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This work was devoted to the study of the photothermal and photochemical processes
occurring under laser irradiation of the nano-systems consisting of gold nanoparticles incorpo-
rated into polymer nano-carriers in a non-ionic and anionic form. The UV-vis spectroscopy
demonstrated that the intensity of the surface plasmon resonance band is higher for the
nano-system synthesized in an anionic polymer; this indicates a slightly larger number of for
med nanoparticles. Holographic interferometry in real time didn’t register a drastic difference
in the behavior of Au sols synthesized in non-ionic and anionic polymer matrices. However, a
local heating process took place under the irradiation of both Au sols.

Keywords: nanoscale systems, star-like copolymer, gold nano-particle, holographic in-
terferometry.

PaboTra mocssAleHa U3yUeHUIO (POTOTEPMUUECKOTO U (POTOXMMUUECKOTO MPOIECCOB KOMIIO-
BUTHBIX HAHOPA3MEPHBIX CHCTEM, COCTOAINIUX M3 HAHOUACTUI[ 30J0Ta B MOJUMEPHOM HAHOHO-
cuTes e B HEMOHHON U aHMOHHOI (hopMe, MPOUCXOAANIUX IO AelicTBUEeM Ja3epHoro o0ayue-
HUA. YIbTpaduoseToBas CIEKTPOCKOIMNS IoKasaja, YTO WHTEHCHUBHOCTbL IIOJIOCHI ITOBEPX-
HOCTHOTO TIJa3MOHHOTO Pe30HAHCA BBIMIe AJsA HAHOCUCTEM, CHHTE3UPOBAHHBLIX B AHUOHHOM
moJuMepe, UYTO YKasbiBAeT Ha HECKOJbKO OO0JbIllee KOJUUYECTBO OOpPA30BABIIMXCS HaHOUAC-
Tut. [omorpadpuueckas uHTepdepoMeTpus B peaibHOM BpeMeHH He MoKasaja Pe3Koro pasjm-
Yns B MOBENEHUHN 30Jiel AU, CHHTe3MPOBAHHLIX B HEMOHHON M aHMOHHOM MOJMMEPHO MAaT-
puite. OgHAKO, IIPOLECC JOKAJIbHOIO HArpeBa IIPOUCXOAUJ Ipu ob0nydyeHun oboux sosei Au.

HocaigaxenHs 30JB 30J0Ta, OTPHMAHMX y HE3apsAaAKEHOMY i B 3apsaskeHOMY 3ipKo-
noxioHoMmy moJiimepi B ymoBax ompominenHs cvitaom [O.I.I'apazyy, B.A.Ilasnos, E.B.Moxpin-
cran, HI Yynpina, H AJlasudenio, H.B.Kyueeon, A.II. Haymenro, II.A.Bipuu

PobGora mpucBsiuenHa BuBueHHIO (rororepMiuHHOrO i (poroxiMiumHOro mpolecis KOMMIOSHTHUX
HAHOPO3MIPHUX CHCTEM, II[0 CKJIANAIOTHCA 3 HAHOUACTHHOK 30JI0TA Y HOJIMEpPHOMY HAHOHOCIIO y
HeloHHil 1 anionwitt dopwmi, 10 BigOyBarOThECA HiL Ii€I0 Ja3€PHOIO OIPOMiHeHHd. ¥YabTpadiosero-
Ba CIEKTPOCKOIIis IIOKasaJjia, 110 iHTeHCHUBHICTh CMYrd IIOBEPXHEBOI'O ILIA3SMOHHOI'O PE30HAHCY
BUILE AJIS HAHOCUCTEM, CUHTE30BaHMX B AHIOHHOM HOJiMepi, IO BKasye Ha OiibIly KiabKicTb
HAHOUYACTUHOK, 110 yTBOpmiIncd. losmorpadiuna unurepdepoMeTpisa B pealbHOMY UYaci He IIOKasaa
pisKkux BigmimHOCTEll B moBemiHIli 30/1iB AU, CMHTe30BAHMX B HEiOHHIN i aHmMOHHIN mosimepHii
marpurni. OgHak, mporec JOKAJILHOrO HarpiBy BigOysBaBcd mpu onpoMineHHI 060X 30iiB Au.

1. Introduction ented therapy becomes a modern trend in
the anticancer therapy [1]. The main aim is
to damage tumors at the cellular level using
carriers which can enhance the target-ori- a selective attack on the tumor cells in order

The use of multifunctional polymer nano-
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to reduce significantly the harmful secon-
dary effects on the healthy cells. Recent
studies were focused on photo-thermal and
photo-dynamic treatments using near-infrared
wavelength lasers. A combination of the multi-
fun ctional plasmon nano-particles and pho-
todynamic agents could help to achieve a syn-
ergistic effect for the tumor therapy [2, 3].

Gold nanoparticles are considered to be
photo-thermal agents as well as photo-sensi-
tizer carriers. Their surface plasmon reso-
nance is of high efficiency for light-to-heat
conversion, consequently, generating hyper-
thermia [4]. Also, the gold nano-particles
can be easily accumulated in the tumor tis-
sue by the enhanced permeability and reten-
tion effect of the tumor [5].

In our recent work it was shown that a
nano-composite consisting of gold nanopar-
ticles and photosensitizer chlorine e6 in
dextran-graft-polyacrylamide nano-carriers
demonstrated a twofold increase of photody-
namic efficacy compared to the free photo
sensitizer for in vitro and in vivo experi-
ments on the malignant cell line MT-4
(human T-cell leukemia) [6]. Singlet oxygen
was registered when the nano-composites
were exposed to the red (658 nm) laser light
(power density 1.1 mW/em?2, dose 1 J/cm?2).

The present study is focused on under-
standing the processes occurring under laser
exposure in the nano-systems synthesized in
non-ionic and anionic polymer nano-carriers.

2. Experimental

Polymer. Copolymers dextran-graft-
polyacrylamide (D-g-PAA) with a dextran
core (M, = 7010 g/mol) and 5 grafted
PAA chains in non-ionic and anionic forms
were used as a polymer matrix for AuNPs
synthesis. Synthesis, molecular parameters
and peculiarities of the macromolecular struc-
ture of a star-like copolymer D-g-PAA were
discussed in details in [7]. The average mo-
lecular weight of D-g-PAA (M) is equal to
1.57-108 g/mol, radius of gyration (Rg) is
67 nm, and polydispersity (M,,/M,) is 1.81.

An anionic form of the copolymer (fur-
ther as D-g-PAAan) was obtained via alkaline

hydrolysis of the initial copolymer during
30 min by using sodium hydroxide. The frac-
tion of mers bearing carboxylate groups evalu-
ated by potentiometric titration was equal to
approximately 37 % . It was established that in
the anionic form, the graft has extremely ex-
panded molecular structure caused the increase
the macromolecule rigidity [7].

Gold nanoparticles syhthesis. The AuNPs
were synthesized by the chemical reduction of
the Au precursor (Tetrachloroauric acid,
Aldrich). All synthesized polymers play a role
of matrices capable to act as nucleating, cap-
ping and stabilizing agents simultaneously.

The 0.012 ml tetrachloroauric acid aque-
ous solution (C =0.1 M) was added to
0.5 ml of the aqueous polymer solution (C =
11073 g/ecm3) and stirred during 20 min.
Then, 0.047 ml of the 0.1 M aqueous solution
of sodium borohydride (Aldrich) was added.
The final solution was stirred for 80 min. It
turned ruby-red in colour, thus the formation
of AuNPs was indicated. The reduction proc-
ess was performed at T = 25°C. The hydrody-
namic diameter of the polymer is uncharged
and charged for ms as well as the (-Potential
of the polymer solutions and Au sols are rep-
resented in the Table 1.

Dynamic Light Scattering (DLS) and
Zeta-Potential Analysis. DLS and Zeta-po-
tential measurements were carried out using
a Zetasizer Nano ZS90 (Malvern Instruments
Ltd., UK). The apparatus contains a 4 mW
He—Ne laser with a wavelength of 632.8 nm;
the scattered light is detected at the angle of
173° (backscattering).

UV-visible spectroscopy. UV-visible absorp-
tion spectra of the copymer solutions and Au
sols were recorded by a UV-visible spectro-
photometer UV1900 from 200 to 800 nm.

Transmission electron microscopy
(TEM ). For the sample preparation, Cu
grids with carbon film were used (Elmo,
Cordouan Technologies Bordeaux France). A
5 ul drop was deposited and let adsorbed for
1 min; then the excess of the solution was
removed with a piece of filter paper. The
observations of the AUNPs were carried out
employing two TEMs, Tecnai G2 or CM12

Table 1. The {-Potential of the polymer solutions and Au sols

No. Sample D,, nm {-Potential, mV
1 D-g-PAA 49.8+1.3 ~0
2 Au/D-g-PAA 169.943.0 -16.4620.41
4 D-g-PAA(an) 103.619.0 ~0
5 Au/D-g-PAA(an) 270.4+3.8 -17.55%2.29
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Fig. 1. Double exposure real time Holo-

graphic Interferometry setup.

(FEI, Eindhoven Netherlands), and the im-
ages were acquired with a CCD Eagle cam-
era on the Tecnai and a Megaview SIS Cam-
era on the CM12.

Holographic Interferometry setup. For
study of photothermal and photochemical
reactions in the composite nano-scale sys-
tems, the method of holographic inter-
ferometry in real time was proposed and
experimentally applied [8]. The method was
tested using the equipment kit [9] to deter-
mine the refractive index (n) and its change
(An) for liquid and gaseous media (Fig. 1).
Measurements of An on a model object dur-
ing its illumination includes registration of
the hologram of cuvettes with the investi-
gated medium, reconstruction of the holo-
gram, illumination of the medium with an
exciting light with a certain wavelength
(%;,,) and intensity. Then, using the camcor-
der, the obtained interference pattern was
observed and recorded in the computer for
further calculation of An by measuring the
spatial frequency of the interference bands
appearing in the cuvette image. This study
was devoted to studying the possibility of
hyperthermia process occurring in the nano-
system under laser irradiation.

In the experiments, the laser was used
with 2,..= 650 nm which is close to the
long-wavelength maximum absorption of Au
nanoparticles [5].

3. Results and discussion

The photodynamic in vitro testing of the
nano-systems synthesized in polymer
D-g-PAAan nano-carriers in an anionic form
demonstrated higher efficiency in compari-
son with the nano-composites synthesized in
the non-ionic D-g-PAA polymer matrix
(Fig. 2). The study was carried out on the
malignant cell line MT-4 [6].
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Fig. 2. Photocytotoxicity of nano-composites
with Au sols, prepared in non-ionic D-g-PAA
and D-g-PAAan polymer matrices.

To understand the reason of such differ-
ence in the photodymanic efficiency of the
similar nano-composite systems, these sys-
tems were studied by TEM, UV-vis and the
method of holographic interferometry. We
have focused on the impact of AuUNPs on the
processes that occurring under laser irradia-
tion of both nanocomposites.

It is known that the size and shape of
nanoparticles affect the AUNPs biological
activity [5]. TEM images of AuUNPs, synthe-
sized in the solutions of D70-g-PAA and
D70-g-PAAan are represented in Fig. 3.

It is seen that the sols synthesized in the
non-charged and anionic polymer matrices dif-
fer in size characteristics of AUNPs. The nano-
system obtained in the non-ionic polymer ma-
trix contains individual nanoparticles of 1.5—
2 nm in size (Fig. 3, ¢) and some clusters of
nano-particles of 10 to 20 nm. (Fig. 2, a). The
AUNPs synthesized in D70-g-PAAan solutions
are of 2— nm in size (Fig. 3; b, c).

The reason for the differences in the sols
obtained in the solutions of branched non-
ionic and anionic polymers may be caused by
the chemical nature of the polymer matrices.
The interaction of the AU precursor with the
anionic polymer matrix takes place with both
carbamide (as in non-ionic polymers) and car-
boxylate groups. Moreover, the interaction
has the following different mechanisms: the
ion-dipole interaction in the first case, and
the electrostatic one in the second case. It is
supposed that on the carbamide groups of
anionic matrices, the same particles form as
in the non-ionic matrices. However, the nano-
particles formed on the carboxylate groups
are smaller [7]. The study of the aging proc-
ess of Au sols prepared in the anionic polymer
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Fig. 3. TEM images (a,b) and size distribution of nanoparticles (c,d)
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Fig. 4. Absorption spectra of nano-systems:
D70-g-PAA/AuNPs (curve 1); D70-g-
PAA(PE)/AgNPs (curve 2).

matrix revealed the disappearance of small
nano-particles and increase in size of
nanoparticles formed on the amide func-

tional group of the polymer chains [10].
UV-Vis spectra of the AUNPs synthesized

in the solutions of D70-g-PAA and D70-g-
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PAAan polymers are shown in Fig. 4. A
well defined surface plasmon resonance
(SPR) for the gold nano-particles was ob-
served for all the prepared sols. The differ-
ence in absorption curves for the sols syn-
thesized in the non-ionic and anionic star-
like polymer matrices is evident. The
spectrum of the D70-g-PAAan nano-system
is red-shifted and has greater full width at
half maximum. It is known that for metallic
nano-particles, such important charac-
teristics as the frequency and spectral line
half-width (the decay of the surface plas-
mon resonance) depend essentially on their
size, namely, when the size of the nano-par-
ticles increases, the resonant wavelength in-
creases too (red shift), and an increase in
the spectral half-width (expansion) reso-
nance is observed. That is, the spectral line
position and shape in the spectral band indi-
cate an increase in the size of the nano-par-
ticles for the nano-system on the base of a
charged star-like copolymer.

Functional materials, 26, 4, 2019
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Fig. 5. Photographs of cuvettes with the solution during laser light illumination with A, = 650 nm

and power of 10 mW.

The method of holographic interferometry
allows registering the change in the refrac-
tive index in a local volume. Fig. 5 demon-
strates the behavior of both Au sols synthe-
sized in the non-ionic and anionic polymer
solutions under red laser (A;,. = 650 nm) illu-
mination. It should be noted that the wave
length and power density of the laser was
the same as for in vitro experiments [6].
It is evident that over time (%;.) after the
illumination begins, the number of interfer-
ence bands increases testifying an increase
of An. After ceasing the light, the interfer-
ence pattern relaxes and the bands disappear.
The interference bands are localized only in
the volume limited by the laser beam and
there is no observed diffusion of the heated
solution into other parts of the cuvette. How-
ever, the drastic difference in the behavior of
Au sols synthesized in the non-ionic and an-
ionic polymer matrices was not registered.

Fig. 6 shows that the An linearly depends
on the laser radiation power within the range
of 0.1 to 10 mW. It is evident that the re-
laxation time t, = 8+0.2 s does not depend on
the laser radiation power. To explain the ex-
perimental results, a phenomenological model
is proposed which takes into account the fea-
tures of the molecular structure of the star-
like Dextran-graft-Polyacrylamide copolymer
with incorporated Au nano-particles. Since
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Fig. 6. Relaxation of An during time t after
switching off laser light with A, = 650 nm
and a power of 10 mW after illumination.

under illumination with 2, =650 nm light
the variation of n is observed mainly in the
small volume of the cell near the laser beam
transmission region (Fig. 5), the following
model consideration can be proposed.
Absorption of laser light with 2, =
650 nm occurs in Au nanoparticles. Since the
fluorescence in the investigated samples is not
observed and there are no reasons for photo-
chemical transformations, it can be assumed
that the dissipation of all absorbed light en-
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ergy happens by excitation of oscillations.
Namely, all absorbed light energy is trans-
formed into thermal energy.

Since AU nanoparticles have a high thermal
conductivity and they are placed close to frag-
ments of polymeric molecules, it can be supposed
that thermal vibrations from the Au nano-parti-
cles are transferred to the nearest similar frag-
ments and from them to other Au nanoparticles
within a single large polymeric molecule. Such a
stepped mechanism of transferring heat energy
within a single large polymer molecule must also
take into account the energy dissipation to excite
vibrations of H,O molecules located inside the
free space of the polymer molecule.

After thermal excitation of an individual poly-
mer molecule with Au nanoparticles, the excita-
tion of vibrations of neighbor H,O molecules and
further excitation of neighboring polymer mole-
cules occur. Therefore, as a result of this cascade
process, the aqueous medium in the cell is not
immediately heated but only after the local heat-
ing of the polymer molecules with Au nanoparti-
cles in the areas where the light was absorbed.

In our experiments, the change of n is ob-
served mainly from the change of n of the
aqueous medium. Therefore, this change is
seen only near the volume in the cell where the
laser light with A;,. = 650 nm is absorbed. The
surface plasmon involves laser heating of
AUNPs in the water-based sols.

Thus, the process of local heating has been
registered under laser irradiation of nanc-com-
posites containing AuNPs. These results are in
good agreement with our recent study of Au
colloids prepared in the D-g-PAA solution [12].
The temperature of the AUNPs was determined
via the broadening of the SPR absorption band.
The heating showed a resonant character.
Namely, it was demonstrated that the tempera-
ture of the AUNPs depends strongly on the
laser frequency detuning from the SPR in the
AUNPs. The sharp increase of AUNPs tempera-
ture to about 316 K was obtained at moderate
laser intensity of 5A ~ 103 W /cm?2.

The present study gives an impetus to
understand the importance of the AuNPs in
the nano-composites for a photo-dymanic
therapy (PDT). However, the reason of
higher efficiency for the PDT with the
nano-systems synthesized in the anionic
polymer matrix in comparison with non-
ionic ones is not clear. The interaction of
non-ionic and anionic polymer nano-carriers
with a cell membrane should be the next
stage to understanding the mechanism of
action of hybrid nanoc-composites for photo-
dymanic anticancer therapy [13].
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4. Conclusions

Thus, the difference in absorption curves
for the Au sols synthesized in non-ionic and
anionic star-like polymer matrices was
found. The intensity of the SPR band was a
bit higher for the AuNPs/D70-g-PAAan
nano-system. The absorption of laser light
(A;» = 650 nm) in Au nanoparticles was reg-
istered by the method of real-time holo-
graphic interferometry. It was established
that all absorbed light energy was trans-
formed into thermal energy as the interfer-
ence bands were localized only in the vol-
ume limited by the laser beam. No drastic
difference in the behavior of the Au sols
synthesized in the non-ionic and anionic
polymer matrices was registered. The effect
of the local heating can enhance the effi-
ciency of the nano-composite with incorpo-
rated AuNPs for photodynamic therapy, be-
cause of the hyperthermia effect.
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