ISSN 1027-5495. Functional Materials, 26, No.1 (2019), p. 107-113.
doi:https://doi.org/10.15407/fm26.01.107 © 2019 — STC "Institute for Single Crystals”

Different effect of polymer-incorporated
nanoparticles of Au and Ag on
hematoporphyrin interaction with graft
polymers

M.Y .Losyiskyy, R.A.Kharchenko, Y.I. Harahuts, E.A.Shirinyan,
Y.V.Malinovska, N.V.Kutsevol, V.M.Yashchuk

T.Shevchenko National University of Kyiv, 64/13 Volodymyrs’ka Str.,
01601 Kyiv, Ukraine

Received November 21, 2018

One of the ways to improve the efficiency of photodynamic therapy is to enhance the
accumulation of the photosensitizer (PS) in the tumor; for this, either polymers or metal
nanoparticles (NP) could be used. Here we studied the effect of Au and Ag nanoparticles
(AuNPs and AgNPs, respectively) synthesized in situ in solution of non-charged and
anionic polymers on spectral properties of PS hematoporphyrin (HP) as well as on 102
generation by this compound (revealed by 102 emission at 1275 nm). The star-like copoly-
mer Dextran-graft-Polyacrylamide (D-g-PAA) and its anionic form (D-g-PAAan) were used
as polymer matrices for nanosystems preparation. Absorption and fluorescence spectra
show that HP molecules bind to D-g-PAA and D-g-PAAan in water that leads to the
destruction of HP aggregates; these changes are accompanied by increase of 102 genera-
tion. Meanwhile, in the presence of polymers with incorporated AgNPs (D-g-PAA/Ag and
D-g-PAAac/Ag) the mentioned effect is stronger as compared to corresponding polymers
without incorporated NPs. Thus AgNPs affect the graft polymers interaction with HP.
Contrarily, the presence of both polymers with incorporated AUNPs enhances HP aggrega-
tion; besides, in the case of non-charged polymer with gold nanoparticles D-g-PAA/Au, Au
nanoparticles induce appearing of different HP form, presumably protonated one. Effect
of Ag and Au nanoparticles on fluorescent properties of HP is mainly determined by the
effect of these NPs on aggregation of HP (and, in the case of D-g-PAA/Au, by appearing
of different HP form). As for HP-sensitized singlet oxygen luminescence, effect of AQNPs
is also mainly related to aggregation destruction, while this of Au nanoparticles could have
other mechanisms as well.

Keywords: photodynamic therapy, hematoporphyrin, metal nanoparticles, graft poly-
mers, singlet oxygen.

OzauM ©3 myTell yayuiieHHS s(PHEKTUBHOCTA (DOTOIMHAMUUYECKOU Tepanuy SABJISETCH
MOBHIIIIeHNEe HaKomIeHnd horoceHcubuausaropa (PC) B onyxoau; AJAS 9TOr0 MOMKHO HCIOJb-
soBarb mmoaummepsl aubGo nHamouacTuikl (HY) meranmos. B paGore wmcciemoBaHO BIMSAHUE
nanouactul] 3oyota u cepedpa (AUHY u AGHY cooTBETCTBEHHO) CHHTE3UPOBAHHBIX in SitU B
pacTBope He3apSIKEHHBIX M aHNOHHLIX IOJUMEPOB, Ha CHEKTpalbHLIe cBolictBa PC remarto-
nopdupuna (I'Tl), a TakyKe Ha TeHepalUi0 CUHIVIETHOT'O KHUCIOPOLA (102) 9TUM COeSUHeHNeM
(KOTOPYIO AETEeKTHUPOBAJIU [0 HIAYIUEHUIO 1O2 Ha 1275 mm). PasBeTBieHHBIA KOIIOJHMED
nexcrpan-nmonuakpuaamury (I-IIAA) u ero anmounmas (opma ([I-ITAAaH) MCIONB30BANNCH
KaK [MOJIMMEPHBIE MATPUILI JJIA IIOJydYeHus HaHocucTeM. CIEeKTPHI HOIJIOIeHus U hayope-
CIeHIIMU AeMOHCTpuUpyior, uro moJsekyabl I'Il B Boge cBaspiBaoTca ¢ I-ITAA u [-IIAAams,
YTO MPUBOAUT K paspylnennto arperaroB I'Il; sTu msMeHEeHUSA COMPOBOMKIAIOTCH YCUJICHHUEM
reHepanuu 102. B 10 e BpeMs#, B IPUCYTCTBUU IIOJUMEPOB ¢ MHKOpropupoBanubiMu AGHY

Functional materials, 26, 1, 2019 107



M.Y .Losytskyy et al. / Different effect of ...

(O-TIAA/Ag u O-ITAAan/Ag) ynomsanyTeie sdhpeKTsl CUIbHEE IO CPABHEHUIO C COOTBETCTBY-
omuMu noauMepamu 6e3 umuropuopuposanubix HY. Cuegmosarenpmo, AGHY Bausitor Ha
BaauMozelicTBue pasBerBieHHbIX moaumepos ¢ I'TI. B orauume or AQHY, npucyrcreue oboux
MOJINMepPOB ¢ NHKOpnopupoBanubiMu AUHY yeunusaer arperanumo I'Il; kpome Toro, B caydae
HE3apAMKeHHOro moJuMepa ¢ HaHouactuiamu 3ojora [-ITAA/Au, nanouactuisl AU BHISBIBA-
0T nosiBaeHue HoBoil (opmbr I'Tl, BepositHO nporonuposanuoil. Bausune AQHY u AuHY na
dayopecienTHbie cBoiictBa I'Il oupemensercs, riaaBHbIM obpasom, BiaumaHmeMm 3Ttux HY Ha
arperanuio 'l (u, B cayuae [[-ITAA/Au, mossienumem mHopoii dopmer I'II). Uro racaercs
JIOMUHECIEHIINY CHUHIJIETHOTO KMCJI0pPoga, ceHcubuamsupoBanHoi ['II, To Biusanuwe Ha Hee
AgHY rakike CBf3aHO, TJAABHBIM 00pasoM, ¢ paspyllleHMeM arperaTtoB, B TO BpeMs Kak
pausuare AUHY MoeT TaKkiKe pPealnsMpoOBaThLCSI Uepesd APYTrHhe MeXaHU3MBbI.

IIporuaexunii Boiaus HaHouyactTmHOK AU Tta AQ, imkopmopoBaHux y mnoaimepn, Ha
B3a€eMofilo remaronopdipuny 3 posraayskeHumMu nogimepamu. M.JFO.JIocuuvruii, P.A.Xap-
wenro, I0.I.I'apaeyy, EA.IlTupinan, F0.B.Maxinoscvrxa, H.B.Ryyeson, B.M.Auwyx.

OgarM 31 maaxiB moxkpamleHHsa edeKTHUBHocTI QorToamHamiuHOol Tepamil € migBuIeHHSA
HarkonuvueHHda (orocencubinisaropa (PC) y myxaumei; Iad ObOro MOXKHA BUKOPUCTOBYBATHU
nonimepu abo mamouactmary (HY) meranis. B mocaim:xeHo BIIMB HAHOYACTUHOK 30J0Ta i
cpibra (AuUHY Tta AgHY Bimmosimmo) cuHTe30BaHUX in Situ y POSUMHI HE3aPALIKEHUX Ta
aHioOHHMX IoJaimepiB, Ha cnekrpaabHi Biractupocti ®C remaromopdipuny (I'Il), a Takox Ha
TeHepaIlito CUHTJIETHOTO KHUCHIO (102) i€l CMONTYKOI0 (AKY BUABJIAJIU 32 BUITPOMiHIOBAHHAM
102 Ha 1275 uwm). Posrany:xenuii xomosimep mexctpaH-momiakpuwiaamix (I-ITAA) Ta iioro
amionna d¢opma ([I-ITAAam) BUKOPUCTOBYBAJIUCA SK MOJIMEpHI MAaTPUIll AJdA OTPUMAHHS
HanocucteM. CIeKTpPM TOTITUHAHHA Ta (IyOpecleHIii AeMOHCTPYIOThH, 1o Mogeryau I'Il y
Bozi 3B A8y0oTheA 3 I[-IIAA ta [[-IIAAaH, 1m0 IpUs3BOAUTL A0 pyiiHyBauusa arperarie I'Tl; mi
3MiHM CYNPOBOIKYIOTHCSA IIOCHJIEHHSAM TreHepalrii 102. B Toii e uac, B mpucyTHOCTI mO-
aimepis 38 inxopmoposanumu AgNP ([I-ITAA/Ag ta [-ITIAAan/AQ) sragani ederTy € cuiabHi-
MIMMU TOPiBHSAHO 3 BigmoBigmumwu monimepamu Ges imkopmopoBamux HY. Orixe, AgHY
BIINBAIOThL HA B3aeMOAi0 posranyskenux nosimepis 3 T'Il. Ha sigminy Big AgHY, upu-
cyTHicTs 06ox moaimepie 3 imkopmopoBamumu AUHY mocuaroe arperamiro I'Il; kpim Toro, y
BUIIAJAKY He3apAKeHoro mojiMepy 3 HamouacTuHkamuy sosota [-TTAA/AU, HaHOYACTHHKU
Au BUKJIMKaOTh oABy HOBOI dopmu I'TI, iimoBipro nporonoBanoi. Boaus AgHY i AuUHY ma
pnyopectienTHi BaactuBocti I'Tl BM3HAUaeThesA, TOJOBHUM UYWHOM, BIJMBOM mux HY Ha
arperamiio I'Tl (ra, y sBumaary I-ITAA/Au, mosBow muoBoi dopmu I'Tl). Ilo crocyernes
aioMminecnennii cuurierHoro KucHoo, cencubimisosamol I'Tl, To Bmaue na Hei AQHY rakox
0B’ A3aHMUI, I'OJOBHUM YMHOM, 3 PYMHYBaHHAM arperaris, B To¥ dyac ax Bmaus AUHY mosxe
TAKOMK peaJsisyBarucs uyepes iHmIl mMexaHismu.

1. Introduction

Photodynamic therapy (PDT) is a modern
cancer treatment method that is intensively
developed and successfully applied [1]. This
method is based on administration of a non-
toxic photosensitizer (PS) into organism,
followed by selective PS accumulation in
tumor tissue. Upon further irradiation of
the accumulated PS in the presence of mo-
lecular oxygen, its reactive forms (e.g., sin-
glet oxygen 102) are generated, eradicating
tumor cells [2].

The main advantages of PDT as com-
pared to traditional methods of treatment
(chemotherapy and radiation therapy) are
high tumor specificity and low harm to
healthy tissues [3]. At the same time, PDT
has several drawbacks, the main one being
the limited depth of tissue penetration of
visible or near infrared light. One of the
ways to improve the efficiency of photody-
namic therapy is to enhance the PS sensitiv-
ity to light as well as its accumulation in
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the tumor, making cancer tissues sensitive
even to the irradiation attenuated through-
out a tumor volume. Thus, designing PS
agents with improved photosensitizing and
pharmacokinetic properties still remains a
major challenge in PDT. Besides, an exten-
sively studied approach to enhance the
tumor treatment efficiency is to combine
different mechanisms of treatment action
[4], e.g. PDT and photothermal therapy
(PTT) [5]. One of the promising ways to
achieve these goals is to use metal nanopar-
ticles and polymers.

Linear polymers are known to improve
drugs delivery to specific cells or tissues, as
well as to enhance efficiency of the pho-
todynamic drugs. Particularly, a system
composed of the known PS chlorin eg and a
water-soluble and non-toxic polymer poly-
vinylpyrrolidone was successfully used in
PDT [6]. At the same time, high efficiency
of graft dextran-polyacrylamide macromole-
cules as vector nanocarriers in drug therapy
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was demonstrated [7]. We have shown that
binding with linear and graft polymers re-
duces the aggregation of the photosensitizer
hematoporphyrin (HP) [8, 9].

On the other hand, since recently metal
nanoparticles have been widely involved in
the development of novel anticancer thera-
peutics. Particularly, gold nanoparticles
(AUNPs) draw a special attention for
biomedical applications due to their biocom-
patibility and low toxicity [10]. The ability
of AuNPs to penetrate the endothelium of
the tumor vessels provides higher selectiv-
ity of the AUNPs-containing drug accumula-
tion in the tumor [11]. The phenomenon of
a localized surface plasmon resonance in
AUNPs leads to appearance of the intense
plasmonic band in their absorption, allow-
ing for application of AuNPs in plasmonic
photothermal therapy (PPTT), where irra-
diation of AuNPs with light at the wave-
length within a plasmonic absorption band
results in strong localized heating that de-
structs the surrounding cancer cells and tis-
sues [12—14]. Though PPTT requires high
power pulsed laser irradiation and larger
particles with higher concentration in the
targeted site to be efficient [15], combina-
tion of PDT with tumor hyperthermia is
known to increase the efficiency of PDT,
causing an increase in the cytocidal activity
of the PS on the tumor cells in vivo [16].
This opens the way to achieve an enhanced
PDT by combining it with localized heating
caused by irradiation of AUNPs delivered to
cancer site alongside with PS. Possible ap-
plications of silver nanoparticles (AgQNP) in
cancer therapy are also studied; and cyto-
toxicity of AgNPs to various cancer cells
was shown [17]. Besides, photothermal ef-
fect was demonstrated for AQNPs, though it
was lower as compared to that of AuNPs
[18].

The use of metal NP incorporated into
polymers could combine the above men-
tioned approaches to improve the PDT effi-
ciency with the possibility of plasmonic en-
hancement of PS absorption and singlet
oxygen generation. Earlier, the graft dex-
tran-polyacrylamide macromolecules were
shown to be appropriate as templates for
preparation of nanosystems containing both
metal NP and sensitizer simultaneously,
which could be very efficient in antitumor
PDT [7]. Besides, graft dextran-polyacry-
lamide macromolecules containing AuUNPs
were shown to double the in vitro photody-
namic activity of the PS chlorin eg in com-
parison with that of free chlorin egq [19].
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In this paper, we studied the effects of
AuNPs and AgNPs incorporated into dex-
tran-polyacrylamide (PAA) and dextran-
PAA-co-polyacrylic acid (D-g-PAA and D-g-
PAAac, respectively) graft polymers on
spectral properties of photosensitizer HP, as
well as on 102 generation by this compound.

2. Experimental

Materials

Hematoporphyrin was kindly provided by
M.F. Gamaleia (R.E. Kavetsky Institute for
Experimental Pathology, Oncology and Ra-
diobiology, NAS of Ukraine).

Polymers. Copolymers Dextran-graft-
polyacrylamide (D-g-PAA) with dextran
core (M, = 70-10° g/mol) and 20 grafted
PAA chains in nonionic and anionic form
were used as a polymer matrix for AgNPs
and AUNPs synthesis and fabrication of
trial nanosystems containing both AuNPs
and PS. Synthesis, molecular parameters
and peculiarities of macromolecular struc-
ture of star-like copolymer D-g-PAA were
discussed in details in [20]. The average mo-
lecular weight of D-g-PAA (M,) was equal
to 1.43:10% g/mol, radius of gyration (R,)
— 64 nm, and polydispersity (M,/M,) —
1.98.

The anionic form of the copolymer (re-
ferred throughout as D-g-PAAan) was ob-
tained via alkaline hydrolysis of initial co-
polymer during 30 min by using sodium hy-
droxide. According to evaluation by
potentiometric titration, the fraction of
amide groups that were thus converted to
carboxylate groups was equal to approxi-
mately 37 % [21]. The D-g-PAAan copoly-
mer was purified, freeze-dried and kept
under vacuum for preventing it from fur-
ther hydrolysis.

Gold nanoparticles syhthesis. The AuNPs
were synthesized by the chemical reduction
of Au precursor (tetrachloroauric acid) [19].
All synthesized polymers play a role of ma-
trices C

apable to act as nucleating, capping and
stabilizing agents simultaneously. 0.012 ml
tetrachloroauric acid aqueous solution (C =
0.1 M) was added to 0.5 ml of aqueous poly-
mer solution (C =1 g-171) and stirred dur-
ing 20 min. Then, 0.047 ml of 0.1 M aque-
ous solution of NaBH, was added. The final
solution was stirred for 30 min. It turned
ruby-red in color, thus the formation of
AuNPs was indicated. The reduction process
was performed at 25°C.
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Fig. 1. Absorption spectra (Soret band) of HP solution in distilled water and in the presence of (a)
D-g-PAA, D-g-PAA/Ag, D-g-PAA/Au, and (b) D-g-PAAan, D-g-PAAan/Ag, D-g-PAA/Au. Concentra-
tions were 1078 M for HP, 0.05 mg/mL D-g-PAA and D-g-PAAan, 0.049 mg/mL for Au and 0.027
for Ag. For AQNP- and AuNP-containing samples, absorption of corresponding polymer/NP systems
was subtracted for better visualization of HP spectrum changes.

Silver nanoparticles synthesis. Reduction
of Ag ions was performed in aqueous solu-
tions of polymer templates [22]. Molar ratio
of acrylamide groups to Ag ions was equal
to 5. At first 0.01 M AgNO; aqueous solu-
tion was added to 0.5 ml of polymer solu-
tion (C =1 gl11) and stirred during 20 min
at 25°C. Then, 0,1 M of NaBH, was added
drop by drop at stirring. It turned reddish
brown, thus the formation of AgNPs was
indicated. Dimethylformamide (DMF), etha-
nol and distilled water were used as sol-
vents.

Preparation of solutions

Stock solution of hematoporphyrin (1072 M)
was prepared in DMF, and further dissolved
in ethanol to 1073 M. The solutions of poly-
mers and polymer/NP systems were further
dissolved in water, and after letting them
reach equilibrium for about an hour, aliquot
of 1073 M HP solution was added. Final
concentrations were 106 M for HP,
0.05 mg/mL for D-g-PAA and D-g-PAAan,
0.049 mg/mL for Au and 0.027 for Ag (for
absorption and fluorescence measurements),
and 5107 M for HP, 0.1 mg/mL for D-g-
PAA and D-g-PAAan, 0.098 mg/mL for Au
and 0.054 for Ag (for singlet oxygen emis-
sion measurements).

Spectral measurements

Absorption spectra were registered with
the UV1900PC spectrophotometer (China).
In order to make clear the effect of poly-
mers and polymer/NP systems on HP ab-
sorption, spectra of polymer/NP solutions
were subtracted from the spectra of HP in
the presence of corresponding solutions.
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Fluorescence spectra were measured using a
Cary Eclipse fluorescence spectrophotometer
(Varian, Australia). To account for the inner
filter effect due to the strong extinction at
the fluorescence excitation wavelength
(400 nm), HP emission spectra in the pres-
ence of D-g-PAA/Au, D-g-PAAan/Au, D-g-
PAA/Ag and D-g-PAAan/Ag were corrected
for the factor of 10P/2) where D is the opti-
cal density of corresponding polymer/NP
system at 400 nm [23]. For measurements,
solutions were placed into 1 em-1 em quartz
cell. All measurements were performed at
room temperature.

Singlet oxygen luminescence measure-
ments

Luminescence spectra of the molecular
oxygen were registered with the help of the
laboratory-designed spectral station based
on MDR-24 monochromator (wavelength
range 400-1400 nm) and Hamamatsu PMT
cooled module in the range 1200-1300 nm.
Excitation was performed with 405 nm
diode laser. For the obtained spectra, sub-
traction of the background monotonously
decreasing with wavelength was performed.

3. Results and discussion

First of all, absorption spectra were
measured for HP solutions in water, as well
as in the presence of graft polymers and
polymer/NP systems. Processes of intermo-
lecular interactions with participation of
HP molecules are manifested the most obvi-
ously in the shape and position of the Soret
band (Fig. 1). Thus, for HP solution in
water, maximum at 392 nm and shoulder at

Functional materials, 26, 1, 2019
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Fig. 2. Fluorescence emission spectra of HP solution in distilled water and in the presence of (a)
D-g-PAA, D-g-PAA/Ag, D-g-PAA/Au, and (b) D-g-PAAan, D-g-PAAa/Ag, D-g-PAAan/Au. Concen-
trations were 1076 M for HP, 0.05 mg/mL for D-g-PAA and D-g-PAAan, 0.049 mg/mL for Au and

0.027 for Ag. Excitation wavelength 400 nm.

372 nm are observed; these bands corre-
spond to monomers and aggregates (dimers)
of HP molecules, respectively [24]. The

presence of both non-charged dextran-
polyacrylamide and anionic dextran-
polyacrylamide-co-polyacrylic acid graft

polymers leads to a decrease in the contri-
bution of the dimer band to the spectrum
(Fig. 1a and Fig. 1b, respectively) that
could be interpreted as the destruction of
HP aggregates as a result of HP molecules
binding with the polymers. Earlier, we ob-
served the same effect for similar graft
polymers [8]. It should be mentioned that in
the case of negatively charged polymer D-g-
PAAan, the destruction of aggregates is
stronger than in the presence of mnon-
charged polymer D-g-PAA.

At the same time, it can be seen from the
absorption spectra that metal nanoparticles
incorporated into the polymers affect the
spectra of HP. Namely, the presence of
AgNP in D-g-PAA/Ag and D-g-PAAan/Ag
polymer/NP nanosystems leads to still
stronger enhancement of the monomer band
and reduction of the dimer one as compared
to corresponding polymers without NP.
Thus, the presence of AgNP incorporated
into polymers results in stimulating the in-
teraction of HP monomer molecules with
the polymer.

Meanwhile, the presence of AuNPs in
both D-g-PAA/Au and D-g-PAAan/Au poly-
mer/NP systems results in quite different
effect on HP spectra. It was shown (Fig. 1
a, b) that the presence of both D-g-PAA/Au
and D-g-PAAan/Au leads to the decrease of
monomer band of HP even stronger than for
the free HP. Besides, a narrow band at 400
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nm appears in the spectrum of HP in the
presence of D-g-PAA/AuU, which should cor-
respond to some different form of HP.

Fluorescence spectra of HP in water and
in the presence of polymers and poly-
mer/NP systems are presented in Fig. 2. It
can be seen that the shapes of the spectra
are close for HP in water and for HP in the
presence of D-g-PAA, D-g-PAAan, D-g-
PAA/Ag, D-g-PAAan/Ag and D-g-
PAAan/Au and contain two bands with max-
ima at 613 and 675 nm that correspond to
emission of monomeric form of HP in water
[8, 9]. As for the intensities of the men-
tioned spectra, fluorescence intensity of HP
is higher in the presence of D-g-PAA and
D-g-PAAan as compared to free HP, and the
presence of D-g-PAA/Ag and D-g-PAAan/Ag
leads to still higher intensity growth (Fig.
2a, b). As for the D-g-PAAan/Au, its pres-
ence decreases the fluorescence intensity of
HP as compared to free HP (Fig. 2b). The
fluorescence intensities of the mentioned
samples correlate with the relative quanti-
ties of monomeric HP form in the solution.
Thus, the influence of D-g-PAA, D-g-
PAAan, D-g-PAA/Ag, D-g-PAAan/Ag and
D-g-PAAan/Au on HP emission intensity
could be explained by influence of these
polymers and nanosystems on the ratio of
fluorescent HP monomers and its nonfluo-
rescent aggregates; no metal enhancement
of fluorescence was observed.

At the same time, the case of D-g-
PAA/Au polymer/NP system is quite differ-
ent. It was shown that its presence resulted
in appearing of a different HP form, char-
acterized by relatively narrow absorption
Soret band at 400 nm (Fig. 1). At the same
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Fig. 3. Luminescence spectra of 102 obtained by excitation (at 400 nm) of HP solution in distilled
water and in the presence of (a) D-g-PAA, D-g-PAA/Ag, D-g-PAA/Au, and (b) D-g-PAAan, D-g-
PAAan/Ag, D-g-PAAan/Au. Concentrations were 51076 M for HP, 0.1 mg/mL D-g-PAA and D-g-

PAAan, 0.098 mg/mL for Au and 0.054 for Ag.

time, in the fluorescence spectrum of HP in
the presence of D-g-PAA/AuU, together with
the monomer band at 613 nm, there are
bands at 596 nm and 652 nm, which corre-
spond to the mentioned different HP form.
Earlier we have observed the HP form with
such absorption and fluorescent properties
for the case of HP solution in acidic me-
dium (pH 8.1); this form was thus attrib-
uted to protonated HP monomer [9]. Thus
we can assume that the presence of AuNPs
in electrically neutral polymer D-g-PAA
possibly causes a decrease in pH of the local
medium. It should be noted that the pres-
ence of AUNPs in negatively charged poly-
mer D-g-PAAan does not cause such effect.

Finally, the luminescence of singlet oxy-
gen upon excitation of HP in water and in
the presence of the polymers and poly-
mer/NPs systems was studied (Fig. 8). Exci-
tation at Soret band (405 nm) was used as
the most efficient for singlet oxygen gen-
eration [25].

For all the studied compounds, the lumi-
nescence band of 10, with maximum at
1275 nm was detected. The presence of D-g-
PAA and D-g-PAAan polymers leads to en-
hancement of singlet oxygen emission that
correlates with HP fluorescence enhance-
ment in the presence of these polymers. We
can suppose that this increase of 102 emis-
sion is due to the increase in the fraction of
monomer HP molecules.

At the same time, for HP in the presence
of polymer/NPs systems such correlation
between HP-sensitized 102 luminescence and
HP fluorescence intensities is less evident.
First of all, contrarily to HP emission in-
tensity (Fig. 2), HP-induced 102 lumines-
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cence intensity is lower in the presence of
AgNP-containing polymers as compared to
corresponding polymers without NPs. This
result could be explained by the inner filter
effect due to strong absorption of AQNPs at
the excitation wavelength (405 nm). To sup-
port this assumption, we also studied the
samples containing the same HP concentra-
tion but ten times lower concentration for
polymer and polymer/NPs system. For such
samples where inner filter effect was small,
both HP intensities and HP-induced 10, in-
tensities were higher in the presence of
polymer-AgNPs systems as compared to
polymers without NPs (data not presented).

Further, in the case of D-g-PAA/Au, the
HP-induced 102 intensity is lower than for
the free HP as well as for HP in the pres-
ence of D-g-PAA (Fig. 3a) that correlates
with the behavior of HP fluorescence (Fig.
2a). Meanwhile, the presence of D-g-
PAAan/Au polymer/NPs system does not
change the HP-induced 102 intensity com-
paring to that for free HP (Fig. 3b), while
fluorescence intensity of HP in the presence
of D-g-PAAan/Au is about two times lower
as compared to that of free HP (Fig. 2b).
Since several factors influence the HP-in-
duced 102 intensity, including the rate of
intersystem crossing in HP molecule, the
rate of HP-to-O, energy transfer and the
luminescence quantum vyield of 102 itself,
the observed result could be explained by
the effect of D-g-PAAan/Au on any of the
mentioned factors.
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4. Conclusions

HP molecules interact with graft poly-
mers of both types (non-charged and in an-
ionic form) in water, resulting in decrease
of HP aggregation.

Ag and Au nanoparticles incorporated
into polymers affect the binding of HP
molecules in different ways. While AgNPs
enhance the destruction of HP aggregates,
AUNPs enhance aggregation. Besides, in the
case of mneutral polymer D-g-PAA, Au
nanoparticles induce appearing of different
HP forms, presumably protonated ones.

Effect of Ag and Au nanoparticles on
fluorescent properties of HP is mainly de-
termined by the effect of these NP on ag-
gregation of HP (except for the case of D-g-
PAA/Au where different form of HP ap-
pears). As for HP-sensitized singlet oxygen
luminescence, the effect of AgNPs is also
mainly related to aggregate destruction,
while that of Au nanoparticles could have
other mechanisms as well.
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