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LASER-DRIVEN AGGREGATION
IN DEXTRAN–GRAFT–PNIPAM/SILVER
NANOPARTICLES HYBRID NANOSYSTEM:
PLASMONIC EFFECTS

The laser-induced aggregation in the thermosensitive dextran grafted-poly(N-isopropylacrylamide) copolymer/Ag nanoparticles (D–g–PNIPAM/AgNPs) hybrid nanosystem in water has
been observed. The laser-induced plasmonic heating of Ag NPs causes the Lower Critical Solution Temperature (LCST) conformation transition in D–g–PNIPAM/AgNPs macromolecules
which shrink during the transition. The shrinking decreases sharply the distance between the
silver nanoparticles that launches the aggregation of Ag NPs and the appearance of plasmonic
attractive optical forces acting between the nanoparticles. It has been shown that the approach of
the laser wavelength to the surface plasmon resonance in Ag nanoparticles leads to a significant
strengthening of the observed aggregation, which proves its plasmon nature. The laser-induced
transformations in the D–g–PNIPAM/AgNPs nanosystem have been found to be essentially
irreversible that differs principally them from the temperature-induced transformations. Such
fundamental difference proves the crucial role of the optical forces arising due to the excitation
of surface plasmons in Ag NPs.
K e y w o r d s: thermoresponsive polymer, silver nanoparticles, laser-induced structural transformations, plasmon heating, optical forces.

1. Introduction
The progress in nanotechnology and life sciences requires novel advanced hybrid materials based on
the biocompatible polymers [1–6]. A special place
among such polymers is thermosensitive polymers
in which structural changes occur during the temperature variation such as the conformation transformation of a polymer macromolecule and the aggregation of macromolecules. Thermosensitive polymers allow one to create locally controlled actuators
that can have various applications [1, 7–9]. Perhaps,
the most famous among thermosensitive polymers
is poly(N-isopropylacrylamide), (PNIPAM). This interest is due to the famous lower critical solution
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temperature (LCST) behavior, where heating an
aqueous solution of PNIPAM above 32 ∘ C induces
a phase transition [10–13]. Below this temperature,
the PNIPAM macromolecules are hydrophilic, the
polymer chains are swollen, and the polymer exists
in the water soluble form. Above this temperature,
the PNIPAM macromolecules become hydrophobic,
water is expelled from the polymer chains, which
leads to their contraction, 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 [14]. Below the critical concentration (Guiner
regime), PNIPAM mainly exists in a solution in the
form of separate macromolecules [11, 14].
The LCST thermal behavior of PNIPAM-based
polymers makes them promising for the use in medISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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ical applications such as drug carriers for drug delivery systems, diagnostic substance carriers, and
as biosensors [15–17]. The transition temperature for
linear PNIPAM is very close to the human skin. Thus,
this polymer can be applied for photodynamic anticancer therapy [18, 19]. For a larger window of applications, especially in the field of nanotechnology
as drug delivery systems, LCST should be shifted
to higher temperatures. Currently, the extensive research is going on with the purpose to tune the
LCST temperature by a modification of the structure of thermosensitive polymers. The first possible
way is a modification of the structure of a polymer molecule itself. It was shown that the branched
structure of PNIPAM-containing polymers opens the
possibility to tune the LCST [20, 21]. In particular,
this applies to such polymer as star-like Dextrangraft-PNIPAM containing the dextran core and PNIPAM chains. The second possible way is the synthesis of hybrid macromolecules containing both a polymer molecule and metal/semiconductor/insulator
nanoparticles (NPs). The particular attention should
be paid to the metal NPs. On the one hand, the
metal NPs have a high potential in the hyperthermia treatment at the cellular level [22–25] that is
based on the effect of light-induced plasmonic heating
of noble metal NPs (Ag NPs in particular). On the
other hand, the Ag nanoparticles possess a remarkable biomedical application [26]. The hybrid materials with Ag NPs incorporated into the thermosensitive polymer matrix could be as a real achievement in
drug delivery. They can combine the local chemotherapy or antibacterial therapy with the photo thermal
anticancer treatment. This can shorten the treatment
time and decrease the drug dosage. In this respect,
PNIPAM has been proposed as a stimuli responsive
carrier of NPs [27–29].
The influence of a light (laser) illumination on the
structural transformations in hybrid thermosensitive
polymers with embedded metal NPs is the actual
topic of recent researches [30–34]. The physical nature of such influence is the light-induced excitation
of the surface plasmon resonance (SPR) in metal
NPs. First, the nonradiative decay of the surface plasmons causes the NP heating and the subsequent heat
transfer from an NP to the surrounding medium that
is called the plasmonic heating [35–39]. In the metal
NPs, the heating of the medium is extremely localized. Therefore, the metal NPs serve as highly effiISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

cient localized heat sources on the nanometer-length
scale. The heating effect should have a resonant character. Namely, the heating is especially strong, when
the laser frequency is in resonance with the SPR frequency of a metal NP [40, 41]. The plasmonic heating has been shown to cause the phase transition in a
surrounding medium, in particular, in hybrid thermosensitive polymer/metal NPs nanosystems [30–
34]. Second, besides the thermal action, the excitation of SPR in metal NPs by the laser illumination
leads to the mechanical action on them. Light can induce the appearance of significant optical forces acting between the metal NPs [42–48]. When two metallic NPs are in a close proximity, and the pair is illuminated by the laser radiation, there is a laserinduced attractive force between them. When arrays
of such NPs are suspended in a liquid, these forces
can be used to promote the aggregation. The theoretical studies of these laser-induced attractive forces
were performed in Refs. [45–48], where it was shown
that the plasmonic attractive force has prominent resonant character, i.e. its strength increases strongly,
when the frequency of laser light is in resonance with
SPR in NPs. The action of attractive optical forces
on NPs allows researchers to hold and manipulate
them by means of optical tweezers in a variety of techniques [49,50]. Such forces are very important on the
nanoscale because they can affect strongly the signal
of surface enhanced spectroscopy [51, 52] or promote
the controllable aggregation of NPs [31, 53, 54].
In present work, we will study the laser-induced
structural transformations in a hybrid nanosystem
containing Ag NPs with star-like branched PNIPAM
with Dextran core and grafted PNIPAM arms (D–
g–PNIPAM/AuNPs) and their dependence on the
detuning of a laser frequency at the SPR and on
the laser illumination intensity. The surface plasmon resonance spectroscopy (extinction spectra) is
used to study such transformations. The transformation of the extinction spectra of such system due
to the shrinking of D–g–PNIPAM polymer macromolecules and the aggregation of silver NPs is observed. It will be shown that the approach of the
laser radiation wavelength to the SPR wavelength
leads to a significant strengthening of the observed
effects, which proves their plasmon nature. The observed shrinking of D–g–PNIPAM macromolecules
and the aggregation of silver NPs and D–g–PNIPAM
molecules are interpreted as a result of the laser plas-
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Fig. 1. TEM image of the D-g-PNIPAM/AgNPs hybrid nanosystem

mon heating of Ag NPs and the action of the optical plasmonic attraction forces between NPs due
to the excitation of surface plasmons in the NPs
by the resonant laser field. The increase in the laser
intensity leads to enforcing the aggregation processes. The transformation of the extinction spectra of D–g–PNIPAM/AuNPs at a backward decrease
in the laser intensity keeps its trend that proves
the fact that the laser-induced formation of aggregates of D–g–PNIPAM/AuNPs macromolecules is irreversible. Thus, the present work together with our
recent work [30] will show the irreversible character of
laser-induced transformations (aggregation) in the D–
g–PNIPAM/Ag(Au) NPs hybrids that differ from the
temperature-induced transformations which usually
are reversible [11–13]. Such difference has been rationalized to be a result of the action of attractive optical
forces between the Ag NPs that promote the formation of aggregates and counteract their destruction.
2. Experimental
2.1. D–g–PNIPAM/AgNPs
nanosystem synthesis
Initially, the star-like copolymer consisting of a dextran core with Mw = 70 × 104 g/mol and 15 PNIPAM grafts were synthesized. Through the text, this
copolymer is labeled as D–g–PNIPAM. The synthesis
and characterization of dextran-graft-poly(N-isopropylacrylamide) copolymers were reported in Refs. [11,
30, 55]. The reduction of Ag ions was performed
in aqueous solutions of the polymer template D–g–
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PNIPAM using the AgNO3 aqueous solution as a
source of silver. The synthesis and characterization
of the aqueous solution of D–g–PNIPAM/AgNPs hybrids were reported in Ref. [55] in detail. The obtained samples were stored in cold and in dark. For
further optical measurements, the stock solution was
diluted to two different concentrations of Ag NPs:
0.023 mg/ml and 0.171 mg/ml. The respective samples are labeled further in the text as the 𝐿 sample
with a lower concentration of 0.023 mg/ml and the 𝐻
sample with a higher concentration of 0.171 mg/ml.
2.2. Transmission electron
microscopy (TEM)
For the sample preparation, 400 mesh Cu grids with
a plane carbon film were made hydrophilic by a glow
discharge treatment (Elmo, Cordouan Technologies,
Bordeaux, France). A 5𝜇l drop was deposited and let
adsorbed for 1 min. Then the excess of a 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
obtained with a ssCCD Eagle camera on the Tecnai and a Megaview SIS Camera on the CM12. The
typical TEM images of the D–g–PNIPAM/AuNPs
nanosystem obtained at temperature of 25 ∘ С are
presented in Fig. 1. It is seen that there are single
Ag NPs and aggregates of NPs. Obviously, the NPs
are located inside the macromolecules. The single Ag
NPs have the spherical shape and their mean size is
15 nm.
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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2.3. Dynamic light scattering (DLS)
DLS measurements were carried out by using a Zetasizer Nano ZS90 (Malvern Instruments, UK). The
apparatus contains a 4mW He–Ne laser with a wavelength 632.8 nm, and the scattered light is detected
at an angle of 173∘ (back scattering). The correlograms of the 𝐿 and 𝐻 samples were collected at room
temperature, 25 ∘ C. 20 correlation curves were processed by the CONTIN algorithm [56] which is known
to be reliable in getting the hydrodynamic diameter
(size) distributions for complicated systems [56]. The
CONTIN algorithm was realized using the MATLAB
program rilt.m [57].
2.4. Light extinction
with simultaneous laser illumination
The light extinction (optical density) spectra were
measured using a Cary 60 UV-VIS spectrophotometer
(Agilent Technologies). The D–g–PNIPAM/AgNPs
and D–g–PNIPAM aqueous solutions were placed
in a 1x1x5-cm polished cell. We studied the influence of the diode cw laser illumination on the extinction spectra of the aqueous solutions of D–g–
PNIPAM/AgNPs hybrids for samples with different
concentrations of Ag NPs (lower 𝐶 = 0.023 mg/ml for
𝐿 sample and higher 𝐶 = 0.171 mg/ml for 𝐻 sample). During the measurement of extinction spectra,
the exciting laser beam and the probing beam of a
Xe-lamp were spatially aligned. Respectively, spectra
from the laser-illuminated area of the solution were
measured. The angle between the laser and Xe-lamp
beams was 90∘ . 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 dependences of the
extinction spectra on the laser wavelength and the illumination intensity were analyzed. The lasers with
the wavelengths of 405 nm, 445 nm, and 655 nm were
used. The radiation of a 405-nm laser is in the approximate resonance with the SPRs of single Ag NPs
and aggregates of Ag NPs located in the volume of
isolated polymer macromolecules. The radiation of a
445-nm laser is in the approximate resonance with
SPR of the aggregates of Ag NPs located in the volume of aggregates of polymer macromolecules. The
radiation of a 655-nm laser is off-resonant with any
of SPRs in the studied nanosystem. Each sample
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

Fig. 2. Size (hydrodynamic diameter) distributions for the Dg-PNIPAM/AgNPs nanosystem: Before a cycle of irradiation
by a 405-nm laser for sample 𝐿 (blue line) and sample 𝐻 (red
line); and after the irradiation cycle for sample 𝐻 (orange line).
DLS data have been measured at a temperature of 25 ∘ С

was treated by a cycle of the laser illumination during which the laser intensity was gradually increased
from 0 up to maximal value with a further decrease
down to 0. The laser intensity variation intervals were
the following: 0–12.8 W/cm2 for a 405-nm laser, 0–
19.2 W/cm2 for a 445-nm laser, and 0–16.8 W/cm2
for a 655-nm laser.
3. Results and Discussion
3.1. Dynamic light scattering
by the D–g–PNIPAM/AuNPs
hybrid nanosystem
The DLS measurements for an aqueous solution
of the laser-untreated D–g–PNIPAM/AgNPs hybrid
nanosystem were performed to analyze the size
(hydrodynamic diameters) of studied nanoobjects,
Fig. 2. The measurements were performed at a room
temperature of 25 ∘ C. It is seen that both size distribution curves have three characteristic size peaks:
15 nm, 40 nm, and 265 nm. Such three peaks coincide with high accuracy. The first size (15 nm)
corresponds to single (isolated) Ag NPs that agrees
with TEM data. The second size (40 nm) corresponds to a single (isolated) D–g–PNIPAM/AgNPs
macromolecule. The third size (265 nm) corresponds
to the aggregates of D–g–PNIPAM/AgNPs macromolecules. Thus, one can conclude that both initial,
i.e., laser-untreated 𝐿 and 𝐻 samples contain single
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a

b

c
Fig. 3. (a) – Extinction spectra of the D-g-PNIPAM/AgNPs
nanosystem for sample 𝐿 (blue line) and sample 𝐻 (red line).
(b) and (c) present the Lorentzian peak fitting of the extinction spectra of samples 𝐿 and 𝐻, correspondingly. Designations
are the following: 𝑃 – extinction peak of D-g-PNIPAM, 𝑆 –
SPR peak of the single (isolated) Ag NPs, 𝐴𝑀 – SPR peak of
the aggregates of Ag NPs formed in the volume of single D-gPNIPAM macromolecules (monoaggregates), 𝐴𝑃 – SPR peak
of the D-g-PNIPAM/AgNPs aggregates containing several aggregated D-g-PNIPAM macromolecules (polyaggregates)
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hybrid macromolecules and aggregated ones. To compare quantitatively the relative concentrations of the
single and aggregated molecules, we have presented
the normalized size distributions in Fig. 2. It is clearly
seen two facts. The first one is that the aggregates of
D–g–PNIPAM/AgNPs macromolecules predominate
in the 𝐻 sample, while the 𝐿 sample is characterized by a quite high relative concentration of single
macromolecules. The second one is a quite high relative concentration of single Ag NPs in the 𝐿 sample
comparing to the 𝐻 sample.
We have revealed in our recent work [12] that the
temperature-induced LCST conformation transition
in an aqueous solution of D–g–PNIPAM/AgNPs hybrid macromolecules leads to the aggregation of the
macromolecules. Another important fact, revealed in
our work [12], is that the direct heating at temperatures higher than the LCST point does not change
the size of D–g–PNIPAM/AgNPs aggregates. Let us
note that, as we show below, such behavior of the
size of D–g–PNIPAM/AgNPs aggregates at temperatures higher that the LCST point differs essentially
from the behavior at the laser illumination of this
nanosystem.
3.2. Evolution of extinction
spectra of the D–g–PNIPAM/AgNPs
hybrid nanosystem under laser illumination
Now, we consider the dependence of the evolution
of the extinction spectra of a D–g–PNIPAM/AgNPs
aqueous solution on the laser wavelength and
the illumination intensity. The spectra of D–g–
PNIPAM/AgNPs for 𝐿 and 𝐻 samples untreated by
the laser radiation are presented in Fig. 3, a. The result of the fitting of peaks on the section of the spectra
related to SPRs in Ag NPs in the studied nanohybrids
by the Lorentz peaks is shown in Figs. 3, b and c. It
follows from the DLS data that the untreated samples contain both isolated macromolecules and their
aggregates. Therefore, the extinction spectra of D–
g–PNIPAM/AgNPs for 𝐿 and 𝐻 samples contain a
variety of plasmonic extinction peaks. Those are: 𝑆
peak of SPR of single isolated Ag NPs embedded in
D–g–PNIPAM macromolecules, 𝐴𝑀 peak of SPR of
the aggregates of Ag NPs located in the volume of isolated D–g–PNIPAM macromolecules (further named
as Ag NPs monoaggregates), and 𝐴𝑃 peak of SPR
of the aggregates of Ag NPs located in the volume
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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Fig. 4. Difference extinction spectra (Δ𝐷 (𝐼) = 𝐷 (𝐼) − 𝐷 (0)) of the D-g-PNIPAM/AgNPs nanosystem for sample 𝐿 in
dependence on the laser illumination intensity, where 𝐷 (𝐼) is the optical density at the laser intensity 𝐼, and 𝐷 (0) is one before
the laser illumination. (a) and (b) show the evolution of the difference spectrum at the increase and the consequent decrease of
the 405-nm laser illumination intensity, correspondingly. (c) and (d) – the same for the 445-nm laser illumination

of aggregated D–g–PNIPAM macromolecules (further
named as Ag NPs polyaggregates). In addition, there
is an increase of the extinction at wavelengths shorter
than 250 nm that is a low-energy wing of the extinction 𝑃 band of D–g–PNIPAM polymer, Fig. 3, a.
Let us consider the influence of the laser illumination on the extinction spectra of D–g–
PNIPAM/AgNPs. To see the laser-induced changes
more pronounced, we present the difference spectra
Δ𝐷 (𝐼) = 𝐷 (𝐼) − 𝐷 (0)), where 𝐷 (𝐼) is the optical density at the laser intensity 𝐼, and 𝐷 (0) is
one before the laser illumination. Figures 4, a and
(b) show the evolution of the difference spectrum for
𝐿 sample at the increase of the 405-nm laser intensity from 0.4 to 12.8 W/cm2 and at its backward
decrease from 12.8 W/cm2 to 0. It is clearly seen
that, as the laser intensity increases, the area of 𝑆
peak corresponding to isolated Ag NPs decreases,
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

while the areas of 𝐴𝑀 and 𝐴𝑃 peaks of aggregated
NPs increase. Such behavior evidently proves the fact
that the laser intensity increase intensifies the Ag
NPs aggregation. Indeed, a decrease of the 𝑆 peak
area reflects a decrease of the concentration of the
isolated Ag NPs, while an increase of the areas of
𝐴𝑀 and 𝐴𝑃 peaks reflects an increase of the aggregated Ag NPs. The physical mechanisms of aggregation are discussed in Subsection 3.3 in detail. Here, let
us just note that those are the conformational phase
transition in a D–g–PNIPAM macromolecule with its
shrinking and the action of laser-induced plasmonic
attractive forces between the Ag NPs. Meanwhile, let
us note that an increase of the area of 𝐴𝑀 peak is sufficiently more pronounced than one of 𝐴𝑃 peak. This
means that the illumination at 405 nm causes mainly
the formation of Ag NPs aggregates in the volume
of isolated macromolecules. This is quite expectable,
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Fig. 5. Difference extinction spectra (Δ𝐷 (𝐼) = 𝐷 (𝐼) − 𝐷 (0)) of the D-g-PNIPAM/AgNPs nanosystem for sample 𝐻 in
dependence on the laser illumination intensity, where 𝐷 (𝐼) is the optical density at the laser intensity 𝐼, and 𝐷 (0) is one before
the laser illumination. (a) and (b) show the evolution of the difference spectrum at the increase and the consequent decrease of
the 405-nm laser illumination intensity, correspondingly. (c) and (d) – the same for the 445-nm laser illumination

because a 405-nm laser is resonant with SPRs in isolated Ag NPs and their monoaggregates. Correspondingly, the 405-nm laser radiation causes the plasmon
heating and the appearance of optical forces for these
Ag NPs. Meanwhile, a 405-nm laser is farther from
SPR of polyaggregates of Ag NPs, and, therefore, the
formation of such aggregates occurs quite slightly. It
is seen that, at the backward decrease of the laser
intensity, the trends remain the same, i.e., the area
of 𝑆 peak decreases, while the areas of 𝐴𝑀 and 𝐴𝑃
peaks increase. Thus, the aggregation goes on, but its
rate slows down. It is worth to note that the area of
polymer 𝑃 peak is not changed, by indicating that
the concentration of D–g–PNIPAM macromolecules
is not changed in the solution.
Let us consider the influence of the 445-nm laser
illumination on the 𝐿 sample. Figs. 4, c and d show
the evolution of the difference spectrum for this sam-
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ple at the increase of the 445-nm laser intensity from
0.7 to 19.2 W/cm2 and at its backward decrease from
19.2 W/cm2 to 0. It is seen that trends of the behavior of the difference spectra are the same comparing
to ones observed for a 405-nm laser. Those are a decrease of the area of 𝑆 peak, an increase of the areas
of 𝐴𝑀 and 𝐴𝑃 peaks, the constancy of the area of
𝑃 peak, as well as a slight change of the spectrum at
the backward decrease of the laser intensity. However,
there is a principal difference comparing to case of a
405-nm laser. This is a considerably stronger increase
of the area of 𝐴𝑃 peak which is even stronger than
an increase of 𝐴𝑀 peak. This observation reflects the
fact of a more efficient formation of polyaggregates of
Ag NPs. This is quite expectable, since the 445-nm
laser radiation is resonant with SPR of polyaggregates
of Ag NPs that causes a stronger plasmon heating and
stronger optical forces for such NPs.
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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Fig. 6. The change of the appearance of D-g-PNIPAM/AuNPs aqueous solution for 𝐿 and 𝐻 samples, respectively, after the cycle
of their illumination by the 405-nm laser radiation. The appearance of 𝐿 sample remains almost unchanged, while the optical
density of 𝐻 sample decreases noticeably. In 1h after the illumination, the solution of 𝐻 sample becomes almost transparent due
to the precipitation of large D-g-PNIPAM/AuNPs aggregates on the bottom of the cell

Now, let us consider the influence of the laser illumination on the properties of 𝐻 sample with a higher
concentration of Ag NPs. Figures 5, a and b show the
evolution of the difference spectrum for 𝐻 sample at
the increase of the 405-nm laser intensity from 0.4
to 12.8 W/cm2 and at its backward decrease from
12.8 W/cm2 to 0. It is seen that, unlike the spectrum of 𝐿 sample, the spectrum of 𝐻 sample contains only one peak originating from Ag NPs aggregates, namely, 𝐴𝑃 peak. This agrees with DLS data
indicating that D–g–PNIPAM exists in the 𝐻 sample in the form of aggregates. One can see that the
405-nm laser intensity increase leads to a decrease
of the area of 𝑆 peak of isolated Ag NPs, which is
similar to the case of 𝐿 sample. However, the area
of 𝐴𝑃 peak of Ag NPs poly-aggregates decreases at
an increase of the laser intensity that is in full contrast with the case of the 𝐿 sample. It is seen that
𝐴𝑃 peak shifts to lower frequencies and broadens
with increasing the laser intensity. Another new observation is a decrease of the area of the polymer 𝑃
peak. All noted effects clearly indicate the fact of the
formation of very large D–g–PNIPAM/AgNPs aggregates containing a large number of polymer macromolecules. It is seen that, at the backward decrease
of the laser intensity, the trends remain the same, i.e.,
the areas of all the peaks decrease. Thus, the aggregation goes on, but its rate slows down. Figures 5, c
and d present the evolution of the difference spectrum for 𝐻 sample at the increase of the 445-nm
laser intensity from 0.7 to 19.2 W/cm2 and at its
backward decrease from 19.2 W/cm2 to 0. It is seen
that the trends in the behavior of the spectra at a
change of the laser intensity are the same as in case
of 405 nm.
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

We also studied the evolution of the spectra of
𝐿 and 𝐻 samples at their illumination by the offresonant radiation of a 655-nm laser. In this case,
no noticeable changes were observed. It is seen in
Figs. 4 and 5 that the magnitude of the changes in
the spectra is higher for the illumination by a 405-nm
laser than by a 445-nm one. Thus, one can conclude
that an increase of the detuning of the laser wavelength from SPR of Ag NPs leads to a decrease of the
changes in the spectra. This means that the structural transformations in the D–g–PNIPAM/AgNPs
nanosystem have the evident resonant character that
proves their plasmonic nature.
Another important observation is that the changes
in the spectra of the 𝐻 sample with a higher concentration of Ag NPs are sufficiently stronger than ones
for the 𝐿 sample with a lower concentration, Figs. 4
and 5. At the illumination of the 𝐻 sample by a 405nm laser, the decrease of the optical density is very
strong that has been above rationalized as a result
of the formation of very large D–g–PNIPAM/AgNPs
aggregates which precipitate on the bottom of the
cell. This our assumption agrees entirely with the visual observation, Fig. 6. After the cycle of illumination by a 405-nm laser, the appearance of the 𝐿 sample remains almost unchanged, while the optical density of the 𝐻 sample decreases noticeably. In 1 h after
the illumination, the solution of the 𝐻 sample becomes almost transparent due to the precipitation of
large D–g–PNIPAM/AuNPs aggregates on the bottom of the cell. Moreover, the fact of the formation
of very large D–g–PNIPAM/AgNPs aggregates in the
𝐻 sample after a cycle of the irradiation by a 405nm laser has been proved by the DLS study, Fig. 2
(orange line). It is clearly seen that the laser irra-
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diation causes the appearance of two additional DLS
peaks at 440 nm and 4.3 𝜇m. The appearance of these
peaks manifests the fact of the formation of aggregates larger than ones existing in the non-irradiated
𝐻 sample. The formation of the very large micronsized aggregates leads to their precipitation on the
bottom of the cell, as it is seen in Fig. 6.
3.3. Physical mechanisms
of laser-induced structural transformations
in the D–g–PNIPAM/AgNPs hybrid
nanosystem: discussion
To analyze quantitatively the evolution of the areas
of the peaks in the extinction spectra of the D–g–
PNIPAM/AgNPs hybrid nanosystem, we peak-fitted
the spectra, Figs. 3, b and c. The obtained dependences of the peak areas on the laser intensity at its
direct increase and the backward decrease for 405nm and 445-nm lasers are presented in Figs. 7, a
and b, respectively, for the 𝐿 sample. It is seen that,
at the increase of the 405-nm laser intensity up
to 3 W/cm2 and of the 445-nm laser intensity up
7 W/cm2 , the rather sharp changes occur for the areas of all peaks. Namely, the area of 𝑆 peak of the
single Ag NPs decreases, while the areas of 𝐴𝑀 and
𝐴𝑃 peaks of mono- and polyaggregates of Ag NPs
increase. Evidently, such behavior reflects the fact
of the conformation LCST transition in the macromolecules accompanied by their shrinking, which is
due to the laser-induced plasmon heating of NPs. The
shrinking leads to the abrupt decrease of the distance between the NPs that causes their aggregation. Correspondingly, the concentration of the single Ag NPs decreases, while the concentration of the
aggregated ones increases. Let us note that the phenomenon of the temperature-induced aggregation of
D–g–PNIPAM/AgNPs macromolecules was observed
in our recent work [12]. We revealed in [12] that
the direct heating at the temperatures higher than
the LCST point does not change the size of D–g–
PNIPAM/AgNPs aggregates.
However, in the present work, a further increase
of the laser intensity leads to a further decrease of
the area of 𝑆 peak and a simultaneous increase of
the areas of 𝐴𝑀 and 𝐴𝑃 peaks. This reflects the
fact of the continuation of the aggregation process,
i.e., the size of the D–g–PNIPAM/AgNPs aggregates
varies. This means that, in addition to the laser-
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induced plasmon heating, there is another physical
mechanism of aggregation. This is the appearance of
the attractive optical forces acting between the Ag
NPs due to the excitation of the SPR in NPs by
the laser field [45–48]. The phenomenon of the aggregation in the similar D–g–PNIPAM/AuNPs hybrids
caused by the action of optical plasmon forces has
been observed in our recent work [30]. This our assumption of the role of plasmon optical forces in the
aggregation is proved by the fact of the linear dependence of the areas of the extinction peaks on the
laser intensity, Fig. 7. Indeed, as it has been reported
in Refs. [45–48], a laser-induced attractive force between two metallic NPs located in a close proximity
depends linearly on the laser power. It was shown in
Refs. [45–48] that the plasmonic attractive force has
a prominent resonant character, i.e. its strength increases strongly, when the laser light frequency is in
resonance with SPR in NPs. When the resonance condition is fulfilled, the plasmonic force strength can be
considerably higher than the strength of the van der
Waals one. The resonant character of the observed
laser-induced changes in the extinction spectra proves
our assumption of the optical forces as well. It is seen
that, at the backward decrease of the laser intensity,
the trends in the dependences of the extinction peak
areas on the laser intensity remain the same that reflects the fact that the aggregation goes on at a decrease of the laser intensity. Thus, one can conclude
that the laser-induced structural transformations in
the D–g–PNIPAM/AgNPs hybrid nanosystem is irreversible likely to the transformations in a similar D–
g–PNIPAM/AuNPs nanosystem reported in Ref. [30]
that is essentially different from the temperatureinduced transformations which are usually reversible
[11–13]. Thus, it is reasonable to make conclusion of
the crucial role of the optical plasmon forces in the aggregation process in the hybrid nanosystems of thermosensitive polymer/metal NPs types.
Figures 8, a and b show the dependences of the
peak areas on the laser intensity at its direct increase
and the backward decrease for 405-nm and 445-nm
lasers, respectively, for the 𝐻 sample with higher concentrations of D–g–PNIPAM and Ag NPs. It is seen
that there are similarities and differences in the dependences for the 𝐻 sample as compare to ones for
the 𝐿 sample. Namely, at the increase of the 405nm laser intensity up to about 3 W/cm2 and of
the 445-nm laser intensity up about 7 W/cm2 , the
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3
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a

b

Fig. 7. Behavior of the total area of the plasmonic extinction 𝑆 peak of the single Ag NPs (blue circles and lines), 𝐴𝑀 peak of
Ag NP monoaggregates (green squares and lines), and 𝐴𝑃 peak of Ag NP polyaggregates (red triangles and lines) occurring at
the increase (filled symbols and solid lines) and the consequent decrease (hollow symbols and dashed lines) of the 405-nm laser
(a) and 445-nm laser (b) illuminations. The data are presented for sample 𝐿

a

b

Fig. 8. Behavior of the total area of the plasmonic extinction 𝑆 peak of the single Ag NPs (blue circles and lines), 𝐴𝑃 peak of
Ag NP poly-aggregates (red triangles and lines), and 𝑃 peak of D-g-PNIPAM polymer (brown diamonds and lines) occurring at
the increase (filled symbols and solid lines) and the consequent decrease (hollow symbols and dashed lines) of the 405-nm laser
(a) and 445-nm laser (b) illuminations. The data are presented for sample 𝐻

rather sharp decrease of the areas of all the extinction peaks is observed. This concerns as plasmonic
𝑆 and 𝐴𝑃 peaks of the single and polyaggregated
Ag NPs and 𝑃 peak of bare D–g–PNIPAM polymer. Such abrupt decrease of the peak areas reflects
the shrinking of polymer molecules due to LCST transition that causes the Ag NPs aggregation, as was
discussed above. As we have noted above, since the
concentrations of the polymer and Ag NPs in the 𝐻
sample are considerably higher than in the 𝐿 sample,
the aggregation process causes the formation of very
large D–g–PNIPAM/AgNPs aggregates that precipiISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

tate on the bottom of the cell. The precipitation leads
to a considerable decrease of the optical density that
manifests itself as a decrease of the areas of all the
peaks. The further increase of the laser intensity leads
to a gradual linear decrease of the areas of the peaks
indicating the fact of the aggregation due to the action of the optical forces. Similarly to the 𝐿 sample,
at the backward decrease of the laser intensity, the
trends in the dependences of the extinction peak areas
on the laser intensity remain the same, which reflects
the fact that the aggregation goes on at a decrease of
the laser intensity. Thus, the laser-induced structural
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transformation is irreversible for the 𝐻 sample as it
is for the 𝐿 one.
Finally, let us discuss the following important observations which are seen in Figs. 4–8. First, the
structural transformation in the 𝐻 sample with a
higher concentration of Ag NPs is essentially more
pronounced in comparison with ones in the 𝐿 sample. This proves the crucial role of Ag NPs in the
transformation due to the phenomena of the plasmonic heating and plasmonic optical forces. Second,
as we have noted above, the more pronounced changes
in the spectra are observed at the illumination of
the D–g–PNIPAM/AgNPs nanosystem by a 405nm laser which is resonant with SPR in the single
Ag NPs. Meanwhile, at the use of a 445-nm laser
which is resonant with the SPR in polyaggregates
of Ag NPs, the changes in the spectra are essentially slighter. Most probably, it can be rationalized as following. The aggregates of Ag NPs embedded in D–g–PNIPAM/AgNPs macromolecules make
them rigid. This counteracts the shrinking of molecules during the LCST transition. Meanwhile, the D–
g–PNIPAM/AgNPs macromolecules containing the
single Ag NPs are quite soft. Correspondingly, the
shrinking is more sharp and pronounced in this
case. Therefore, the excitation of the SPR in the single Ag NPs with their consequent heating leads to the
sharp pronounced shrinking of a polymer molecule
that causes the efficient launching of the process of
aggregation. Meanwhile, the excitation of the SPR in
the aggregates of Ag NPs embedded in the rigid D–
g–PNIPAM/AgNPs macromolecules leads to a slight
shrinking of the polymer molecule that makes the process of aggregation to be sufficiently less efficient.
4. Conclusions
In conclusion, the influence of the laser illumination
on an aqueous solution of Dextran-grafted-PNIPAM/
AuNPs copolymer hybrid macromolecules has been
studied. The cw diode lasers with the wavelengths
of 405, 445, and 655 mn have been used in experiments. The dynamic light scattering and extinction
spectroscopy have been used to detect and analyze
quantitatively the laser-induced structural transformations in this hybrid nanosystem. The evolution of
surface plasmon extinction peaks during the cycle of
increase/decrease of the laser intensity manifests the
fact of the aggregation of Ag NPs both in the volume
of the isolated polymer macromolecules and in the ag-
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gregates of macromolecules. The initial illumination
at low laser intensities leads to the plasmonic heating that causes the shrinking of a macromolecule due
to the LCST conformation transition. Such shrinking
launches the process of aggregation of Ag NPs. Meanwhile, the shrinking causes an abrupt decrease of the
distance between the NPs, which leads to the appearance of attractive optical forces acting between
the NPs. Such forces have plasmonic nature, since
their magnitude increases strongly at the approach
of the laser wavelength to the wavelength of the surface plasmon resonance in Ag NPs. At the further
illumination at higher laser intensities providing the
temperatures higher than the LCST point, the sizes
of the Ag NPs and D–g–PNIPAM/AgNPs aggregates
increase linearly with an increase of the laser intensity
proving the crucial role of the plasmonic optical forces
in the formation of the aggregates. At the backward
decrease of the laser intensity, the formation of the
aggregates goes on. Correspondingly, after the turnoff the laser, the aggregates remain in the solution.
A decrease of the detuning of a laser wavelength
from the SPR in Ag NPs leads to a stronger aggregation, which proves the plasmon nature of laser-induced transformations. We have revealed that the excitation of SPR in isolated Ag NPs causes the stronger
aggregation comparing to the case of the excitation
of SPR in aggregates of Ag NPs. Such phenomenon
has been rationalized as following. The aggregates of
Ag NPs embedded in D–g–PNIPAM/AgNPs macromolecules make them rigid. Respectively, the SPR excitation in such rigid D–g–PNIPAM/AgNPs macromolecules leads to a slight shrinking of the polymer
molecule, which makes the process of aggregation to
be sufficiently less efficient.
Thus, the laser-induced transformations in the D–
g–PNIPAM/AgNPs nanosystem have been found to
be essentially irreversible, which makes the laserinduced and temperature-induced structural transformations to be principally different. Such fundamental
difference has been rationalized as a result of the action of optical forces arising due to the excitation of
surface plasmons in Ag NPs. These attractive plasmonic forces facilitate the formation of the aggregates
and counteract their destruction.
This work was supported in part by the Ministry of Education and Science of Ukraine (grant
0119U100319).
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A software tool to perform calculations on the scattering
of electromagnetic waves by multilayered spheres. Intern.
J. Spectroscopy 2011, 583743, (2011).
Received 26.09.19

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 3

Laser-Driven Aggregation in Dextran–Graft–PNIPAM

O.A. Єщенко, О.O. Бартенєв, A.П. Науменко,
Н.В. Куцевол, Ю.I. Гарагуц, A.I. Марiнiн
ЛАЗЕРНО-IНДУКОВАНА
АГРЕГАЦIЯ В ГIБРИДНIЙ НАНОСИСТЕМI
“ДЕКСТРАН–ГРАФТ–PNIPAM/НАНОЧАСТИНКИ
СРIБЛА”: ПЛАЗМОННI ЕФЕКТИ
Резюме
Було виявлено процеси лазерно-iндукованої агрегацiї в термочутливiй гiбриднiй наносистемi “декстран–графт–полi(Niзопропiлакриламiд)/наночастинки Ag” (D–g–PNIPAM/НЧ
Ag) у водi. Лазерно-iндуковане плазмонне нагрiвання НЧ
Ag спричиняє конформацiйний LCST-перехiд у макромолекулах D–g–PNIPAM/НЧ Ag, якi стискаються пiд час пере-
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ходу. Стиснення макромолекул приводить до рiзкого зменшення вiдстанi мiж наночастинками срiбла, що спричиняє
початок процесiв агрегацiї наночастинок Ag та виникнення плазмонних оптичних сил притягання мiж НЧ. Показано, що наближення довжини хвилi лазера до поверхневого плазмонного резонансу в наночастинках Ag приводить
до значного посилення процесiв агрегацiї, що пiдтверджує
її плазмонну природу. Лазерно-iндукованi перетворення в
наносистемi D–g–PNIPAM/НЧ Ag виявилися суттєво незворотними, що принципово вiдрiзняє їх вiд термоiндукованих
перетворень. Така принципова вiдмiннiсть доводить вирiшальну роль оптичних ефектiв, що виникають у дослiджуванiй гiбриднiй наносистемi внаслiдок збудження поверхневих плазмонiв в наночастинках Ag.
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