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Published online: 25 April 2019 Photothermal hyperthermia is proven to be an effective diagnostic tool for cancer therapy. The efficacy

. of this method directly relies on understanding the localization of the photothermal effect in the

. targeted region. Realizing the safe and effective concentration of nano-particles and the irradiation

. intensity and time requires spatiotemporal temperature monitoring during and after laser irradiation.
Due to uniformities of the nanoparticle distribution and the complexities of the microenvironment, a
direct temperature measurement in micro-scale is crucial for achieving precise thermal dose control.
In this study, a 50 nm thin film nickel resistive temperature sensor was fabricated on a 300 nm SiN
membrane to directly measure the local temperature variations of a hydrogel-GNR mixture under laser

. exposure with 2 mK temperature resolution. The chip-scale approach developed here is an effective tool

. toinvestigate localization of photothermal heating for hyperthermia applications for in-vitro and ex-

: vivo models. Considering the connection between thermal properties, porosity and the matrix stiffness

. in hydrogels, we present our results using the interplay between matrix stiffness of the hydrogel

. and its thermal properties: the stiffer the hydrogel, the higher the thermal conductivity resulting in

. lower photothermal heating. We measured 8.1, 7.4, and 5.6 °C temperature changes (from the room

. temperature, 20°C) in hydrogel models with stiffness levels corresponding to adipose (4 kPa), muscle

: (13kPa) and osteoid (30 kPa) tissues respectively by exposing them to 2 W/cm? laser (808 nm) intensity

: for 150 seconds.

Hyperthermia cancer therapy (or tumor treatment) is commonly defined as the heating of the targeted cancer
tissue in order to damage and induce apoptosis of cancer cells, or make them more susceptible to chemotherapy

: or trigger the immune system by thermal modulation"* The heating process can cleave the weak non-covalent

. hydrogen bonds and hydrophobic interactions between the base pairs. It can also selectively damage deoxyribo-

* nucleic acid (DNA) in cancer cells®, while avoiding the damage to the healthy tissue. Recently, it was shown that

. the application of hyperthermia can be extended to the subcellular domain®.

: Hyperthermia cancer therapy can be achieved using the photothermal effect of plasmonic nanoparticles
(NPs). The photothermal effect can be explained as the absorption of light by metal nanoparticles causing heat
generation followed by dissipation of heat to the surrounding environment®. The light absorption of NPs can be
maximized using surface plasmon resonance (SPR)®. The photothermal effect in NPs has been widely studied for
nano-medicine and cancer therapy applications’~. Photothermal hyperthermia can be used for the local heating
of living tissue to enhance the delivery of specific drug carriers, as well as to improve the efficacy of therapeutic

- agents>'’. Localized NPs in targeted tissue can be used to convert the radiation of an electromagnetic wave into

- heat due to their photothermal properties. The key advantage of plasmonic NPs is to enable the localized heating

© of cancer cells'’. Localized heat generation renders the therapy method minimally invasive'2.

: Gold NPs are the most widely used plasmonic NPs for light-induced hyperthermia therapy (also known as

. plasmonic photothermal therapy). Among GNPs, gold nanorods (GNRs) offer several advantages, including

. functionalization versatility, size-tunable optical characteristics, real-time imaging and distinct biocompatibil-
ity'*!*. GNRs make plasmonic photothermal therapy (PPTT) more promising than other optical species due to
their bio-targeting abilities, synthetic tunability, and large absorption cross-sections. GNRs have been widely
explored as noncytotoxic photothermal agents with optical features in the biological window (NIR-I 690-
850 nm)>'°. The fine-tunable longitudinal plasmon band of GNRs in the near-infrared (NIR, 0.75-1.4 um) region
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Figure 1. On-chip measurement setup for plasmonic photothermal heating at microscale. (a) Temperature
measurement apparatus including: laser source, RTD temperature sensor, and inverted microscope. The
resistance of the RTD sensor is measured by a 4-wire configuration using Keithley 2600 SMU controlled by a
custom-made LabVIEW program. Inset shows three measurement configurations investigated in the results
section: dried, liquid and gel. (b) A photograph of the measurement setup. (c) A schematic overview of our
microsensor consisting of four nickel RTD temperature sensors on a SIN membrane, and a close-up view of
devices shows the 100 x 100 zm? active sensing area of the RTD sensor. There are four sensing elements (RTD
sensor) on each device. (d) A photograph of the on-chip RTD sensor developed in this work.

makes them suitable for therapeutic applications, as infrared light can penetrate into body tissues in this region'.
There are several reports on the death of cancer cells in the presence of GNRs after exposure to NIR light in-vitro
and in-vivo'”-%. The geometry of GNRs alters the photothermal heat conversion factor and it can be used to tune
the photothermal effect?!.

The photothermal effect in NPs can be studied in either a dispersed*>? or dry state?*. Realizing precise insight
into the photothermal heating effect requires investigation of the effect in real tissue or tissue-mimetic micro
environments. It has been shown that hydrogels can effectively mimic the extracellular matrix (ECM) for cells*?.
The mechanical and thermal properties of ECM-like 3-dimensional matrices can be designed to model a real
cellular environment in the human body. Precisely designed tissue mimetic hydrogel models for hyperthermia
investigations will provide a pathway to reduce the expense of animal work to regulate the thermal dose for PPTT.

Precise temperature measurement is a key parameter to determine the localization of the temperature rise
and effectiveness of PPTT. Many efforts in the past have been used to measure temperature using IR thermome-
ters?’~%%, Thermographic systems are noninvasive temperature mapping techniques***! that detect thermal radia-
tion from the surface of the sample® with extended resolution down to micro-scale. IR thermometers have been
commonly used in both in-vivo and in-vitro investigations of the photothermal effect’*-*. In IR thermometry, the
accuracy of measurements is disturbed by the differing emissivities and reflections from surrounding surfaces®
and is typically limited to bulk-scale measurements.

We present an on-chip planar contact micro-thermometer to measure laser-induced heating in GNRs dis-
persed in tissue-mimetic hydrogels. We provide quantitative measurement data for the photothermal effect of
GNRs in the dry state, dispersed in a Phosphate-Buffered Saline (PBS) solution, and embedded in tissue-mimetic
hydrogels. Using our microsensor, we investigate the impact of microenvironment thermal properties on the
photothermal heating of GNRs. The presented data provides direct evidence that the microstructures within the
hydrogel matrices govern the hyperthermia efficiency for localized heating. The developed device is a portable
substrate which is compatible with any microscopy system and offers 0.002 K resolution for a sample volume as
low as 200 nL.

The on-chip measurement setup of GNR photothermal heating is shown in Fig. 1(a,b). The setup consists of
three main parts: the continuous wave (CW) laser source and optical elements, a 4-wire resistance measurement
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microchip, and an inverted microscope. The CW laser source (808 nm) is coupled with an optical fiber (50,
100, and 400 ym diameters, Thorlabs) to a collimator lens. The actual laser output power is measured and cal-
ibrated using a fiber-coupled reference power meter with 1 nW resolution (Thorlabs S142C). The collimated
laser beam is focused with an objective lens on the region of interest to achieve desired spot sizes. A precision
XYZ-stage manipulator is used to vary the focal point (z-axis) and location (xy-plane) of the beam. This setup
allows the beam to be focused with a spot size as small as 50 zm. The location of the laser spot to be varied within
a 10 X 10 mm? area on the device. A resistance temperature detector (RTD) sensor is used to directly measure
the temperature of the sample. The RTD sensor was fabricated by thermal evaporation of a nickel film (~50 nm
thick) onto a LPCVD deposited SiN membrane. The temperature sensor was configured to have high sensitivity
with low thermal mass and high thermal isolation to the environment, see Fig. 1(c,d). The SiN membrane was
fabricated by anisotropic wet chemical etch of silicon (30% w/w KOH solution at 60 °C) from the backside of the
wafer. The nickel metal film was patterned in a serpentine shape to increase the sensing area and to set resistance
at room temperature around 500 2, which showed an optimal sensitivity in this work. The fabrication process for
the RTD sensor on SiN membrane is an standard micro-fabrication process®”*%,

The experimental setup enables measurement of the photothermal heating on small samples (from 200
nL to 150 uL). The achievable temperature resolution of our RTD is measured using a thermal bath setup to
be 0.002 K**%, which is higher compared to the thermal noise limit (Noise Equivalent Temperature) in RTD
sensor (NET ~ 0.5 mK) and the resolution of our measurement system (SMU resolution ~ 0.4 mK). The resist-
ance change of the sensor was measured in the 4-wire configuration using a Keithley 2600 source/measure unit
(SMU)#41 The measurements were performed at room temperature mainly to reduce the evaporation effect.
Without any modification, the experiment can be performed at 37 °C for the biological samples. The resistance
change is a function of temperature and can be expressed as, Rr=Ry[1 + a(T — T)], where R is the resistance at
temperature T, R, is the resistance at reference temperature T, and « is the temperature coefficient of resistance
(TCR). The TCR of the sensor is measured by a temperature-controlled calibration system between 10 to 50 °C.
The measured TCR is 2.55 x 107>°C~". The measured TCR of nickel film sensor is lower than TCR of a bulk
nickel (6.8 x 1072°C™'). The lower TCR of deposited thin film is due to the grain size of the deposited film and
the scattering due to film thickness®.

The sensor and sample were placed on an inverted microscope for visualization. The integrated IR camera
to the inverted microscope (Fig. 1(a)) was used to locate the laser spot, align the beam with sample and sensor,
and measure and control the laser spot size on the sample. Photothermal heating is characterized for GNRs in
three states: dry, dispersed in PBS buffer, and in tissue-mimetic hydrogels. The heat generation in the dry state
is a control measurement in comparison with the previously reported data?. GNRs dispersed in PBS are used to
investigate the sample volume effect*?. The results from the dry and dispersed in PBS states match the results of
previously reported works and confirm the integrity of our measurement system.

For the first time, tissue-mimetic hydrogels have been used to imitate the human body tissue response to
plasmonic photothermal heating using GNRs. In the dry state, a 50 L of the sample (dispersed GNRs in PBS)
is dropped on the membrane and allowed to dry. Three different GNR densities (24, 56, and 280 ng/mm?) are
used to measure the photothermal heating of GNRs in the dry state. In the dispersed state of GNRs in PBS, a
Polydimethylsiloxane (PDMS) chamber was placed on the membrane to provide an isolated chamber for the
liquid sample as shown in Fig. 1(a). PDMS is a silicon-based organic polymer, which is inert, non-toxic, and opti-
cally clear. Covering the chamber with a type #0 cover slip (~80 pum thick) helps to prevent the evaporation of the
media and decrease the heat dissipation to the environment. To investigate the sample volume (V) effect on pho-
tothermal heating, three different samples (20, 100, and 150 pL) with a fixed concentration (Ngyg = 3.5ng/uL)
were placed inside the PDMS chamber. For the gel state, a 6 x 6 mm? of tissue-mimetic hydrogel containing dif-
ferent concentrations of GNRs was placed inside the PDMS chamber on the membrane. Detailed photothermal
heating parameters are provided for three different hydrogels. Hydrogel stiftness values corresponding to adipose,
muscle, and osteoid tissues are used. The effect of GNR concentration (7, 3.5, and 1.75ng/uL) on photothermal
heating for each tissue-mimetic hydrogel is reported.

Results

Localized photothermal heating profiles are investigated for the three cases of solid powder (dried), dispersed
in PBS solution (aqueous) and dispersed in Polyacrylamide (PAAm) hydrogels (gel). The dry state and aqueous
state are control experiments and allow the interoperation of the measured profile in hydrogels accurately. The
measurements in the dry state serve to confirm the functionality of our measurement by comparing the measured
results with previously reported works?%. The liquid state is a control measurement for calibrating the sample
volume (V) effect. The GNR heating in a liquid state is a strong function of the sample volume*2. We investigated
the volume effect on photothermal heating by changing the volume of the dispersed GNRs in PBS from 20 uL to
150 pL. The thorough mixing of the GNRs with samples makes the uniform distribution an acceptable assump-
tion in our model, however for real tissues the complex distribution of NPs should be considered. The photother-
mal heating (ATpp) can be estimated from the theoretical models**%:

ATPT(t) = Z\IGNRCahsIluserVRth[1 - et/T!h] (1)

where Ny is the concentration of GNRs, ¢, is the absorption cross section of the GNRs, I, is the intensity of
the laser source and Ry, is the thermal resistance of the system (microsensor material and geometry). The laser
intensity and time can be controlled from outside to adjust the photothermal effect given uniform distribution of
the GNRs in the substrate. The concentration of the GNRs also alters the photothermal effect and makes it com-
plicated to calculate the heat distribution for the complex and an-isotropic substrates. Figure 2 shows a computed
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Figure 2. First-order estimation of the photothermal heating effect in a uniform distribution of GNRs. (a)

For constant concentration of GNRs (3.5ng/ L), the green region of the surface plot shows the possible laser
intensity and exposure time for PTT condition. (b) In real distributions the GNR concentration, laser intensity
and exposure time will alter the photothermal effect (ATyp(x, y; 2)) for each point in space.

photothermal temperature change for a uniform distribution of GNRs. The trend estimated by these graphs pro-
vides the initial values for our experimental parameters.

PAAm hydrogels that mimic the extracellular matrix for cells were used to study the photothermal heating
effect of GNRs in tissues. The effect of microstructure, porosity and stiffness of tissue-mimetic hydrogels on
photothermal heating of GNRs was investigated to obtain insight regarding the accurate thermal dose for each
one. Tuning the ratio of acrylamide monomer and bis-acrylamide cross-linker can change the porosity and elas-
ticity of the PAAm hydrogel. In this investigation, three separate acrylamide/bis-acrylamide formulations were
polymerized to yield hydrogels of 4, 13 and 30 kPa, which correspond to the stiffness of adipose tissue, muscle,
and osteoid, respectively*>~*.

Photothermal response in dry state. Various amounts of GNRs are placed on the sensor (24, 56, and
280ng/mm?) to investigate the effect of GNR density on heat generation. PBS with suspended GNRs were
dropped by a metered pipette on the sensor area and allowed to dry. The temperature of the samples with respect
to the laser intensity is shown in Fig. 3. The temperature increase (ATpy) is proportional to the surface density
of GNRs. By increasing the surface density of GNRs from 24 to 280 ng/mm?, the final temperature at 1.7 W/cm?
laser intensity changes from 41.9°C to 63.2 °C. We compare our results for GNRs in the dry state with previously
reported work. In*, the photothermal heating of dried GNRs excited by a NIR laser is studied. They reported
35°C temperature increase above ambient when the sample was exposed to 3 W/cm? laser intensity for about
3 minutes. In our experiment, for the highest concentration, we measure about 43 °C above ambient when expos-
ing the sample to 1.85 W/cm? laser intensity for 150s. This comparison confirms the functionality and reliability
of our experimental setup. However, the difference in the results is due to the different GNR concentration, laser
intensity, exposure time, and measurement method.

Photothermal effect in liquid. We investigated the effect of volume on the photothermal heating by
changing the volume of PBS containing GNRs from 20 L to 150 L (constant concentration). The dispersed
GNRs in PBS (3.5 ng/pL) are exposed to different intensities of the laser, in the range of 0.2-0.85 W/cm? for 150s.
A differential measurement method was used to eliminate the temperature rise due to the laser absorption on the
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Figure 3. Photothermal temperature change of GNRs in the dry state after 150 sec exposure. The final
photothermal temperature (Tpr(t=150s5)) is linearly proportional to the laser intensity.

device membrane. The temperature change of the control sample (PBS only) was subtracted from the GNRs in
PBS. The PBS is transparent to 808 nm light and has no direct effect on the photothermal temperature increase.

The UV-visible spectrum of the dispersed GNRs in PBS has been measured as shown in Fig. 4(a). The results
show that there is a strong absorption with GNRs in PBS and weak absorption without GNRs in PBS at 808 nm
wavelength. The temperature (ambient is 20 °C) of the samples as a function of laser intensity are shown in
Fig. 4(b). As shown in Fig. 4(b), the temperature of the sample increases proportionally as the laser intensity
is increased and covers the photothermal therapy (PTT) window. The PTT window is defined as a 4 to 6°C
increase above the biological sample temperature (37 °C)?*43#°_ Since we are using the synthetic substrate, the
substrates are kept at room temperature to reduce evaporation. The 4 to 6 °C increase above room temperature is
considered as an equivalent PTT window for our substrates. A larger sample volume (GNRs + PBS) results in a
higher temperature increment. At a 0.85 W/cm? laser intensity, samples of 20, 100, and 150 ;L each with the same
concentration of GNRs show temperatures of 36.5, 43.2, and 48.9 °C, respectively. As the volume of the sample
increases with constant GNR concentration and laser intensity, the amount of the heat generated increases due to
additive temperature from the non-zero temperature tail of each NP. In other words, the heat profile from each
GNR overlaps with the neighboring particle at microscale and the collective effect provides macroscopic heating
and consequently a higher temperature change*>.

Photothermal heating of tissue-mimetic hydrogels. In this section, the results of GNR photother-
mal heating in tissue-mimetic hydrogel models are presented. We studied different parameters on photothermal
heating: concentration of GNR, laser intensity, exposure time, and hydrogel stiffness. The UV-Visible spectro-
photometry of GNRs dispersed in hydrogel is shown in Fig. 5(a). As in PBS, the absorption behavior of GNRs
is maintained after dispersion in the hydrogels. The hydrogel without GNRs shows a weak absorption at 808 nm
wavelength.

The effect of concentration and laser intensity. 'The different concentrations (1.75, 3.5, and 7 ng/uL) of GNRs
dispersed in the synthesized hydrogel with medium stiffness (13 kPa) were exposed to the laser to find the best
concentration fit for the PTT window (ATpy=4—6°C). The temperature of each sample is shown in Fig. 5(b).
From the measured data, the laser intensity as well as the GNR concentration are both directly proportional to the
temperature increase of the tissue-mimetic hydrogels. At a 2 W/cm? laser intensity, 1.75, 3.5, and 7 ng/uL GNR
concentration in the hydrogel (13 kPa, corresponds to stiffness muscle) shows 23.8,27.5, and 37.7 °C temperature,
respectively.

As shown in Fig. 5(b), the 3.5ng/L GNR concentration in hydrogel is a good fit for the photothermal therapy
window between 1 and 2 W/cm? laser intensity. Therefore, we chose the GNR concentration of 3.5ng/uL for the
remaining photothermal heating characterization.

The effect of thermal properties of hydrogel. ~ Stiffness of hydrogel can be measured without going through the
complex thermal analyses and yet can be used to represent the thermal properties of hydrogels (water content
and the thermal conductivity of hydrogel). The photothermal heating results for tissue-mimetic hydrogels using
a3.5ng/uL GNR concentration are shown in Fig. 6(a). Changing the laser intensity (0.2-2 W/cm?) irradiated on
the hydrogels (room temperature), caused the final temperature of the samples to increase from 21.7 to 28.1°C
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Figure 4. Photothermal effect of GNRs in PBS. (a) UV-Vis spectrum of GNRs in PBS. The dispersed GNRs in
PBS have a maximum absorption at 808 nm wavelength. The PBS absorption spectrum shows a weak response
without any resonance behaviour across the spectrum. (b) The steady state temperature (Tpy(ss)) of the GNRs
dispersed in PBS (volume: 20, 100, and 150 ;L with the same GNR concentration) for 150 laser exposure.

with respect to the irradiation intensity. It is found that the hydrogels with lower stiffness (higher porosity) result
in a higher temperature rise. As it is shown in Fig. 6(a), tuning of the laser intensity allows achieving the targeted
temperature(ATpy) increase for each of hydrogels.

The effect of laser exposure time.  The effect of exposure time at constant laser intensity on the hydrogels is inves-
tigated. As shown in Fig. 6(c), the temperature increases as a function of the exposure time. The raising temper-
ature profile tends to saturate for each stiffness sample. It can be interpreted that temperature saturation is due to
reaching a steady state condition where raising temperature profile due to the heat generation by photothermal
effect and the heat dissipation to ambient settles to a final value. For the lowest stiffness hydrogel with a fixed laser
intensity (1.1 W/cm?), the temperature of the sample varies from 23.4 to 25.9°C in 150s as shown in Fig. 6(c).
For this hydrogel (4 kPa), the intensities of 0.5 to 1.1 W/cm? are enough for achieving the temperature rise corre-
sponding to the PTT window(4°C < ATp < 6°C).
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Figure 5. Photothermal heating of a medium (13 kPa) stiffness tissue-mimetic hydrogel with different GNR
concentrations. (a) UV-Vis spectrum of GNRs dispersed in tissue-mimetic hydrogels. The hydrogel including
GNRs shows a strong absorption at 808 nm wavelength. On the other hand, the hydrogel alone shows no
absorption; (b) The steady state photothermal temperature (Tpr(ss)) of GNRs dispersed in a tissue-mimetic
hydrogel. The grey area indicates the photothermal therapy windows. Among the three concentrations of GNRs
(1.75, 3.5, and 7 ng/uL), the 3.5ng/ L concentration is in the range of the photothermal therapy window. The
3.5ng/ L GNR concentration is chosen for other hydrogel photothermal heating experiments.

Discussion

The localized heating behavior based on plasmonic absorption in dispersed GNRs is a function of the concen-
tration of GNRs in the media, the absorption cross section (c,,), and the laser intensity>. The absorption cross
section has a direct effect on the heat generation and changes with the structural parameters of the GNRs. The
absorption cross section of the GNRs for the three different states turns out to be constant in our experiments. For
other photothermal heat generation dependencies, increasing the concentration of the GNRs and laser intensity
are directly proportional to the heat generation and result in a higher temperature increase. We also investigated
the effect of the sample volume on photothermal heating. Tuning the photothermal interaction volume allows us
to simulate and study the photothermal heating effect for different volume sizes of targeted tissues and tumors. In
our measurements we used the uniform distribution assumption for NPs in hydrogels, achieved by thorough mix-
ing in our samples, however, to increase the accuracy of the model the effect of the local nonuniformities must be
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Figure 6. Photothermal heating of tissue-mimetic hydrogels with different stiffness. (a) Temperature increase
(Tpy(ss)) for three different stiffness hydrogels with 3.5 ng/uL concentration of GNR as a function of laser
intensity. The lowest hydrogel stiffness shows the highest temperature; (b) SEM micrograph of different stiftness
hydrogels. The lower stiffness has the larger pore size between the gel structures. (c) Heating temperature
(Tpr(t), instantaneous temperature) increase of the lowest stiffness hydrogel as a function of the exposure time.
The temperature tends to saturate after a certain exposure time.

considered. The presented model can be adopted to predict the local photothermal heating for any realistic (non-
uniform) distribution of NPs at steady state, while the transient behavior might need more careful considerations.

The temperature rise times (time constants) for powder (dried GNRs), in solution (GNRs in PBS) and dis-
persed in hydrogel (GNRs in gel) are compared in Fig. 7. GNRs in the dry state show a rapid increase in tempera-
ture and reach the steady state temperature during the laser exposure (dashed line). The quick rise of temperature
(time constant < 1 ms) is due to fast (~ps) plasmonic heat generation®'. The discrepancy between our measure-
ment and the theoretical prediction of response time is due to the sampling rate of the measurement (~1 kHz)
and finite thermal mass of the sensor. For dispersed GNRs in PBS, the time constant is about 40s. The cool-
ing profile follows Newtonian cooling when the laser is turned off (dotted line)>*!. The longer time constant
compared with the dry sample is due to the higher thermal mass (Cy,) as a result of adding the PBS solution
(Cih=Cqnr + Cpas + Csensor)- For GNRs in hydrogel, the response is shorter than the response time of the liquid
sample. The time constant for lowest stiffness hydrogel is about 30s (solid line). The shorter time constant for gels
compared to the liquid sample is due to the lower thermal resistance (Ry,) and higher thermal conductivity of the
hydrogel®. Thermal time constant can be written as 7= Cy, X Ry,, where Cy, = Cgnr + Caer + Csensor-

The thermal conductivity of the hydrogel can be modified by changing the porosity (cross-linking density) of
the gel network while the hydrogel content stays almost unchanged®>->*. Thus, in the case of unchanged content of
the gel, the porosity is a key parameter that relates the stiffness to the thermal conductivity of hydrogels. The var-
iations of the actual measured temperatures (error bars in Figs 5 and 6) in different samples directly corresponds
to variations in substrate (deviation in gel thermal conductivity due to changes in porosity distribution and non-
conformity of NPs distribution) and measurement conditions. Here, the specific heat of gels will be considered to
stay almost unchanged. This assumption is acceptable for our first-order model; however, to increase the model
accuracy the change in the specific heat of hydrogels should be considered. By controlling the porosity of hydro-
gel, thermal properties of various tissues can be mimicked and used in our temperature measurement platform to
find an optimal condition for PPTT. The SEM micrographs in Fig. 6(b) show that higher stiffness hydrogels have
smaller pore sizes (denoted as d in the figure).
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Figure 7. Temperature response time of different samples to laser pulse heating. The temperature of each
sample is normalized to its maximum value for easy comparison. GNRs in the dry state have the fastest
response. The gel state has a shorter time constant than that of liquid state. The difference in response times is
due to the different thermal mass of the samples.

The temperature profile modulated by the porosity of hydrogels is measured as shown in Fig. 6(a) and can be
explained by the heat transfer through the hydrogel network. The larger hydrogel porosity (lower stiffness) results
in a lower thermal conduction and heat generated at the surface of the GNRs in low stiftness hydrogel spreads out
and dissipates to surrounding environment at a slower rate (easier to perform localized heating) compared to the
stiffer hydrogels. The slower heat transfer is due to the lower thermal conductivity of the low stiffness hydrogel,
and results in the higher local temperature increase. This observation suggests that the higher temperature change
will be induced in tissues with lower stiffness at the constant laser intensity and the same GNR concentration level.

It is worth noting that for all of tested hydrogels, adjusting the laser intensity while staying in the reasonable
range of laser power densities, allowed achieving the PTT window condition. We demonstrated the capability of
our method and fabricated device to determine the laser intensity and exposure time required to achieve an effi-
cient PPTT on various target tissue models. Additionally, our system is suitable for measuring the ex-vivo models,
which can represent realistic concentrations and distribution of delivered nanoparticles to different volumes of
tissues. The recently introduced graphene temperature sensors®>~*” provide an untapped opportunity for moving
toward applying this method to develop direct in-vivo measurements for localized photothermal effect and are yet
to be investigated. In the future, we plan to map the temperature distribution across the sample by incorporating
several sensors in an array fashion, integrated to a thin membrane. This microcalorimeter array will enable us to
measure the photothermal effect and temperature gradient with high spatial resolution in the sample.

In this study, for the favorable penetration depth in tissue, we selected the photothermal agents (GNRs) in
NIR-I biological window (lowest absorption coefficient for water and hemoglobin®®). The presented technique is
also applicable with other NPs operating in visible light*® or IR regions®*®! in spectrum. Finally, our developed
system for localized photothermal investigations is compatible with other local hyperthermia techniques such as
magnetic hyperthermia®-%, ultrasound hyperthermia®® and microwave hyperthermia®® with minor mod-
ifications. Also, this method can be modified to incorporate secondary effects like mechanical expansion and
deformation because of photothermal heating by integrating a thin film stain sensor®.

We characterized the localized photothermal heating of GNRs dispersed in tissue-mimetic hydrogels, for the
first time, using a direct temperature measurement. A microscale temperature sensor was developed to study the
photothermal heating of the GNRs, directly and quantitatively in micro-scale volumes. The temperature profile
of the tissue-mimetic hydrogels (4, 13, and 30 kPa stiftness which corresponds to the adipose tissue, muscle and
osteoid, respectively) due to local photothermal heating was measured and characterized. The stiffness, as a prac-
tical measurable quantity for hydrogels, is used as an indirect indicator of thermal properties of hydrogels. The
measured results show an inverse relationship between the stiffness of the hydrogels and the generated photo-
thermal heat by laser excitation. The lower temperatures of photothermal therapy are therapeutically ineffective,
and higher temperatures may cause adverse side effects. The developed platform and presented experimental
procedure in this paper can be used to estimate the GNR concentration, laser intensity, and exposure time for
effective and safe thermal doses for photothermal cancer therapy (inside the PTT window) in model hydrogels
for mimicking different parts of the human body.
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Materials and Methods

GNR plasmonic particles. We used 10 nm diameter GNRs (SPR 808 nm) from Nanopartz as the nano plas-
monic agents for the localized heating. The sample was in a dispersed form in PBS and lower concentrations were
made by diluting the original concentration with PBS.

Tissue-mimetic Polyacrylamide hydrogels. The tissue-mimetic hydrogels were prepared as follows:
Acrylamide, N, N methylene-bis-acrylamide, ammonium persulphate (APS) and N, N, N/, N’-tetramethyl
-ethylenediamine (TEMED) were purchased from Sigma-Aldrich. A solution containing acrylamide mono-
mers, crosslinker N, N methylene-bis-acrylamide, ammonium persulphate and N, N, N/, N’- tetramethyleth-
ylenediamine (TEMED) was prepared. Then various concentrations of GNRs dispersed in PBS were added to
the prepared solution and mixed thoroughly. The prepared solution was poured inside a micromachined glass
mold to make the desired thickness (300 um) of the Polyacrylamide (PAAm) hydrogels. Hydrogels with different
stiffness were prepared to investigate the effect of the stiffness on the heat generation. The ratio of acrylamide%:
bis-acrylamide% was varied (6:0.06, 10:0.1 and 10:0.3) in the process of gel making to adjust the hydrogel stiffness
and porosity as reported elsewhere”*.

Stiffness of hydrogels. The hydrogels were made in high, medium, and low stiffness. To determine the
stiffness of each hydrogel, the elastic modulus of the hydrogels were measured at 25°C in compression mode
using a universal testing machine (AGS-X series 100N, Shimadzu, Japan) at a speed of 1 mm/min. At least three
samples of each hydrogel type were tested. The elastic moduli were derived from the initial linear region of the
stress-strain curves.

Hydrogel metrology. Micrographs of the freeze-dried hydrogels were taken using a scanning electron
microscope (SEM) to analyze the microstructure and porosity of tissue-mimetic hydrogels. For the SEM imag-
ing, the prepared hydrogels were gold sputtered using a GSL-1100X-SPC12 Compact Plasma Sputtering Coater
instrument and imaged under SEM (JEOL JSM-6510LV). To determine the optical properties of GNRs dispersed
in the hydrogels, all prepared hydrogels with and without GNRs were characterized using the spectrophotometry
method (Thermo Scientific Evolution 220 UV-Visible Spectrophotometer) in the wavelength range from 400 to
1000 nm, with a resolution of 1 nm at room temperature.

References

1. Huff, T. B. et al. Hyperthermic effects of gold nanorods on tumor cells. Nanomedicine (London, England), https://doi.
org/10.2217/17435889.2.1.125 (2007).

2. Gao, S., Zheng, M., Ren, X,, Tang, Y. & Liang, X. Local hyperthermia in head and neck cancer: mechanism, application and advance.
Oncotarget, https://doi.org/10.18632/oncotarget.10350 (2016).

3. Kang, B., Mackey, M. A. & El-Sayed, M. A. Nuclear targeting of gold nanoparticles in cancer cells induces DNA damage, causing
cytokinesis arrest and apoptosis. J Am Chem Soc, https://doi.org/10.1021/ja9102698 (2010).

4. Kang, P. et al. Molecular Hyperthermia: Spatiotemporal Protein Unfolding and Inactivation by Nanosecond Plasmonic Heating.
Small, https://doi.org/10.1002/sml1l.201700841 (2017).

5. Abadeer, N. S. & Murphy, C. J. Recent Progress in Cancer Thermal Therapy Using Gold Nanoparticles. J. Phys. Chem. C, https://doi.
org/10.1021/acs.jpcc.5b11232 (2016).

6. Arvizo, R. R. et al. Intrinsic therapeutic applications of noble metal nanoparticles: Past, present and future. Chem. Soc. Rev., https://
doi.org/10.1039/c2cs15355f (2012).

7. Shi Kam, N. W,, O’Connell, M., Wisdom, J. A. & Dai, H. Carbon nanotubes as multifunctional biological transporters and near-
infrared agents for selective cancer cell destruction. Proc. Natl. Acad. Sci., https://doi.org/10.1073/pnas.0502680102 0508384 (2005).

8. Robinson, J. T. et al. Ultrasmall reduced graphene oxide with high near-infrared absorbance for photothermal therapy. J. Am. Chem.
Soc., https://doi.org/10.1021/ja2010175 (2011).

9. Veiseh, O., Tang, B. C., Whitehead, K. A., Anderson, D. G. & Langer, R. Managing diabetes with nanomedicine: Challenges and
opportunities. Nat. Rev. Drug Discov., https://doi.org/10.1038/nrd4477 15334406 (2014).

10. Frazier, N. & Ghandehari, H. Hyperthermia approaches for enhanced delivery of nanomedicines to solid tumors. Biotechnol.
Bioeng., https://doi.org/10.1002/bit.25653 (2015).

11. Cherukuri, P, Glazer, E. S. & Curley, S. A. Targeted hyperthermia using metal nanoparticles. Adv. Drug Deliv. Rev., https://doi.
org/10.1016/j.addr.2009.11.006 (2010).

12. Huang, X, Jain, P. K, El-Sayed, I. H. & El-Sayed, M. a. Gold nanoparticles: interesting optical properties and recent applications in
cancer diagnostics and therapy. Nanomedicine (London, England), https://doi.org/10.2217/17435889.2.5.681 (2007).

13. Huang, X., Neretina, S. & El-Sayed, M. A. Gold nanorods: From synthesis and properties to biological and biomedical applications.
Adv. Mater., https://doi.org/10.1002/adma.200802789 (2009).

14. Alkilany, A. M., Thompson, L. B., Boulos, S. P., Sisco, P. N. & Murphy, C. J. Gold nanorods: Their potential for photothermal
therapeutics and drug delivery, tempered by the complexity of their biological interactions. Adv. Drug Deliv. Rev., https://doi.
org/10.1016/j.addr.2011.03.005 NIHMS150003 (2012).

15. Shukla, R. et al. Biocompatibility of gold nanoparticles and their endocytotic fate inside the cellular compartment: A microscopic
overview. Langmuir, https://doi.org/10.1021/1a0513712 (2005).

16. Dreaden, E. C., MacKey, M. A., Huang, X., Kang, B. & El-Sayed, M. A. Beating cancer in multiple ways using nanogold. Chem. Soc.
Rev., https://doi.org/10.1039/c0cs00180e (2011).

17. Tong, L. et al. Gold nanorods mediate tumor cell death by compromising membrane integrity. Adv. Mater., https://doi.org/10.1002/
adma.200701974 (2007).

18. Zhu, X. M. et al. Cellular uptake behaviour, photothermal therapy performance, and cytotoxicity of gold nanorods with various
coatings. Nanoscale, https://doi.org/10.1039/c4nr03865g (2014).

19. Lee, J., Chatterjee, D. K., Lee, M. H. & Krishnan, S. Gold nanoparticles in breast cancer treatment: Promise and potential pitfalls.
Cancer Lett., https://doi.org/10.1016/j.canlet.2014.02.006 NTHMS150003 (2014).

20. Dickerson, E. B. et al. Gold nanorod assisted near-infrared plasmonic photothermal therapy (PPTT) of squamous cell carcinoma in
mice. Cancer Lett., https://doi.org/10.1016/j.canlet.2008.04.026 NIHMS150003 (2008).

21. MacKey, M. A,, Ali, M. R,, Austin, L. A., Near, R. D. & El-Sayed, M. A. The most effective gold nanorod size for plasmonic
photothermal therapy: Theory and in vitro experiments. J. Phys. Chem. B, https://doi.org/10.1021/jp409298f (2014).

22. Pezzi, L. et al. Photo-thermal effects in gold nanoparticles dispersed in thermotropic nematic liquid crystals. Phys. Chem. Chem.
Phys., https://doi.org/10.1039/c5cp01377a (2015).

SCIENTIFIC REPORTS |

(2019) 9:6546 | https://doi.org/10.1038/s41598-019-42999-w 10


https://doi.org/10.1038/s41598-019-42999-w
https://doi.org/10.2217/17435889.2.1.125
https://doi.org/10.2217/17435889.2.1.125
https://doi.org/10.18632/oncotarget.10350
https://doi.org/10.1021/ja9102698
https://doi.org/10.1002/smll.201700841
https://doi.org/10.1021/acs.jpcc.5b11232
https://doi.org/10.1021/acs.jpcc.5b11232
https://doi.org/10.1039/c2cs15355f
https://doi.org/10.1039/c2cs15355f
https://doi.org/10.1073/pnas.0502680102
https://doi.org/10.1021/ja2010175
https://doi.org/10.1038/nrd4477
https://doi.org/10.1002/bit.25653
https://doi.org/10.1016/j.addr.2009.11.006
https://doi.org/10.1016/j.addr.2009.11.006
https://doi.org/10.2217/17435889.2.5.681
https://doi.org/10.1002/adma.200802789
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1016/j.addr.2011.03.005
https://doi.org/10.1021/la0513712
https://doi.org/10.1039/c0cs00180e
https://doi.org/10.1002/adma.200701974
https://doi.org/10.1002/adma.200701974
https://doi.org/10.1039/c4nr03865g
https://doi.org/10.1016/j.canlet.2014.02.006
https://doi.org/10.1016/j.canlet.2008.04.026
https://doi.org/10.1021/jp409298f
https://doi.org/10.1039/c5cp01377a

www.nature.com/scientificreports/

23.

24.

25.

26.

27.
28.

29.

30

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

Lim, C. K. et al. Phthalocyanine-aggregated polymeric nanoparticles as tumor-homing near-infrared absorbers for photothermal
therapy of cancer. Theranostics, https://doi.org/10.7150/thno.4133 (2012).

Lim, D. K. et al. Enhanced photothermal effect of plasmonic nanoparticles coated with reduced graphene oxide. Nano Lett., https://
doi.org/10.1021/n14014315 (2013).

Tibbitt, M. W. & Anseth, K. S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng., https://doi.
org/10.1002/bit.22361 NIHMS150003 (2009).

Zhang, X. et al. Chimeric Aptamer-Gelatin Hydrogels as an Extracellular Matrix Mimic for Loading Cells and Growth Factors.
Biomacromolecules, https://doi.org/10.1021/acs.biomac.5b01511 15334406 (2016).

Kucsko, G. et al. Nanometre-scale thermometry in a living cell. Nature, https://doi.org/10.1038/nature12373 1304.1068 (2013).
Wang, C. et al. Determining intracellular temperature at single-cell level by a novel thermocouple method. Cell Res., https://doi.
org/10.1038/cr.2011.117 (2011).

Chapman, C. E, Liu, Y., Sonek, G. J. & Tromberg, B. . The use of exogenous fluorescent probes for temperature measurements in
single living cells. Photochem. Photobiol., https://doi.org/10.1111/j.1751-1097.1995.tb02362.x (1995).

. Zhang, Y. et al. Temperature-dependent cell death patterns induced by functionalized gold nanoparticle photothermal therapy in

melanoma cells. Sci. Reports, https://doi.org/10.1038/s41598-018-26978-1 (2018).

Hauck, T. S., Jennings, T. L., Yatsenko, T., Kumaradas, J. C. & Chan, W. C. W. Enhancing the toxicity of cancer chemotherapeutics
with gold nanorod hyperthermia. Adv. Mater., https://doi.org/10.1002/adma.200800921 (2008).

Ippolito, S. B. et al. High spatial resolution subsurface thermal emission microscopy. Appl. Phys. Lett. https://doi.org/10.1063/1.1758308
(2004).

Zhu, X. et al. Temperature-feedback upconversion nanocomposite for accurate photothermal therapy at facile temperature. Nat.
Commun., https://doi.org/10.1038/ncomms10437 arXiv:1011.1669v3 (2016).

Jorgensen, J. T. et al. Single Particle and PET-based Platform for Identifying Optimal Plasmonic Nano-Heaters for Photothermal
Cancer Therapy. Sci. Reports. https://doi.org/10.1038/srep30076 (2016).

Alifu, N. et al. Single-molecular near-infrared-ii theranostic systems: Ultrastable aggregation-induced emission nanoparticles for
long-term tracing and efficient photothermal therapy. ACS Nano 0, null, https://doi.org/10.1021/acsnano.8b05937 (0).

Terentyuk, G. S. et al. Laser-induced tissue hyperthermia mediated by gold nanoparticles: toward cancer phototherapy. J. Biomed.
Opt., https://doi.org/10.1117/1.3122371 (2009).

Davaji, B., Biener, G., Raicu, V. & Lee, C. H. In-vivo single cell protein interaction investigation using microfluidic platform. In 2015
Transducers - 2015 18th International Conference on Solid-State Sensors, Actuators and Microsystems, TRANSDUCERS 2015, https://
doi.org/10.1109/TRANSDUCERS.2015.7181231 (2015).

Vutha, A., Davaji, B., Lee, C. & Walker, G. A microfluidic device for thermal particle detection. Microfluid. Nanofluidics 17, https://
doi.org/10.1007/s10404-014-1369-z (2014).

Davaji, B., Bak, H. J., Chang, W. ]. & Lee, C. H. A novel on-chip three-dimensional micromachined calorimeter with fully enclosed
and suspended thin-film chamber for thermal characterization of liquid samples. Biomicrofluidics, https://doi.org/10.1063/1.4875656
(2014).

Davaji, B. & Lee, C. A paper-based calorimetric microfluidics platform for bio-chemical sensing. Biosens. Bioelectron. 59, https://doi.
org/10.1016/j.bios.2014.03.022 (2014).

. Davaji, B. & Lee, C. H. Thermal measurement techniques in analytical microfluidic devices. J. visualized experiments: JoVE (2015).
42,

Qin, Z. & Bischof, J. C. Thermophysical and biological responses of gold nanoparticle laser heating. Chem. Soc. Rev., https://doi.
org/10.1039/c1cs15184c¢ (2012).

Kyrsting, A., Bendix, P. M., Stamou, D. G. & Oddershede, L. B. Heat profiling of three-dimensionally optically trapped gold
nanoparticles using vesicle cargo release. Nano Lett., https://doi.org/10.1021/n1104280c (2011).

Keblinski, P., Cahill, D. G., Bodapati, A., Sullivan, C. R. & Taton, T. A. Limits of localized heating by electromagnetically excited
nanoparticles. J. Appl. Phys., https://doi.org/10.1063/1.2335783 (2006).

Gilbert, P. M. et al. Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture. Science, https://doi.org/10.1126/
science.1191035 NTHMS150003 (2010).

Engler, A. ], Sen, S., Sweeney, H. L. & Discher, D. E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell, https://doi.
org/10.1016/j.cell.2006.06.044 NTHMS150003 (2006).

Lutolf, M. P,, Gilbert, P. M. & Blau, H. M. Designing materials to direct stem-cell fate. Nature, https://doi.org/10.1038/nature08602
(2009).

Svaasand, L. O., Gomer, C. J. & Morinelli, E. On the physical rationale of laser induced hyperthermia. Lasers Med. Sci., https://doi.
org/10.1007/BF02031373 (1990).

Yang, K. et al. Graphene in mice: Ultrahigh in vivo tumor uptake and efficient photothermal therapy. Nano Lett., https://doi.
org/10.1021/n1100996u arXiv:1408.1149 (2010).

Myroshnychenko, V. et al. Modelling the optical response of gold nanoparticles. Chem. Soc. Rev., https://doi.org/10.1039/b711486a
(2008).

Webb, J. A. & Bardhan, R. Emerging advances in nanomedicine with engineered gold nanostructures. Nanoscale, https://doi.
org/10.1039/c3nr05112a (2014).

Ackermann, S., Scheffe, J. R, Duss, J. & Steinfeld, A. Morphological characterization and effective thermal conductivity of dual-scale
reticulated porous structures. Materials, https://doi.org/10.3390/ma7117173 (2014).

Zhou, J. & Wang, C. A. Porous yttria-stabilized zirconia ceramics fabricated by nonaqueous-based gelcasting process with PMMA
microsphere as pore-forming agent. J. Am. Ceram. Soc., https://doi.org/10.1111/jace.12074 (2013).

Gong, L., Wang, Y., Cheng, X., Zhang, R. & Zhang, H. Thermal conductivity of highly porous mullite materials. Int. J. Heat Mass
Transf., https://doi.org/10.1016/j.ijheatmasstransfer.2013.08.008 (2013).

Davaji, B. et al. A patterned single layer graphene resistance temperature sensor. Sci. Reports, https://doi.org/10.1038/s41598-017-
08967-y (2017).

Kalkan, S. B., Yigen, S. & Celebi, C. Epitaxial graphene thermistor for cryogenic temperatures. Sensors Actuators, A: Phys., https://
doi.org/10.1016/j.sna.2018.07.028 (2018).

Liu, G. et al. A flexible temperature sensor based on reduced graphene oxide for robot skin used in internet of things. Sensors
(Switzerland), https://doi.org/10.3390/s18051400 (2018).

Weissleder, R. A clearer vision for in vivo imaging. Nat. Biotechnol. 19, 316-317, https://doi.org/10.1038/86684 (2001).

Pedrosa, P. et al. Combination of chemotherapy and au-nanoparticle photothermy in the visible light to tackle doxorubicin
resistance in cancer cells. Sci. Reports 8, 11429, https://doi.org/10.1038/s41598-018-29870-0 (2018).

Zhang, D. et al. Depth-resolved mid-infrared photothermal imaging of living cells and organisms with submicrometer spatial
resolution. Sci. Adv. 2, https://doi.org/10.1126/sciadv.1600521 (2016).

Estelrich, J. & Busquets, M. A. Iron oxide nanoparticles in photothermal therapy. Molecules 23, https://doi.org/10.3390/
molecules23071567 (2018).

Senapati, S., Mahanta, A. K., Kumar, S. & Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Signal Transduct. Target. Ther., https://doi.org/10.1038/s41392-017-0004-3 (2018).

Laurent, S., Dutz, S., Hifeli, U. O. & Mahmoudi, M. Magnetic fluid hyperthermia: Focus on superparamagnetic iron oxide
nanoparticles. Adv. Colloid Interface Sci., https://doi.org/10.1016/j.cis.2011.04.003 NIHMS150003 (2011).

SCIENTIFICREPORTS| (2019) 9:6546 | https://doi.org/10.1038/s41598-019-42999-w 11


https://doi.org/10.1038/s41598-019-42999-w
https://doi.org/10.7150/thno.4133
https://doi.org/10.1021/nl4014315
https://doi.org/10.1021/nl4014315
https://doi.org/10.1002/bit.22361
https://doi.org/10.1002/bit.22361
https://doi.org/10.1021/acs.biomac.5b01511
https://doi.org/10.1038/nature12373
https://doi.org/10.1038/cr.2011.117
https://doi.org/10.1038/cr.2011.117
https://doi.org/10.1111/j.1751-1097.1995.tb02362.x
https://doi.org/10.1038/s41598-018-26978-1
https://doi.org/10.1002/adma.200800921
https://doi.org/10.1063/1.1758308
https://doi.org/10.1038/ncomms10437
https://doi.org/10.1038/srep30076
https://doi.org/10.1021/acsnano.8b05937
https://doi.org/10.1117/1.3122371
https://doi.org/10.1109/TRANSDUCERS.2015.7181231
https://doi.org/10.1109/TRANSDUCERS.2015.7181231
https://doi.org/10.1007/s10404-014-1369-z
https://doi.org/10.1007/s10404-014-1369-z
https://doi.org/10.1063/1.4875656
https://doi.org/10.1016/j.bios.2014.03.022
https://doi.org/10.1016/j.bios.2014.03.022
https://doi.org/10.1039/c1cs15184c
https://doi.org/10.1039/c1cs15184c
https://doi.org/10.1021/nl104280c
https://doi.org/10.1063/1.2335783
https://doi.org/10.1126/science.1191035
https://doi.org/10.1126/science.1191035
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1038/nature08602
https://doi.org/10.1007/BF02031373
https://doi.org/10.1007/BF02031373
https://doi.org/10.1021/nl100996u
https://doi.org/10.1021/nl100996u
https://doi.org/10.1039/b711486a
https://doi.org/10.1039/c3nr05112a
https://doi.org/10.1039/c3nr05112a
https://doi.org/10.3390/ma7117173
https://doi.org/10.1111/jace.12074
https://doi.org/10.1016/j.ijheatmasstransfer.2013.08.008
https://doi.org/10.1038/s41598-017-08967-y
https://doi.org/10.1038/s41598-017-08967-y
https://doi.org/10.1016/j.sna.2018.07.028
https://doi.org/10.1016/j.sna.2018.07.028
https://doi.org/10.3390/s18051400
https://doi.org/10.1038/86684
https://doi.org/10.1038/s41598-018-29870-0
https://doi.org/10.1126/sciadv.1600521
https://doi.org/10.3390/molecules23071567
https://doi.org/10.3390/molecules23071567
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.1016/j.cis.2011.04.003

www.nature.com/scientificreports/

64. Mahmoudi, K., Bouras, A., Bozec, D., Ivkov, R. & Hadjipanayis, C. Magnetic hyperthermia therapy for the treatment of glioblastoma: a
review of the therapy’s history, efficacy and application in humans. Int. J. Hyperth., https://doi.org/10.1080/02656736.2018.1430867
(2018).

65. Santos, M. A., Goertz, D. E. & Hynynen, K. Focused ultrasound hyperthermia mediated drug delivery using thermosensitive
liposomes and visualized with in vivo two-photon microscopy. Theranostics, https://doi.org/10.7150/thno.19662 (2017).

66. Ryan, T. P. ef al. Analysis and testing of a concentric ring applicator for ultrasound hyperthermia with clinical results. Int. . Hyperth.,
https://doi.org/10.3109/02656739109034971 (1991).

67. Ito, K. & Saito, K. Development of microwave antennas for thermal therapy. Curr Pharm Des, https://doi.org/10.2174/138161211797052538
(2011).

68. Ito, K. & Saito, K. Microwave antennas for thermal therapy. Therm. Medicine(Japanese J. Hyperthermic Oncol. 23, 23-30, https://doi.
org/10.3191/thermalmedicine.23.23 (2007).

69. Byambadorj, T. et al. On-chip detection of gel transition temperature using a novel micro-thermomechanical method. Plos One,
https://doi.org/10.1371/journal.pone.0183492 (2017).

70. Wen, J. H. et al. Interplay of matrix stiffness and protein tethering in stem cell differentiation. Nat. Mater., https://doi.org/10.1038/
nmat4051 NIHMS150003 (2014).

71. Denisin, A. K. & Pruitt, B. L. Tuning the range of polyacrylamide gel stiffness for mechanobiology applications. ACS Appl. Mater. ¢~
Interfaces 8,21893-21902, https://doi.org/10.1021/acsami.5b09344 PMID: 26816386 (2016).

Acknowledgements

We thank Mohammadali Malakoutian for assistance with measurements; Erfan Dashtimoghadam for assistance
with sample preparation and Lobat Tayebi for technical support and equipment. Also, B.D. thanks Justin Kuo
and Bahar Kor for helpful discussions. This work was partially supported by the National Science Foundation
under Award No. 1540010 to Marquette University for the Water Equipment and Policy Industry/University
Cooperative Research Center.

Author Contributions

B.D,, J.R. and C.L. wrote the main manuscript text and prepared all figures. J.R. and C.L. oversaw the project and
B.D. and C.L. perform all the experiments and data preparation. B.D., J.R. and C.L. analyze and discuss the data.
All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:6546 | https://doi.org/10.1038/s41598-019-42999-w 12


https://doi.org/10.1038/s41598-019-42999-w
https://doi.org/10.1080/02656736.2018.1430867
https://doi.org/10.7150/thno.19662
https://doi.org/10.3109/02656739109034971
https://doi.org/10.2174/138161211797052538
https://doi.org/10.3191/thermalmedicine.23.23
https://doi.org/10.3191/thermalmedicine.23.23
https://doi.org/10.1371/journal.pone.0183492
https://doi.org/10.1038/nmat4051
https://doi.org/10.1038/nmat4051
https://doi.org/10.1021/acsami.5b09344
http://creativecommons.org/licenses/by/4.0/

	Microscale direct measurement of localized photothermal heating in tissue-mimetic hydrogels

	Results

	Photothermal response in dry state. 
	Photothermal effect in liquid. 
	Photothermal heating of tissue-mimetic hydrogels. 
	The effect of concentration and laser intensity. 
	The effect of thermal properties of hydrogel. 
	The effect of laser exposure time. 


	Discussion

	Materials and Methods

	GNR plasmonic particles. 
	Tissue-mimetic Polyacrylamide hydrogels. 
	Stiffness of hydrogels. 
	Hydrogel metrology. 

	Acknowledgements

	Figure 1 On-chip measurement setup for plasmonic photothermal heating at microscale.
	Figure 2 First-order estimation of the photothermal heating effect in a uniform distribution of GNRs.
	Figure 3 Photothermal temperature change of GNRs in the dry state after 150 sec exposure.
	Figure 4 Photothermal effect of GNRs in PBS.
	Figure 5 Photothermal heating of a medium (13 kPa) stiffness tissue-mimetic hydrogel with different GNR concentrations.
	Figure 6 Photothermal heating of tissue-mimetic hydrogels with different stiffness.
	Figure 7 Temperature response time of different samples to laser pulse heating.




