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objects testifies to the absence of individual macromolecules and the presence of aggregates. The aggregation is caused by an increase of the hydrophobicity of the polymer macromolecule after the conformational 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 temperatures, namely, before and after the conformational
transition of the polymer nanoplatrform.
The polymodality of scattering objects is observed 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 increases 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 hydrophobic. However, the QUELS method cannot detect the small molecules, that is why the released Ce6
can not be registered.
In Fig. 5, we observe the dependence of the normalized 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 located 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 observe significant changes in the nanosystems before
and after the conformational transition of the polymer 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 nanosystems are only a hypothesis that needs to be confirmed 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 naISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7
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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 CD70−PNIPAM15 – 0.2 mg/ml; CPS = 1 × 10−7 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 solutions are summarized below. The spectral characteristics of Ce6 and DME Ce6 are generally defined
by PS belonging to chlorin-type compounds. Absorption 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 fluorescence lifetime of 5.5 ns. In different organic solvents, only minor spectral changes are observed:
shifts of 5–7 nm in the peaks and the relative fluorescence quantum yield varying within 10% compared to an ethanol solution. Like many hydrophobic 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 characterized 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 characteristics of the nanosystem D70-𝑔-PNIPAM15 + PS
within the studied temperature interval are summarized. The aggregation results in decreasing the quantum yield of the fluorescence of chlorins in a water
solution as compared with an ethanol solution. This
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 7

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 aggregation of Ce6 derivatives is completely prevented
via their binding with different colloid particles (liposomes, 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 aggregates due to their interaction with the polymer. The
shapes of the absorption and fluorescence spectra are
close to the same characteristics of these photosensitizers 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
𝑇 , ∘C

Polymer + Ce6
fl 𝜆
max , nm

Polymer + DME Ce6
fl 𝜆
max , nm

20
25
28
30
32
35
37
40
45

662
663
664
664
664
664
664
664
664

670
670
670
670
670
671
672
672
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 rotational relaxation and enhances the degree of fluorescence 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-𝑔PNIPAM15 with DME Ce6 to a temperature below 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 complexes. It should be noted that if the solution contains 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 behavior of Ce6 in the polymer solution. This photosensitizer 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 photosensitizer 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 characteristics of chlorin derivatives allows us to draw
a number of conclusions about the mechanisms of
formation of the complexes photosensitizers/D70-𝑔PNIPAM15. According to the obtained data, nonpolar 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 fluorescence of Ce6 and its esterified derivative depend on
the polarity of the microenvironment [19]. In this regard, the position of the maximum of the fluorescence spectrum of DME in the polymer at 672 nm
corresponds to a significantly lower polarity compared to the aqueous medium. The change in the
polymer structure during the cooling is accompanied
by a decrease in the density of polymer nanoparticles, which provides a greater mobility of DME Ce6
molecules and, as a result, allows them to dissociate into the aqueous medium. With regard for the
small degree of polarization of the fluorescence of
Ce6 in the polymer solution, it can be assumed that
the relatively polar molecules of this photosensitizer
are not able to penetrate into the condensed polymer and, as a result, are located in an aqueous volume or on the surface of D70-𝑔-PNIPAM15 nanoparticles 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 temperature. The results of our research with structurally
similar chlorin-type photosensitizers clearly show that
the applicability of D-𝑔-PNIPAM as a smart drugdelivery system is dependent strongly on the properties of a loaded drug.
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I. Кравченко, Т. Зорiна, А. Маринiн, Л. Булавiн
ДОСЛIДЖЕННЯ КОПОЛIМЕРУ
ДЕКСТРАН-ПОЛI(N-IЗОПРОПIЛАКРИЛАМIДУ)
ЯК ПОТЕНЦIЙНОГО ТЕМПЕРАТУРОЗАЛЕЖНОГО
НАНОНОСIЯ ДЛЯ ФОТОСЕНСИБIЛIЗАТОРIВ
З РIЗНИМИ ВЛАСТИВОСТЯМИ
Резюме
Останнiми роками термочутливий полiмер Декстран-полi(N-iзопропiлакриламiд) (ПNIПАМ), конформацiйний перехiд якого знаходиться в iнтервалi фiзiологiчних температур, обговорюється як новiтня система доставки лiкiв. Фотосенсибiлiзатор Хлорин е6 (Се6) використовується для фотодинамiчної протиракової терапiї. У цiй роботi було проведено порiвняльне дослiдження iнкапсуляцiї Се6 та його
похiдного Диметилового ефiру Хлорину е6 (ДМЕ Се6) у
водорозчинний зiркоподiбний кополiмер на основi ПNIПАМу для запобiгання процесу агрегацiї фотосенсибiлiзатора
у водному середовищi. Дослiджено та обговорено фотофiзичнi властивостi комплексiв кополiмер/фотосенсибiлiзатор
в залежностi вiд температури в областi конформацiйного
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переходу полiмерної матрицi. Було показано, що Ce6 при
низьких температурах слабо взаємодiє з полiмерною фазою. В результатi властивостi поглинання та флуоресценцiї Ce6 у водних та полiмерних розчинах практично однаковi. Характеристики флуоресценцiї Ce6 в кополiмерному
розчинi при нагрiваннi залишаються незмiнними, що свiдчить про вiдсутнiсть у цього сенсибiлiзатора можливостi
зв’язуватися в основнiй масi полiмерної фази. На пiдставi
даних флуоресценцiї при температурi, вищiй за нижню критичну температуру розчинення (НКТР) полiмеру всi молекули ДМЕ Ce6 зв’язанi з полiмерною матрицею. Утворенi
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комплекси досить стiйкi. За наявностi сироваткових бiлкiв
молекули фотосенсибiлiзатора тривалий час залишаються
зв’язаними з полiмером. При температурi нижче НКТР
ДМЕ Ce6 не зв’язується полiмером. Крiм того, охолодження розчину комплексiв ДМЕ Ce6/полiмер призводить до
швидкої дисоцiацiї молекул фотосенсибiлiзатора з подальшою агрегацiєю або зв’язуванням з бiологiчними структурами у водному середовищi. Отриманi результати показали,
що можливiсть використання полiмеру ПNIПAM в якостi
термочутливого наноносiя дуже залежить вiд властивостей
завантаженого препарату.
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