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Laser-driven structural transformations in dextran-
graft-PNIPAM copolymer/Au nanoparticles hybrid
nanosystem: the role of plasmon heating and
attractive optical forces
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and lulia I. Harahuts®

Laser induced structural transformations in a dextran grafted-poly(N-isopropylacrylamide) copolymer/Au
nanoparticles (D-g-PNIPAM/AuUNPSs) hybrid nanosystem in water have been observed. The laser induced
local plasmonic heating of Au NPs leads to Lower Critical Solution Temperature (LCST) phase transition
in D-g-PNIPAM/AuNPs macromolecules accompanied by their shrinking and aggregation. The hysteresis
non-reversible character of the structural transformation in D-g-PNIPAM/AuNPs system has been
observed at the decrease of laser intensity, i.e. the aggregates remains in solution after the turn-off the
laser illumination. This is an essential difference comparing to the case of usual heating—cooling cycles
when there is no formation of aggregates and structural transformations are reversible. Such
a fundamental difference has been rationalized as the result of action of attractive optical forces arising
due to the excitation of surface plasmons in Au NPs. The attractive plasmonic forces facilitate the
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formation of the aggregates and counteract their
transformations have been found to be very sensitive to matching conditions of the resonance of the
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1. Introduction

Light interacts with the free electrons in metal nanoparticles
(NPs), resonantly exciting their coherent collective oscillations.
The phenomenon is known as surface plasmon resonance
(SPR). It causes the strong absorption and scattering of incident
light by metal NPs."® The plasmonic effects are most
pronounced in nanosystems containing NPs of the noble
metals, the gold in particular. The surface plasmons in metal
NPs decay both radiatively and nonradiatively. The former is
responsible for the plasmonic enhancement of the electric field
in the vicinity of NPs, whereas the latter decay contributes to
particle heating and subsequent heat transfer from the NP to
the surrounding medium. Such heating of the metal NPs orig-
inating from the conversion of the energy of electron motion to
thermal energy is called plasmonic heating.*® Since in the NPs
the surface/volume ratio is hugely larger than in the bulk,
heating of the medium is extremely localized. This is the most
remarkable feature of plasmonic heating. Thus, the metal NPs
serve as highly efficient localized heat sources at the nanometer-
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destruction. The laser induced structural

laser light with surface plasmon resonance proving the plasmonic nature of observed phenomena.

length scale. This unique property promises numerous appli-
cations in energy,”** chemical catalysis,'*'* protein imaging,'>*®
and biomedicine."””** The heating effect should have a resonant
character, namely the heating should become especially strong
under the SPR conditions when the frequency of incident
photons is close to the SPR frequency of a metal NP.*** Since
metal NPs have a very low light emission quantum yield, almost
all the absorbed light energy is conversed to the heat energy.
Besides the thermal action, the excitation of SPR in metal NPs
at laser illumination leads to the mechanical action on them.
Light can induce an appearance of significant optical forces
acting between the metal NPs.”**®* When two metallic NPs are in
close proximity, and the pair is illuminated by laser radiation,
there is a laser-induced attractive force between them which
depends linearly on the laser power. When arrays of such NPs are
suspended in a liquid, this force can be used to promote aggre-
gation. Theoretical studies of this laser-induced attractive force
were performed in ref. 25-28, where the strength of plasmon
induced force was compared with the competing van der Waals
attraction. It has been shown that the plasmonic attractive force
has prominent resonant character, ie. its strength increases
strongly when the frequency of laser light is in resonance with
SPR in NPs. When the resonance condition is fulfilled the
strength of plasmonic force can be considerably higher than the
strength of the van der Waals one. The action of attractive optical

This journal is © The Royal Society of Chemistry 2018
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forces on NPs permits researchers to hold and manipulate them
by means of optical tweezers in a variety of techniques.”*** Such
forces are very important at the nanoscale because they may
affect strongly the signal of surface enhanced spectroscopy*** or
promote controllable aggregation of NPs.**™*

The plasmonic heating has been shown to cause the phase
transition in surrounding media, in particular in hybrid nano-
systems containing the metal NPs and thermosensitive poly-
mers.>*** The growing progress in nanotechnology and life
sciences demonstrates an urgent need for novel advanced
hybrid materials composed of biocompatible polymers.**-** The
last decade has seen the publication of hundreds of papers
involving poly(N-isopropylacrylamide), (PNIPAM). This interest
is driven by the famous lower critical solution temperature
(LCST) behavior, where heating an aqueous solution of PNIPAM
above 32 °C induces phase separation. This phase transition is
associated with the LCST (Lower Critical Solution Temperature)
of the thermosensitive polymers. Below this temperature, the
solution is homogeneous, the polymer chains are swollen and
the polymer exists in water soluble form. At this stage, water and
hydrophilic moieties of the polymer are bound to each other.
This prevents interactions of the polymer chains and intra-
polymer association. Above this temperature, a phase transition
takes place. At this stage, the hydrogen bonds between the water
molecules and the hydrophilic moieties are disrupted, water is
expelled from the polymer chains which lead to their contrac-
tion and subsequently they shrink. Hydrophobic interactions
among the polymer chains persist and lead to the aggregation of
the polymer. However, the complete aggregation only occurs
above a critical concentration of free PNIPAM which depends on
the molecular weight of the free PNIPAM in solution.*” Below
the critical concentration (Guinier regime) the PNIPAM exists in
solution in the form of separate macromolecules.*>*®

PNIPAM-based polymers are a promising material in
medical applications. The unique properties of PNIPAM-based
polymers and copolymers indicate them as an innovative drug
carrier for drug delivery systems, diagnostic substance carriers,
and also as biosensors. The main difficulty in the use of PNI-
PAM homopolymer in the preparation of delivery systems is its
LCST which is around 31-32 °C. Hence LCST for efficient
application of the nanosystems based on PNIPAM should be
shifted to around 37 °C. Currently, extensive research is going
on with regard to the modification of the LCST of the thermo-
sensitive polymers in drug delivery systems for specific target-
ing of the drugs. On the other hand, recent works point to the
high potential of the effect of light-induced plasmonic heating
of metal NPs (Au NPs in particular) in hyperthermia treatment
at the cellular level.*”*° However, these materials also need
appropriate delivery vehicle in order for their controlled release
and targeted delivery. In this respect, PNIPAM has been
proposed as the stimuli responsive carrier of the NPs.*>*> These
applications of PNIPAM/Au NPs hybrids need the knowledge of
the peculiarities of the laser-induced phase transition in the
PNIPAM/Au NPs system at the nanoscale. The SPR in the Au NPs
with its famous sensor properties gives such possibility. The
changes in the surrounding lead to change in the spectral
characteristics of SPR that can be monitored, e.g. by light
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extinction spectroscopy. In this regard, it is necessary to
mention the recent works***® where the laser-induced phase
transformations in core-shell Au@PNIPAM NPs at cw laser
irradiation®***” and pulsed laser irradiation®® were studied. The
considerable red shift of SPR in Au@PNIPAM NPs was observed
in ref. 36 and 37 testifying the formation of aggregates. The
formation of aggregates was found to have a reversible character
when the SPR scattering spectra relaxed to initial state after
turn-off of the laser irradiation.

In present work we study the hybrid nanosystem containing
the Au NPs with star-like branched PNIPAM with dextran core
ad grafted PNIPAM arms (D-g-PNIPAM). The aim of this work
was to study the peculiarities of structural transformations in D-
g-PNIPAM/AuNPs nanosystem induced by laser illumination
with wavelengths resonant and non-resonant with SPR in Au
NPs. To detect such transformations, the behavior of the
extinction peak of SPR in Au NPs with variation of laser intensity
has been monitored. The LCST phase transition has been
detected only at resonant SPR excitation, while non-resonant
laser illumination has not lead to any transformation in D-g-
PNIPAM/AuNPs system. The resonant plasmon heating of Au
NPs leads to LCST transition in D-g-PNIPAM/AuNPs. At the
temperature higher than LCST point, an additional low-energy
plasmon peak appears in the extinction spectrum indicating
the fact of the aggregation of D-g-PNIPAM/AuNPs macromole-
cules, Fig. 1. At the backward phase transition with decreasing
of laser intensity the low-energy plasmon peak of aggregates
remains in the extinction spectrum indicating the fact of the
existence of aggregates at the temperatures lower than LCST
point. The formation of D-g-PNIPAM/AuNPs aggregates at the
laser irradiation matches the results reported for Au@PNIPAM
core-shell NPs in ref. 36 and 37. However, the aggregation re-
ported in ref. 36 and 37 has reversible character that is
dissimilar to the results of our studies. Probably, the causes of
this difference may be in following: (i) in our work we use D-g-
PNIPAM while in ref. 36 and 37 the simple PNIPAM has been
used, (ii) in our work the Au NPs were synthesized in situ in the
water solution of D-g-PNIPAM while in ref. 36 and 37 the
initially synthesized bare Au NPs have been immersed in solu-
tions of PNIPAM, (iii) in our work we study the small 8 nm Au
NPs bound to PNIPAM grafts while in ref. 36 and 37 the large
Au@PNIPAM core-shell NPs with gold 100 nm core have been
used. Also, the observed behavior of D-g-PNIPAM/AuNPs system
at the laser heating is completely opposite to our recent results*®
on the LCST phase transition in the same system occurring at
their usual heating-cooling cycle when no formation of aggre-
gates has been found and structural transformations have been
found to be reversible. The observed difference has been
rationalized to be result of the action of laser induced attractive
optical forces between the Au NPs that promote the formation
of aggregates and counteract their destruction.

2. Experimental
2.1. Synthesis of D-g-PNIPAM/AuNPs nanosystem

Details of the synthesis of studied D-g-PNIPAM/AuNPs hybrid
nanosystem have been reported in our recent work.*® Dextran
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Fig. 1 Schematics of laser induced structural transformations in D-g-PNIPAM/AuNPs nanosystem.

was purchased from Fluka with characteristics given by the
manufacturer: M,, = 7 x 10%. Cerium(iv) ammonium nitrate
(CAN) from Aldrich was used as initiator. Dextran sample and
the ceric salt were used without further purification. N-Iso-
propylacrylamide (NIPAM) from Aldrich was twice re-
crystallized from hexane and dried under vacuum at room
temperature for 24 h. The number of grafting sites per dextran
backbone was pre-determined by molar ratio of acrylamide to
cerium ions and it was equal to 15. The reaction path is
following. The calculated amount of dextran was dissolved in
100 ml of distilled water. This solution was stirred while
removal of the dissolved oxygen was achieved by bubbling
a gentle flux of argon for about 20 min. Then Ce(iv)/HNO;
initiator (0.125 N HNO;) was injected to obtain desirable grafts
number. NIPAM monomer was added and the polymerization
proceeded at room temperature under argon atmosphere for
24 h. The synthesized copolymers were precipitated into
a mixture water-methanol, re-dissolved in water and finally
freeze-dried.

The molecular structure of D-g-PNIPAM polymers and the
peculiarities of conformational transition for series of copoly-
mers consisting of dextran core of various size and 15 PNIPAM
grafts were reported in ref. 36. The synthesized D-g-PNIPAM
copolymer is star-like with low polydispersity. The star-like
structure of the synthesized D-g-PNIPAM provides greater
stability of colloids comparing to colloids with linear PNIPAM.**
Also, such structure allows to raise the LCST point from 32 °C
for linear PNIPAM to 33.8 °C that is closer to the temperature of
human body.**

The formation of Au NPs was performed by the reduction of
Au ions in aqueous solutions of D-g-PNIPAM copolymer,
Fig. 2(a). 0.1 M HAuCl, aqueous solution was added to 1 ml of
polymer solution (C = 1 g 17") and stirred during 20 min at ¢ =
25 °C. Then, 0.1 M of NaBH, solution was added drop by drop at
stirring. The obtained Au sols were stored in cold dark. The
concentration of Au NPs was about 0.086 mg ml'. The D-g-
PNIPAM/AuNPs nanosystem was prepared in polymer solution
below the concentration of crossover (Guinier regime) for D-g-
PNIPAM. In the theory of diluted polymer solutions, the

38402 | RSC Adv., 2018, 8, 38400-38409

intrinsic viscosity is used as a criterion for the estimation of
a solution concentration regime. Since the size of a macromol-
ecule in the solution determines whether the solution is diluted
or moderately concentrated, whereas the intrinsic viscosity is
proportional to the macromolecular volume in the solution. The
solution is diluted if its volume occupied by macromolecules is
much smaller than the total solution volume. With the growth
of the polymer concentration, the solution structure changes, by
forming a network of intermolecular links, when achieving
a critical concentration of overlapping macromolecular coils,
C*, the beginning of the so-called crossover region. In the case
of flexible-chain polymers, the critical crossover concentration
C* can be determined experimentally by the viscometric
method:***¢ C* = 1/n, where 7 is the intrinsic viscosity. As it was
reported in our previous paper®* on the synthesis and charac-
terization of D-g-PNIPAM copolymers, the intrinsic viscosity for
D-g-PNIPAM sample was equal to 1.28 dl g *. Thus, C* =1.25 g
dI™* for sample studied in present work. We have used the
concentration of 0.1 g dI" that is more than 10 times lower the
concentration of crossover C*.

2.2. Transmission electron microscopy (TEM)

For the sample preparation 400 mesh Cu grids with plain
carbon film were rendered hydrophilic by a glow discharge
treatment (Elmo, Cordouan Technologies Bordeaux France). A 5
ul drop was deposited and let adsorbed for 1 min then the
excess of solution was removed with a piece of filter paper. TEM
measurements were carried on two TEMs, Tecnai G2 or CM12
(FEI, Eindhoven Netherlands) and the images were acquired
with a ssCCD Eagle camera on the Tecnai and a Megaview SIS
Camera on the CM12. The typical TEM image of D-g-PNIPAM/
AuNPs nanosystem obtained at temperature of 25 °C is pre-
sented in Fig. 3. It is seen that Au NPs have size of d = (8 £+ 3) nm
and are spherical in shape. Due to the considerably lower
contrast of D-g-PNIPAM macromolecules comparing to Au NPs,
the polymer macromolecules are not visible on the TEM image.
The size of polymer macromolecules can be estimated as the
size of clusters of Au NPs separated from each other. Such

This journal is © The Royal Society of Chemistry 2018
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Q=n
“< HAuCl,
2 HAUCl, + 8 NaBH,; + 24 H;O — 2Au + 8 B(OH); + 8 NaCl + 29 H,1
Fig.2 (a) In situ synthesis of Au NPs in D-g-PNIPAM polymer matrix. (b) The change of color of D-g-PNIPAM/AuNPs aqueous solution from pink

to grey after the 532 nm laser treatment of sample. Such change of color proves the fact of aggregation of Au NPs.

estimation gives the size of D-g-PNIPAM macromolecule of d =
(40 £ 10) nm. Au NPs were synthesized in dilute aqueous
solution of D-g-PNIPAM (polymer concentration was below the
concentration of crossover). Thus, the distance between the
neighboring PNIPAM macromolecules is larger than the
macromolecule size by several times.

2.3. Light extinction spectroscopy

The light extinction spectra were measured using Cary 60 UV-
VIS spectrophotometer (Agilent Technologies, Inc). The D-g-
PNIPAM/AuNPs and D-g-PNIPAM aqueous solutions were
placed in 1 cm x 1 cm x 5 cm polished cell. The spectra were
measured both with illumination of the solution by laser beam

Fig. 3 TEM image of D-g-PNIPAM/AuNPs hybrid nanosystem.

This journal is © The Royal Society of Chemistry 2018

and without it. The cw diode lasers with wavelengths of 405 nm,
532 nm and 655 nm were used. The laser light with wavelength
of 532 nm matches perfectly the resonance with SPR in Au NPs
which is at 538 nm. Meanwhile, the laser light with wavelengths
of 405 nm and 655 nm supports the non-resonant illumination.
During extinction spectra measurement the exciting laser beam
and probing beam of Xe-lamp were spatially aligned. Respec-
tively, spectra from the laser illuminated area of the solution
were measured. The angle between the laser and Xe-lamp
beams was 90°. The extinction spectra were measured at
gradual variation of laser intensity in the range of 0-425 W cm >
in straight and backward directions. The time interval between
the measurements of spectra at different laser intensities was
5 min, thus the laser heating and cooling of the sample were
carried out quite slowly to equilibrate the temperature of the
sample.

The spectra of optical density D = log(I,/I) were measured,
where I, is the intensity of probing Xe-lamp light passed
through the aqueous solution of D-g-PNIPAM polymer without
Au NPs and I is the intensity passed through D-g-PNIPAM/
AuNPs solution. Let us note that both spectra of the D-g-PNI-
PAM without Au NPs and the D-g-PNIPAM/AuNPs hybrid
nanosystem were measured at the same laser intensities.
Therefore, the spectra presented below are ones of gold NPs
affected by the laser induced changes in their D-g-PNIPAM
polymer surrounding.

3. Results and discussion

3.1. Extinction spectra of D-g-PNIPAM/AuNPs hybrid
nanosystem under laser irradiation: experiment

The extinction spectra of Au NPs embedded in D-g-PNIPAM/
AuNPs dilute aqueous solution were measured both with laser
illumination and without it, Fig. 4. It is seen that all spectra
contain the SPR peak of separate (non-aggregated) Au NPs with
maximum at about 538 nm marked as S-peak. One can see that
at the absence of laser illumination and at non-resonant with

RSC Adv., 2018, 8, 38400-38409 | 38403
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Fig. 4 Extinction spectra of Au NPs in D-g-PNIPAM/AuNPs nano-
system after laser illumination with various wavelengths (laser intensity
425 W cm™2) and without illumination.

SPR laser illumination at wavelengths of 405 nm and 655 nm
the measured spectra coincide with high accuracy. Meanwhile,
the resonant with SPR laser illumination at wavelength of
532 nm leads to considerable transformation of the extinction
spectrum. The resonant laser illumination leads to consider-
able decrease of S-peak area and to appearance of additional
low-energy peak (marked as A-peak). Note that A-peak appears
in the spectrum only at resonant illumination. Such illumina-
tion leads to plasmon heating of NPs which causes the LCST
phase transition in D-g-PNIPAM macromolecules when the
macromolecules shrink. Taking into account this fact as well as
the facts that A-peak is at low-energy side from S-peak of sepa-
rate Au NPs*” and that A-peak area, wavelength and width
depend strongly on the laser intensity (in other words on the
temperature), as it is discussed below, it is reasonable to
assume that A-peak originates from the SPR mode of aggregates
of Au NPs. The assumption of the aggregation of Au NPs is
proved by a substantial change in color of AuNPs/PNIPAM water
solution from pink to grey occurring after the cycle of the
532 nm laser treatment of the sample, Fig. 2(b). Thus, taking
into account the considerable difference of the extinction
spectra measured at resonant illumination and at non-resonant
illumination or without it we can conclude that observed
transformations in polymer surrounding of Au NPs have plas-
monic nature.

Besides the plasmonic S and A-peaks of Au NPs, the
absorption spectra of D-g-PNIPAM/AuNPs nanohybrid contain
the absorption peak of D-g-PNIPAM copolymer with maximum
at 268 nm, Fig. 4. One can see that the spectral shape of this
peak remains the same for samples treated by laser with various
wavelengths and for non-treated ones. This fact indicates that
D-g-PNIPAM macromolecules have not been damaged under
the laser irradiation retaining their integrity.

Further, we measured the extinction spectra of Au NPs in D-
g-PNIPAM/AuNPs nanosystem at resonant laser illumination
increasing gradually the intensity of laser beam from 0 to 425 W
cm™ 2 and then gradually decreasing it back to 0. The behavior of

38404 | RSC Adv., 2018, 8, 38400-38409
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the spectrum at the increase of laser intensity is shown in
Fig. 5(a), and the behavior occurring at backward decrease of
laser intensity is shown in Fig. 5(b). It is seen that the trans-
formation of the spectrum at the increase of laser intensity is
much more pronounced than one at decrease of laser intensity.
To quantitatively analyze the effects of variation of laser inten-
sity on Au NPs SPR spectral characteristics (area, wavelength
and width) in studied nanosystem, the spectra were fitted by the
basic Lorentzian peaks. The respective dependencies for two
plasmonic peaks are shown in Fig. 6(a)-(c). The main features of
the dependences of SPR spectral characteristics on laser
intensity are the following.

At the increase of laser intensity from 0 to 22 W cm ™2 the
strong (on 20%) decrease of area of high-energy S-peak of
separate (non-aggregated) Au NPs and the simultaneous strong
(on 27%) increase of area of low-energy A-peak is observed. At
further increase of laser intensity more than on an order of
magnitude to 425 W cm ™ the area of S-peak decreases and the
area of A-peak increases monotonically, but their variation
becomes substantially slower. The above results on the behavior
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Fig. 5 Behavior of the extinction spectrum of Au NPs in D-g-PNIPAM/
AuNPs nanosystem at the increase of laser intensity from 0 to 425 W
cm™ (a) and at its backward decrease (b). The laser wavelength is
532 nm that matches the laser resonance with SPR in Au NPs. The
arrows show the transformation of plasmon S-peak of separate Au NPs
and A-peak of aggregated ones.
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The laser wavelength is 532 nm that matches the laser resonance with
SPRin Au NPs. The values of SPR peak area, shift and width were taken
in relation to the respective values in the absence of laser illumination.
The arrows show the direction of process.
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of plasmon peaks correlate with the behavior of such SPR
spectral characteristics as SPR peaks wavelength and width,
Fig. 6(b) and (c). Indeed, the increase of laser intensity from 0 to
22 W cm? leads to strong (44 nm) red shift and considerable
broadening (on 36%) of low-energy A-peak. Similarly, to
behavior of peak area at laser intensity higher than 22 W ¢cm >
the dependences of A-peak wavelength and width on laser
intensity become much weaker remaining monotonic. Mean-
while, the dependences of maximum wavelength and width of
S-peak on laser intensity are significantly weaker, being,
nevertheless, qualitatively similar to the corresponding depen-
dencies for A-peak. Namely, the sharp blue shift and narrowing
of S-peak occur at the increase of laser intensity from 0 to 22 W
cm > becoming much weaker and remaining monotonic at
higher laser intensities.

An important point which has to be considered is the esti-
mation of the temperatures reached in our experiments. High
temperatures can lead to the thermal destroying of polymer
macromolecules. The local temperature near the Au NPs can be
estimated proceeding from the dependence of SPR shift on the
laser intensity. Considering the dependences of SPR spectral
characteristics on 532 nm laser intensity (Fig. 6), we can
conclude that at laser intensity of 22 W cm™? the LCST transi-
tion in D-g-PNIPAM/AuNPs macromolecule occurs. The LCST
temperature in studied D-g-PNIPAM/AuNPs nanosystem was
determined in our recent work*® to be 33.5 °C. The rate of the
refractive index decrease at the increase of the temperature dn/
dT for PNIPAM water solution at the temperatures higher than
LCST point was taken from ref. 58 to be of —10~* °C™". Then
taking the SPR shift AX of S-peak for non-aggregated Au NPs
(Fig. 6(b)) for laser intensities higher than 22 W em™? and the
calculated rate of SPR shift in Au NPs with the variation of
refractive index of surrounding medium AA/An from our recent
work*® we estimated the temperature induced decrease of the
refractive index at laser intensity increase from 22 to 425 W
cm 2 to be of An = —0.0035. Thus, taking the change of An =
—0.0035 and the value of dn/dT from ref. 46, we estimated the
highest temperature reached in our experiments at laser
intensity of 425 W cm™2 to be about 70 °C. Let us note that the
laser induced rise of temperature reached in our experiments is
quite moderate. This fact explains why there is no destruction of
D-g-PNIPAM macromolecules under the laser irradiation of the
sample that is mentioned above.

3.2. Discussion

Let us discuss the observed behavior of plasmonic S and A-
peaks. The increase of laser intensities through the plasmonic
heating causes the increase of Au NPs temperature. The heat
from NPs is transferred to the surrounding D-g-PNIPAM poly-
mer causing its LCST phase transition in which D-g-PNIPAM
macromolecule shrinks. The strong changes of the spectral
characteristics of both SPR peaks are apparently caused by the
phase transition. Really, the blue shift and narrowing of plas-
monic peak of separate Au NPs (S-peak) are similar to those
observed for the same D-g-PNIPAM/AuNPs nanosystem at its
usual heating.*® The respective behavior was rationalized in ref.
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46 as the result of jump-like decrease of the refractive index of
PNIPAM polymer during the phase transition. However, let us
note that in our previous study*® on the influence of usual
heating on D-g-PNIPAM/AuNPs the single plasmonic peak of
separate Au NPs is observed in the spectra. Meanwhile, in the
case of resonant laser heating an additional plasmonic A-peak
appears in the spectra. This peak was above assumed to origi-
nate from the SPR in the aggregates of Au NPs. Indeed, the
shrinking of the polymer macromolecules due to LCST phase
transition leads to sharp decrease of the distance between the
Au NPs. However, since the concentration of studied solution is
lower than critical concentration needed for macromolecules
aggregation, the usual heating does not lead to the formation of
their aggregates and, respectively, to the aggregation of the Au
NPs.*® Meanwhile, the laser illumination leads not only to the
heating of D-g-PNIPAM/AuNPs system but the laser electric field
induces the plasmonic dipoles in the Au NPs.

The induced dipoles cause an appearance of the attractive
forces acting between the NPs as it is discussed in the Introduc-
tion. Let us note that there are Au NPs of two types in the solution.
First ones are the free Au NPs which are unbound with polymer
macromolecules. Second ones are the Au NPs which are bound
with polymer. The optical forces attract the Au NPs of both types.
Such attraction should lead to the aggregation of Au NPs. Corre-
spondingly, the aggregates of two types should be formed, namely
the aggregates unbound with D-g-PNIPAM macromolecules and
the aggregates bound with them. However, taking into account
that strong changes of A-peak spectral characteristics with varia-
tion of laser intensity occur synchronously with LCST phase tran-
sition in D-g-PNIPAM/AuNPs macromolecules one can conclude
that sufficient aggregation occurs only for Au NPs bound with
polymer and the unbound Au NPs aggregate quite slightly. Most
probably, this is due to the following. Since the distance between
the unbound NPs are quite large, the attractive forces acting
between them are too weak to cause their noticeable aggregation.
Meanwhile, the optical forces acting between the Au NPs bound
with polymer macromolecules strengthen strongly when the
macromolecules shrink. Such strong forces attract both the Au NPs
within the macromolecule and the Au NPs belonging to different
ones. As a result, the attraction should cause both the formation of
the aggregates of Au NPs in separate D-g-PNIPAM/AuNPs macro-
molecules and the aggregation of D-g-PNIPAM/AuNPs macromol-
ecules with the aggregates of Au NPs inside. The formation of Au
NPs aggregates causes an appearance of the SPR modes of aggre-
gates which manifest themselves as an additional plasmonic A-
peak in the spectra. During the LCST phase transition the sepa-
rate Au NPs aggregate that leads to sharp increase of the area of A-
peak of aggregates and to respective sharp decrease of the area of
S-peak of separate NPs. Also, the action of attractive optical forces
leads to the fact that during phase transition the aggregates
become larger and denser. This leads to stronger plasmonic
coupling of the Au NPs in aggregates that causes the increase of
frequency (red shift) and increase of width (broadening) of the
collective SPR mode of Au NPs aggregates. Considering the sharp
dependences of S and A-peaks spectral characteristics on the laser
intensity in the range of 0-22 W cm ™2, one can conclude that at the
intensity of 22 W cm ™ ? the phase transition in D-g-PNIPAM/AuNPs
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system is over. Note, however, that at laser intensities higher than
22 W cm™? the change of spectral characteristics of S and A-peaks
are not as strong as during a phase transition, but they remain
qualitatively the same. One can assume that this is due to the fact
that the increase of laser intensity causes the strengthening of
plasmonic attractive forces which make the aggregates larger and
denser. Let us note that dependences of the spectral characteristics
of both SPR peaks on laser intensity is linear that is accordance
with theoretical predictions of the linear dependence of plasmonic
optical forces on the laser intensity.**>®

Let us analyze the behavior of the extinction spectrum of Au
NPs at the backward decrease of laser intensity from 425 W cm ™2
to 0, Fig. 5(b). It is seen that the transformation of the spectrum is
considerably slighter than one observed at the increase of laser
intensity. The respective behavior of the SPR spectral characteris-
tics occurring at the decrease of laser intensity is presents in Fig. 6.
One can see that prominent hysteresis is observed. Indeed, the
decrease of laser intensity from 425 W cm ™ to about 22 W cm ™2
leads to vanishingly slight variation of plasmon peaks area, spec-
tral position and width. As it is noted above, at 22 W cm ™2 the
temperature of D-g-PNIPAM/AuNPs system is about 42 °C that is
the high limit of LCST phase transition occurring in the temper-
ature interval of 32-42 °C. Thus, at the decrease of temperature
down to the LCST point the D-g-PNIPAM/AuNPs aggregates exist
almost unchanged. The further decrease of the laser intensity
lower than 22 W cm 2 that is equivalent to the decrease of
temperature lower than LCST point leads to start of the reverse
changes in the area, wavelength and width of plasmonic S and A-
peaks, i.e. the increase of area, red shift and broadening of S-peak
and simultaneous decrease of area, blue shift and narrowing of A-
peak. Such changes in the plasmonic peaks spectral characteristics
evidence the fact of destruction of aggregates. Let us note, however,
that the changes occurring at the decrease of laser intensity are
considerably slighter than ones occurring at its increase. It is seen
in Figs. 5(b) and 6(a)—(c) that the decrease of laser intensity back to
0 (absence of laser illumination) leads to non-reversible changes of
both SPR peaks, ie. the hysteresis exists. The cycle of increase-
decrease of laser intensity causes the residual changes in area,
spectral position and width of plasmonic peaks. Thus, one can
conclude that after the finish of laser illumination the quite large
amount of D-g-PNIPAM/AuNPs macromolecules remains in the
aggregated state. Let us note that an essential difference exists
between the behavior of D-g-PNIPAM/AuNPSs nanosystem occur-
ring at its usual and laser induced heating-cooling cycles. Namely,
the usual heating—cooling cycle does not cause the aggregates
formation and leads to reversible structural transformations in
this nanosystem.*® Meanwhile, the cycle of laser induced heating—
cooling causes the formation of aggregates that remain in the
solution after turn-off the laser illumination. The only reason that
can cause such a fundamentally different behavior is, in our
opinion, the action of optical forces arising due to the excitation of
surface plasmons in Au NPs.

4. Conclusions

In conclusion, the extinction spectra of Au nanoparticles in
dilute aqueous solution of dextran-grafted-PNIPAM/AuNPs
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copolymer hybrid macromolecules have been measured at laser
illumination intensity variation in the range of 0-425 W cm™>
using the cw diode lasers with wavelengths of 405 nm, 532 nm
and 655 nm. The 405 nm and 655 nm laser light is non-resonant
with SPR in Au NPs, and 532 nm provides the resonant excita-
tion of SPR. The SPR extinction peaks have been used as an
optical sensor of the structural transformations in D-g-PNIPAM/
AuNPs nanosystem. It has been shown that illumination with
non-resonant laser light does not lead to any observable change
in this nanosystem. Meanwhile, the resonant laser illumination
leads to strong change of the extinction peak of Au NPs
reflecting the fact of structural transformations in D-g-PNIPAM/
AuNPs nanosystem caused by laser induced local plasmon
heating of Au NPs. The thermally induced LCST structural
phase transition in D-g-PNIPAM/AuNPs macromolecule which
is accompanied by its shrinking has been detected proceeding
from the analysis of SPR peak area, spectral position and width
changes occurring at the variation of laser intensity. The LCST
phase transition causes the appearance of an additional peak in
the extinction spectrum originating from the excitation of
collective SPR mode in the aggregates of Au NPs. Such aggre-
gation occurs due to aggregation of D-g-PNIPAM/AuNPs
macromolecules. The increase of laser intensity leads to the
formation of larger and denser D-g-PNIPAM/AuNPs aggregates.
The behavior of SPR peaks at the backward decrease of laser
intensity shows the hysteresis non-reversible character of the
structural transformations in the studied nanosystem, i.e. the
aggregates remains in the solution after the turn-off the laser
illumination. An essential difference has been revealed between
the behavior of D-g-PNIPAM/AuNPs nanosystem occurring at its
usual and laser incused heating—cooling cycles. Unlike the laser
induced heating, the usual heating-cooling cycle does not cause
the formation of aggregates and leads to reversible structural
transformations in this nanosystem. Such fundamental differ-
ence has been rationalized as the result of action of attractive
optical forces arising due to the excitation of surface plasmons
in Au NPs. The attractive plasmonic forces facilitate the
formation of the aggregates and counteract their destruction.
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