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Measuring Temperature Change at the Nanometer Scale on Gold
Nanoparticles by Using Thermoresponsive PEGMA Polymers**

Mustafa S. Yavuz,*® Murat Citir,*™ Halit Cavusoglu,”” and Gokhan Demirel*

(Abstract: Plasmonic heating of gold nanoparticles (AuNPs)
under laser illumination is a highly desirable technique, es-
pecially for cancer therapy. However, significant drawbacks
still remain including uncontrolled heat release from AuNPs,
random exposure duration, and selection of the proper laser
power without damaging normal healthy cells. Herein, we
demonstrate a simple and versatile method to measure tem-
perature variation on the surface of Au nanoparticles under
laser irradiation based on a thermoresponsive polymer,
poly(ethylene glycol) methylether methacrylate (PEGMA). In
this context, a series of PEGMA polymers were synthesized
to have different lower critical solution temperature (LCST)
values (28-90°C) and conjugated to the surface of spherical
AuNPs by a gold-thiolate linkage. According to our strategy,
the AuNPs first photothermally absorb light energy and con-
vert it to heat owing to their tailored photothermal charac-

teristics. The generated heat from the AuNPs subsequently
dissipates into the surrounding thermoresponsive PEGMA
polymer. When the temperature generated on the Au sur-
face upon laser irradiation for a certain exposure time reach-
es the LCST value of the surrounding PEGMA polymer, the
polymer chain collapses. Therefore, the hydrodynamic diam-
eter of the PEGMA-coated AuNPs changes, which can be
easily monitored by using dynamic light scattering (DLS). We
systematically measured the temperature (28-90°C) generat-
ed on the AuNP surfaces by using different laser power den-
sities with varying durations. We believe that the resulting
strategy will be very valuable for oncologists to easily pre-
dict the minimum laser power and duration needed to de-
stroy the cancer cells through the photothermal effect of Au
nanostructures.

/

Introduction

Gold nanoparticles (AuNPs) have emerged as ideal tools for
various medical and non-medical applications including photo-
thermal therapy,"’ drug delivery,” cancer diagnosis,”’ organic
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reactions and polymerizations,” thermal degradation,” and

plasmon-mediated heating,® as they possess easy functionali-
zation, inertness, non-toxicity, and tunable localized surface
plasmon resonances (LSPR).”’ Among the medical applications
of AuNPs, photothermal cancer therapy, which is based on
converting light to heat energy by AuNPs, has recently come
into prominence. In this context, several promising works have
been done.®”’ For example, the anti-epidermal growth factor re-
ceptor antibody conjugated 40 nm AuNPs were used to de-
stroy the malignant cancer cells upon exposure of a 514 nm
continuous laser at different power densities between 13 and
64 Wcm~2 for 4 min® In another study, antibody-conjugated
20 nm AuNPs added to mature murine macrophage cells,
which were successfully destroyed after irradiation with
a 543.5 nm green HeNe laser with a power of approximately
2.5 mW for 10 min."”

Besides medical applications of photothermal AuNPs, there
has been great interest in the non-medical areas. For instance,
plasmonic heating of AuNPs inside polydimethylsiloxane
(PDMS) was applied for thermal curing at the nanoscale to
generate a PDMS shell (80-430 nm) within 16 seconds under
532 nm continuous wave (CW) laser irradiation with a power
density of 378 kWcm 2"V In another work, polyurethane films
were photothermally cured from isocyanide and alcohol reac-
tants in bulk-scale in the presence of 2nm AuNPs under
532 nm Nd:YAG pulsed laser (8 ns pulses, 50 mJpulse™) irradi-
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ation at 12.5 mWcm™? for 4 min, which resulted a billion-fold
enhancement of curing rate.'? In addition, interfacial damage
on a glass fiber was photothermally healed and interlocked by
melting 40-120 pm PMMA (poly(methyl methacrylate)) resins
in the presence of AuNPs with 1600 Wcm 2 power density of
532 nm CW diode laser irradiation for 5 min."¥' Recently, we
also demonstrated a photothermal degelation of AuNPs em-
bedded peptide organogels within 10 seconds by irradiating
with a 532nm green laser at a power density of
50 mWcem 2 Although all these photothermal applications
were successfully demonstrated by using AuNPs, however,
these still suffer from random laser exposure durations using
various laser powers to reach such temperatures. To this
extent, besides the use of traditional thermometer devices, the
temperature of a solution containing AuNPs upon laser irradia-
tion is usually measured by using thermal camera systems.!"”
However, measuring the temperature change of the heated so-
lution by thermal camera or digital thermometers is limited to
high AuNP concentrations in the macroscale. Therefore, the
temperature change (or the heat released) from the surface of
the AuNPs needs to be precisely measured at the nanoscale to
standardize (or eventually lower) the laser irradiation exposure
times.

In recent years, the temperature measurement at the nano-
scale has been utilized by using rare-earth metal nanoparticles,
quantum dots, biomolecules, and organic fluorophores."
Among these, the heat released on AuNP surfaces upon laser
irradiation was mostly measured by fluorescent (optical) ther-
mometers, which are based on an increment in fluorescence
emission during fluorescent molecule release from the Au sur-
face."”’ Although these optical methods have great sensitivity
towards thermal sensing at the nanoscale, the strong quench-
ing effect of gold, expensive and complex synthesis of ther-
mometer material, and measuring only a narrow temperature
range are the main obstacles to overcome. To the best of our
knowledge, there is still no such simple and non-optical tech-
nique using easily synthesized and inexpensive platforms for
measuring the wide range of temperatures generated on the
AuNP surfaces at the nanoscale. In this study, we demonstrate
a simple and facile strategy to measure the temperature
change (28-90°C) on the surface of AuNPs during a photother-
mal process by using a thermoresponsive polymer.

Results and Discussion

To calculate the temperature variation at AuNP surfaces at the
nanoscale, the hydrodynamic diameters of AuNPs coated with
poly(ethylene glycol) methyl ether methacrylate (PEG-
MA®@AuUNPs) were recorded by using a dynamic light scattering
(DLS) instrument before and after light illumination. As shown
schematically in Figure Ta, when the AuNP generates heat
under light illumination as a result of the photothermal effect,
the thermoresponsive PEGMA coating on the AuNP surface
shrinks after reaching the polymer’s lower critical solution tem-
perature (LCST). This shrinkage or conformational change of
the PEGMA polymer on AuNPs will dramatically reduce the
average hydrodynamic size of these nanoparticles, which indi-
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Figure 1. (a) The schematic illustration of the change in size of PEG-
MA®@AUNPs under laser irradiation. (b) Synthesis of the disulfide-containing
thermosensitive PEGMA polymer by atom-transfer radical polymerization
(ATRP) as initiated by a disulfide initiator in the presence of a Cu' catalyst.

cates a specific temperature change on the AuNPs at the
nanoscale.

In this work, the thermoresponsive PEGMA polymer was co-
valently bonded to the surface of the Au nanoparticles
(AuNPs) by a gold-thiolate linkage. As shown in Figure 1b, the
PEGMA polymer was first synthesized by using a disulfide ini-
tiator that resulted in a disulfide bond in the middle of the cor-
responding polymer. The initiator was synthesized by the
esterification reaction of 2-bromopropionic acid and 2-hydrox-
yethyl disulfide according to the previously reported proce-
dure.™ Two monomers, diethylene glycol methyl ether metha-
crylate (DEGMA) and oligo(ethylene glycol) methyl ether meth-
acrylate (OEGMA), were used to tune the LCST of the PEGMA
polymers. PEGMA polymers with LCST values of 28, 32, 37, 39,
49, 59, 69, 79, and 90°C were synthesized by using different
DEGMA/OEGMA ratios."” The aqueous solution of hydrophilic
PEGMA polymer with an LCST of 39°C is transparent at room
temperature (below LCST) and a cloudy white solution at 41°C
(above LCST; Figure 2a). After cooling, the cloudy solution
turned clear again owing to a reversible coil-to-globule
transition.”?”

The phase transformation of the PEGMA polymer was mea-
sured with a UV/Vis spectrophotometer. For the PEGMA poly-
mer transitions at different LCSTs, the UV/Vis data are plotted
as transmittance versus temperature. When the OEGMA mono-
mer (the longer PEG chain) content of the corresponding poly-
mer was increased, the LCST of the polymer was expected to
shift to a higher LCST value. The LCST value of each PEGMA
polymer was calculated from the transmittance graph (Fig-
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Figure 2. (a) LCST behavior of PEGMA below and above LCST. (b) Plots of
transmittance as a function of temperature (450 nm, 1°Cmin~') measured
for aqueous solutions of PEGMA polymers.

ure 2b) and visually confirmed by the appearance of cloudi-
ness upon conventional heating. The surface plasmon reso-
nance (SPR) peak of as-synthesized citrate-coated AuNPs
occurs at 523 nm (Figure 3a). The bare PEGMA polymer is
transparent in the UV/Vis region. After the conjugation of
PEGMA polymer to AuNPs, the SPR peak was redshifted by ap-
proximately 2 nm, which confirms the displacement process
between the citrate and thiolate groups on the PEGMA poly-
mer. After conjugating citrate-coated AuNPs with PEGMA poly-
mers, the AuNPs were covered by a thin polymer layer, as ob-
served in TEM images (Figure 3b). Moreover, the similarities in
FTIR spectra of PEGMA@AUNPs and bare PEGMA also confirm
the successful conjugation of PEGMA polymer on the AuNP
surfaces (Figure S1 in the Supporting Information).

Before measuring the temperature change on the AuNP sur-
face upon laser irradiation, we heated the aqueous solution of
PEGMA@AuUNPs (LCST=37°C) conventionally by using a heat-
ing unit attached to the DLS equipment. Prior to heating, the
hydrodynamic diameter of the PEGMA@AuUNPs was measured
to be approximately 52 nm at 25°C (below LCST). For each
1°C increase in the temperature, the hydrodynamic diameter
of the PEGMA@AUNPs was recorded. When the temperature of
the solution reached 37°C, the hydrodynamic diameter initially
dropped to approximately 43 nm. However, it suddenly started
to increase in an irrelevant way and reached 201 nm. This
could be due to the aggregation of hydrophobic PEGMA poly-
mers above the LCST (Figure 4) as a similar result was reported
in the literature.”" This size change of the PEGMA@AuNPs con-
firms that the thermoresponsive behavior of PEGMA on AuNPs
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Figure 3. (a) UV/Vis absorption spectra for AuNP, PEGMA, and PEGMA@AUNP.
(b) TEM image of PEGMA@AUNPs.
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Figure 4. lllustration of aggregation of PEGMA@AUNPs.

was still functional after conjugation. For comparison, we also
prepared AuNPs conjugated with polyvinyl pyrrolidone (PVP),
which is not a thermoresponsive polymer, and the same heat-
ing procedure was applied to the PVP@AuNPs solution. As ex-
pected, we did not observe any notable change in the hydro-
dynamic diameter. At room temperature, the size of
PVP@AuUNPs was approximately 64 nm, whereas it only de-
creased to 62 nm after heating to 50°C.

The results for measuring the change in hydrodynamic di-
ameter of the PEGMA@AuUNPs during conventional heating
enable one to measure the temperature on the surface of
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AuNPs by laser irradiation. We investigated the photothermal
effects of AuNPs with an LSPR peak of 525 nm upon laser irra-
diation by using a 532 nm tunable continuous-wave (CW) laser
(0.1-2.5 W). The hydrodynamic diameter of the PEGMA@AuUNPs
was recorded after each laser irradiation. Five different CW
laser powers of 2.5, 1, 0.5, 0.25, and 0.1 W, which correspond
to power densities of 1.88, 0.753, 0.377, 0.188, and
0.075 Wcm 2, respectively, were applied. Every 3 seconds, the
average hydrodynamic diameter of the solution was recorded
for each laser irradiation trial. After 5 min, we increased the
time interval between recordings of DLS measurements to
1 min intervals for 20 min and then 5 min intervals. If there
was no change in the hydrodynamic diameter of the PEG-
MA@AUNPs after 45 min of laser exposure, we stopped analyz-
ing the size change. It should be noted that the OEGMA or
DEGMA (used to tune LCST of PEGMA) content does not affect
the thermal transport rate, and, thus, the time listed in Table 1
and plotted in Figure 5.

Table 1. Times required to change the hydrodynamic diameter when
PEGMA@AuNPs with different LCST values were exposed to different
laser powers. The OEGMA (used to tune LCST of PEGMA) content does
not affect the thermal transport rate, not affecting the time listed in
Table 1 and plotted in Figure 5.

LCST 1.88 0.753 0.377 0.188 0.075
[°q [Wem™2 [Wecm™3 [Wem™3 [Wcm™] [Wem™]
28 <3s <3s <3s <3s 3s

32 3s 125 35s 150 s 420
37 10's 255 60s 180 s 600 s
39 20s 30s 150 s 300's 900 s
49 30s 455 240's 420's 1200 s
59 455 90s 330s 450's Ll

69 70s 300's 1050 s 1800 s Ll

79 180s 900 s Ll Ll Ll

920 45 min _[al _[al _[al _lal

[a] No change in hydrodynamic diameter of the PEGMA@AuUNPs after
45 min of laser exposure.

To find the shortest and longest treatment duration needed
to reach the corresponding LCST temperature on the PEG-
MA@AuUNPs, we first applied a laser power density of
1.88 Wem™2 (highest) and 0.075 Wcm ™2 (lowest) to each of the
solutions with different LCST values. In the case of PEG-
MA®@AUNPs with an LCST of 28 °C (hereafter referred to as PEG-
MA28@AuUNPs), the time required for the hydrodynamic diame-
ter change of the PEGMA28@AuNPs was less than 3 seconds
(i.e., immediately) for 1.88 Wcm™ and only 3 seconds for
0.075 Wcm 2, as shown in Table 1.

Afterwards, we irradiated the PEGMA@AUNPs solution with
the highest LCST value of 90°C (PEGMA90@AuUNPs). In this
case, we first applied the highest laser power density
(1.88 Wcm™) to this solution. Upon 45 min laser exposure, we
observed a change in the hydrodynamic diameter of PEG-
MA90@AUNPs. Hence, to reach 90°C on the AuNP surface, one
needs to irradiate the AuNPs solution with a laser power densi-
ty of 1.88 Wcm™2 for 45 min. We did not further irradiate this
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Figure 5. (a) Time versus different LCST values of PEGMA@AuUNPs with re-
spect to the laser power density. Solid lines are high precision seventh-order
polynomial function fits to the experimental data. (b) Time versus power
density with respect to the LCST values of PEGMA@AuUNPs. Solid lines are
quintic/quintic rational function fits to the experimental data.

sample with power densities below 1.88 Wcm™ to avoid too
much laser light exposure to the sample and long treatment
durations. In addition, we irradiated the other PEGMA@AuUNPs
solutions with different LCSTs, and the minimum duration
times required to change each hydrodynamic diameter at the
LCST temperatures are listed in Table 1. In general, except at
the laser power density of 0.075 Wcm 2, there was a hydrody-
namic diameter change within 45 min up to the LCST of 69°C.
As expected, the irradiation of higher power densities required
shorter durations to change the hydrodynamic diameter of
PEGMA®@AUNPs.

Figure 5a shows a plot of the laser treatment durations re-
quired to change the hydrodynamic diameter of the PEG-
MA®@AuUNPs versus different LCST values ranging from 32°C to
90°C at different laser power densities. Among the large
number of linear, polynomial, power, and exponential func-
tions, the experimental data are best fitted to a high precision
seventh-order polynomial function [see Table ST in the Sup-
porting Information for the fitting parameters, Eq.(1)]. The
fitted functions show similar curvatures at all laser power den-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemnanomat.org

Eitorial ocity

sities (Figure S2 in the Supporting Information). At laser power
densities of 1.88 Wecm™2 and 0.753 Wcm ™2, the time periods
needed to change the size of PEGMA@AUNPs are very close to
each other up to 55°C (Figure 5a). Above 55°C, there is only
a relatively slight difference in the required durations for the
size change. However, when lower laser power densities of
0.377 and 0.188 Wcm™2 were used, the durations required for
the diameter change of PEGMA@AuUNPs become clearer for
lower LCST values. It is nearly impossible to reach 75°C or
above by using power densities of 0.377Wcm™ or lower.
When using a power density of 0.075Wcm™2, only tempera-
tures up to 50°C were reachable. As a result, from Figure 5a,
one can easily calculate the shortest time needed to reach a de-
sired temperature on the AuNP surface upon irradiation of
a specific laser power density. Additionally, in a certain time in-
terval, the lowest laser power needed to reach a desired tem-
perature on the Au surface can also be calculated.

The durations required for the hydrodynamic diameter
change under laser irradiation versus laser power densities up
to 1.88 Wcm 2 for LCST of PEGMA@AUNPs between 32-79°C
are plotted in Figure 5b by using the data in Table 1. The ex-
perimental data are best fitted to quintic/quintic rational func-
tions [see Table S2 in the Supporting Information for the fitting
parameters, Eq. (2)]. Fitted functions show similar curvatures at
all LCST values (Figure S3 in the Supporting Information) and
a parabolic decrease in all LCST values of PEGMA@AUNPs. As
expected, the higher the laser power densities are, the shorter
the required duration for the change in the hydrodynamic di-
ameter of PEGMA@AuUNPs. The duration differences between
all these PEGMA@AUNPs decrease and get narrower as higher
laser power densities are used. From Figure 5b, one can easily
predict the temperature reached on the Au surfaces owing to
the photothermal effect of AuNPs at any laser power density
below 2 Wcm™ at a certain irradiation time.

To generalize our method of measuring the temperature on
an AuNP surface, we synthesized a new PEGMA polymer with
an LCST of 45°C (PEGMAA45) and then conjugated it to the
AuNPs (PEGMA45@AuNPs), which was not used in our previous
studies. By using the high precision seventh-order polynomial
function fit in Figure 5a, we first calculated the durations re-
quired for the hydrodynamic diameter change of PEG-
MA45@AuNPs upon irradiation with four different laser power
densities. The calculated (i.e., theoretical) durations for the size
change are 29, 43, 213, and 350 seconds when using 1.88,
0.753, 0377, and 0.188 Wcm™2, respectively (plotted in
Figure 6). Then, we irradiated the PEGMA45@AuNPs solutions
by using the same laser power densities, and similar results of
27, 43, 200, and 360 seconds were experimentally measured as
shown in Figure 6. In addition, experimental data for PEG-
MA45@AuNPs were fitted to a quintic/quintic rational function
as in Figure 5b (Figure S4 in the Supporting Information). The
calculated times are 26, 46, 198, and 357 seconds for 1.88,
0.753, 0.377, and 0.188 Wcm 2, respectively. The calculated re-
sults using both fit functions show good correlation with ex-
perimental results.
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Figure 6. Experimental and calculated data of the durations for the changes
in hydrodynamic diameters of PEGMA45@AuNP versus power densities of
laser.

Conclusions

We demonstrated a novel strategy to measure the tempera-
ture change on the surface of AuNPs during a photothermal
process by using a thermoresponsive polymer. This is the first
account of a technique to determine the temperature reached
or heat generated on Au surfaces at the nanoscale by using
prepared thermoresponsive PEGMA polymers. Our results con-
clude that one can predict more or less accurately how many
seconds or minutes are required to reach the desired tempera-
ture by using different power densities of CW lasers. The devel-
oped PEGMA@AuUNPs platform offers a promising background
for measuring the temperature generated on the surfaces of
various Au nanostructures. We believe that this system would
be a very valuable protocol to inspire new designs of thermally
responsive platforms, which could lead to easy predictions of
the minimum duration needed to destroy cancer cells after op-
timizing photothermal irradiation conditions in the extracellu-
lar matrix and cell medium.

Experimental Section
Materials

All the chemicals were used as received. Hydrogen tetrachloro-
aurate(lll) hydrate (HAuCl,;3H,0, 99.9%), trisodium citrate dihy-
drate (Na;CgH;0,2H,0, >99%), oligo ethylene glycol methyl ether
methacrylate (OEGMA, M, =475 gmol '), diethylene glycol methyl
ether methacrylate (DEGMA, M,,= 188 gmol "), 2,2"-bipyridine, and
bis(2-hydroxyethyl) disulfide bis(2-bromopropionate) were ob-
tained from Sigma-Aldrich and used as received. Copper bromide
(CuBr) was purchased from Alfa Aesar. Dialysis tubes with a nominal
molecular weight cutoff of 12000-14000 Daltons (Fisherbrand dial-
ysis tubing) were obtained from Fisher Scientific. Distilled water
(Sartorius) was used to prepare all aqueous solutions.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis of PEGMA polymer by ATRP

The poly(ethylene glycol) methylether methacrylate (PEGMA) poly-
mers were synthesized by using Lutz’ method.” In a typical reac-
tion, a total volume of 1.5mL monomers OEGMA (M, =
475 gmol™'), DEGMA (M,,= 188 gmol™"), bis(2-hydroxyethyl)disul-
fide bis(2-bromopropionate) [BHEDS (BP) 2] (8.4 mg), CuBr
(3.12 mg), 2,2"-bipyridyl (6.8 mg), and ethanol (0.625 mL) were
added into a 4 mL glass vial containing a magnetic stirrer. The
polymerization was carried out overnight at room temperature.
After polymerization, the product was put into a dialysis bag (mo-
lecular cutoff: 12000-14000) and dialyzed at 25°C for 3 days. All
PEGMA polymers with LCST values of 28, 32, 37, 39, 49, 59, 90°C
were synthesized according to the same procedure. New PEGMA
polymers with LCSTs 69 and 79°C were synthesized by using the
same procedure and the monomers were added as follows:
DEGMA (50%, 0.204 g) and OEGMA (50%, 0.515g) for LCST at
69°C; DEGMA (40%, 0.163 g) and OEGMA (60%, 0.618 g) for LCST
at 79°C. Molecular weight values of the polymers with different
LCST values (28, 32, 37, 39, 49, 59, 69, 79, and 90°C) are 48542.7,
51207.1, 48656.8, 52316.1, 649354, 48118.2, 50334.7, 62650.7,
and 43406.3 gmol ', respectively.

Synthesis of gold nanoparticles

The 23 nm gold nanoparticles were synthesized by using the Tur-
kevich method,”? which is as follows: aqueous HAuCl, solution
(1 mL, 12.7 mm) was added to deionized water (49 mL). The mix-
ture was heated to boiling with stirring. Then, trisodium citrate so-
lution (1 mL, 38.8 M) was added to the boiling mixture at once and
the mixture was stirred for 15 min. After cooling to room tempera-
ture, the samples were centrifuged and washed several times with
distilled water to generate citrate-AuNPs.

Conjugation of PEGMA polymer to the citrate-AuNPs

AuNPs solution (1 mL from 50 mL stock solution) was added to
PEGMA polymer (4 mL of 0.3 g) in a 20 mL glass vial. Then, the
mixture was shaken overnight at room temperature. PEGMA poly-
mer coated AuNPs were centrifuged at 13300 rpm for 15 min and
then the supernatant was discarded. Fresh deionized water was
added to the AuNPs and sonicated to disperse the AuNPs. This
washing cycle was repeated at least two times more to purify the
PEGMA coated AuNPs (PEGMA@AUNPs).

Determining the hydrodynamic diameter of the PEG-
MA®@AuUNPs upon conventional heating or laser irradiation

By using dynamic light scattering (DLS) spectroscopy, the hydrody-
namic diameter of the nanostructures can be measured in different
temperature environments. The thermoresponsive PEGMA@AUNPs
solution (1 mL, 4.27 x 10" particlesmL™") was placed in a DLS cuv-
ette and heated from 28°C to 90°C. The changes in the hydrody-
namic diameter of solutions upon conventional heating were mea-
sured. In the case of laser irradiation, the samples were irradiated
with certain laser power densities for a period and then the DLS
measurement was immediately recorded.

Characterization

UV/Vis spectra were recorded by using a Libra S22 spectrophotom-
eter equipped with a temperature controller. To measure the LCST
of the thermoresponsive polymer, the permeability of each aque-
ous polymer solution was monitored by using a UV/Vis Spectro-
photometer at a wavelength of 450 nm with each 1°C incre-
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ments.?*) Dynamic light scattering (DLS, Nano ZS, Malvern Instru-
ments) was used to determine the average hydrodynamic diame-
ters and polydispersity indexes (PDI) of the synthesized AuNPs, and
PEGMA®@AUNPs before and after laser irradiation. DLS was applied
with an angle of 173° by using a He:Ne laser (4 mW) operated at
633 nm. The PDI values for the size distribution were directly ob-
tained by the software (DTS version 5.10) for hydrodynamic diame-
ter distribution analysis after three consecutive measurements,
which is a total of 12 individual runs for each sample. The average
hydrodynamic diameters of the nanoparticles were measured in
aqueous 10 mm NaCl solutions. Fourier transform infrared (FTIR)
spectra (4000-400 cm ") were acquired by using a VERTEX 70 spec-
trophotometer (Bruker, Germany) at 4 cm™' resolution and 16 scans
at room temperature. The relative molecular weights and molecu-
lar weight distributions were determined by gel permeation chro-
matography (GPC) at 25°C by using a PerkinElmer Series 200
system (100 mL injection column, PL gel 10 mm 300X7.5 mm
mixed-B columns, poly(methyl methacrylate) calibration) and di-
methyl formamide (DMF) containing LiBr (0.05 molL™") was utilized
as the mobile phase at a flow rate of 1.0 mLmin~". A 532 nm con-
tinuous-wave visible laser (Changchun New Industries Optoelec-
tronics Technology, Changchun, China; fluence: tunable 0-2.5W,
spot size: 3 mm) was used in laser experiments. A JEOL JEM-2100F
200 kV model transmission electron microscopy (TEM) was used to
obtain the TEM images.

Data fitting procedure

The following procedure was applied to time versus different LCST
values of PEGMA-coated AuNPs and time versus power density
with respect to the LCST values of PEGMA-coated AuNPs. Experi-
mental data is first fitted to a spline function, which is a series of
polynomial functions fitted to sections of the data and knotted to
join at points of equal gradient. The spline curve can take any arbi-
trary curvatures, minimizing unnecessary oscillations, and produc-
ing short arcs. Fitted spline functions give a valuable description of
the trend but have no value as a model for casual relations. Model-
ing the casual relations, spline function data was used for a later
fitting procedure. Apart from the linear relationship, more than
10000 functions (polynomial, power, exponential, logarithmic, etc.)
were evaluated for the best fit. Two constrains were applied to the
time domains in the fitting functions: 1) the magnitude of a partic-
ular time domain should always be larger than that of the previous
one to prevent oscillation, and 2) after 45 min, there should be
a sharp increase in time domain (this is an experimental observa-
tion). Figure 5a shows a plot of the laser treatment durations re-
quired to change the hydrodynamic diameter of the PEG-
MA®@AUNPs versus different LCST values ranging from 32°C to
90°C at different laser power densities. The data are best fitted to
a high precision seventh-order polynomial function. The durations
required for the hydrodynamic diameter change under laser irradi-
ations versus laser power densities up to 1.88 Wcm™2 for LCST of
PEGMA@AUNPs between 32-79°C are plotted in Figure 5b. The ex-
perimental data are best fitted to quintic/quintic rational functions.
Besides experimental data, the theoretical data points were insert-
ed to the graphs by using the high precision seventh-order poly-
nomial function or quintic/quintic rational function.
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