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ABSTRACT: Near infrared (NIR) light, which spans wavelengths from ~700—
1100 nm holds particular promise in bionanotechnology-enabled applications because
both NIR light and nanoparticles (NPs) have the potential for remote activation leading
to exquisite localization and targeting scenarios. In this study, aqueous solutions of
carbon and metal-based NPs (carbon black, single-walled carbon nanotubes, silver
nanoparticles and copper nanoparticles) were exposed to continuous NIR laser (1 =
1064 nm) irradiation at powers of 22W and 4.5SW. The differential heating of bulk
aqueous suspension of NPs with varying physicochemical properties revealed maximum
temperatures of 67 °C with visible evidence of condensation and bubble formation. The
basis of the NP heating is due to the strong intrinsic optical absorbance in the NIR
spectral window and the transduction of this NIR photon energy into thermal energy. In
this regard, UV—vis measurements can accurately predict NP heating kinetics prior to
NIR irradiation. Further, a uniform thermodynamic heating model demonstrates close
agreement with the experimental data for the low NIR-absorbing NPs. However, the uniform thermodynamic heating model used in this
study does not accurately portray the energy release upon localized NP heating because of bubble formation for the highly absorbing NPs.
Therefore, this study reveals the differential heating kinetics of NPs excited with NIR with implications in the development of novel NIR-NP-
based systems.

KEYWORDS: near-infrared laser, NIR, nanoparticles, temperature kinetics, spectroscopy, exothermic, bionanotechnology, thermodynamic
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1. INTRODUCTION

Near infrared (NIR) light, which spans wavelengths from
~700—1100 nm, holds particular promise in bionanotechnol-

Although ultrashort laser pulse heating of gold nanoparticles was
previously modeled with one- and two-temperature models,'>"*
information is lacking regarding the differential heating kinetics for

ogy-enabled applications because neither biological molecules
nor water absorb light in the NIR frequency range, thus
enabling NIR light to pass through tissues or cells to specifically
target absorbed nanoparticles (NPs). Several recent studies
have shown that increasing concentrations of NPs (ie., carbon
nanotubes, carbon nanohorns, gold nanoparticles), and/or increas-
ing amounts of laser power density delivered to NPs, leads to
increased absorbance in the NIR spectral region and subsequent
rapid temperature elevations for the NPs and surrounding bulk
solutions; for recent reviews, see refs 1—6. In particular, single gold
nanoparticles have been examined for direct heating upon NIR
exposure.’ ® Bendix et al.” developed a direct method to measure
the electromagnetic heating of gold nanoparticles (GNPs) by using
supported lipid bilayers. This study showed that it was possible to
get the heating profile of a single GNP by quantifying the melting
the lipid bilayer. However, for NPs of different shapes, sizes and
aggregation state, the surface area may not be accurately measured.
Therefore, alternative approaches such as measuring the bulk
heating of NP solutions may provide a simpler approach to study
the heating kinetics for other nanoparticle compositions that are
readily being incorporated into technological innovations.
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NPs of varying elemental compositions under identical NIR laser
conditions. First assessing the differential heating kinetics of NPs in a
standardized acellular environment is important prior to incorpora-
tion into biological systems because of the strong implications of
NP-induced toxicity. Therefore, in order to determine the role of
composition on differential NIR-based heating kinetics, we exam-
ined both metal (Ag and Cu) and carbon-based NPs (SWNT,
SWNT-COOH, CB), which were previously examined for toxicity
in mammalian cell culture'>'* and have high relevance to both
therapeutic and antimicrobial applications.

Further, the choice of NP concentration will determine the
efficacy of the treatment at the biological interface. In order to
avoid overt toxicity, relatively low doses were initially considered.
Examination of the literature returned values for maximum
dosages of 300 ug/mL for carbon nanohorns® and 25 ug/mL,
1000 ug/mL or even 2000 ug/mL for carbon nanotubes."”>'*
However, a saturation plateau was reached at 1000 #tg/mL for the
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SWNTs and at even lower concentrations (~100 #g/mL) for the
MWNTSs.® Further, the laser absorbance plateaus at very high
concentrations and it is not necessary to completely saturate the
solutions with NPs in order to reach the desired heating effects.
Therefore, in this study, we chose a concentration of 50 1g/mL
to avoid overt toxicity and maximize laser absorbance while
maintaining a high degree of visible dispersion over the duration
of the laser exposure.

The application of NIR light at the 1064 nm wavelength, in
particular, has demonstrated utility in studies with gold nano-
particles, carbon nanohorns and multiwalled carbon nanotubes,
respectively, for biomedical (ie. cancer cell destruction) and
antimicrobial /decontamination purposes.”*”>'*~'¢ Laser powers
ranging from 1 to SW for up to 10 min produced maximum NP
solution temperatures of 85 °C, which were the highest for
concentrations >100 ¢g/mL; mostly for carbon-based NPs.">>
Therefore, in this study we chose laser conditions of: 1 =
1064 nm at 2.2—4.5 W for up to 5 min.

More complex surface biofunctionalized NPs can act as
“capture elements” for highly localized and remote modulation
of the bound biomolecules upon NIR laser exposure. For
example, the exposure of carbon nanohorns to short times
(10—20 s) and powers (1—SW) of 1064 nm laser radiation
effectively eradicated bound bacteria such as S. cerevisiae or
E. coli> The observed antimicrobial activity was hypothesized
to result from the intense and localized heating occurring that
occurred at the interface of the NPs and bacteria.” Other work
with polyhydroxyalkanoate (PHA) synthase functionalized Au
NPs showed promise as a targeted drug deliverg agent, in protein
purification systems and immunodetection.'” Further, optics
systems can greatly benefit from the addition of nanoparticles
that chan%e color or fluorescence with temperature such as Au
nanorods'® or biofunctionalized boron nitride nanotubes.'”

Therefore, controlling the temperature of such solutions
facilitates a wide range of potential applications in sensing,
remediation, photodynamic cancer therapy, laser tissue welding,
and microsurgery.”

2. MATERIALS AND METHODS

2.1. Nanoparticles. Nanosized carbon black (CB, Cabot), silver
nanoparticles (Ag NPs, Novacentrix), single-walled carbon nanotubes
(SWNT, Cheaptubes, Inc.), oxidized single-walled carbon nanotubes
(SWNT-COOH, Cheaptubes, Inc.) and copper nanoparticles (Cu NPs,
Novacentrix) were weighed and suspended in sterile ddH2O at con-
centrations of S0 ug/mL in sterile. Characterization of NP size and
morphology was performed with transmission electron microscopy
(TEM, Philips/FEI Lab6, 200 kV), spectral properties including absorp-
tion maxima were examined with UV—vis-NIR spectroscopy, quality of
dispersion or average NP agglomerate sizes in solution was examined
with dynamic light scattering (DLS, Malvern ZetaSizer) in addition to
determination of surface charge through zeta potential measurements
(Malvern ZetaSizer) as previously described.”’

2.2.NIR Laser. A 500 W continuous 1064 nm wave laser was used as
the source of NIR. The laser beam was set to deliver either 2.2 W (0.175 W/
mm’, 17.5 W/cm” power density) or 4.5 W (0.358 W/mm?, 35.8 W/cm®
power density) to the CB, Ag, SWNT, SWNT-COOH, and Cu NP
solutions placed into a quartz cuvette. Upon turning the laser beam on,
the initial temperature was recorded, then the subsequent temperature
recorded every 30 s for 4—S5 min (Dostmann Model P650-MP digital
thermometer with microprobe sensor), after which the laser was turned
off. An empty cuvette was used as a blank control and a cuvette filled with

Table 1. Thermodynamic Properties of Solutions

volume (mL) 1
density (g/cm?) 1

m (grams) 1
p-22 W (w/mm?) 0.18
p-4.5 W (w/mm?”) 0.36
area (mm?) 12.57
C. H,0 (J/(3K)) 4.14

H20 was used as a solution control. Digital images were taken of the
solutions in the cuvettes before and after the laser irradiation.

2.3. Thermodynamic Analysis. The heating kinetics of the NPs
were modeled using a combination of the differential form of the first law
of thermodynamics and a form of the Beer—Lambert law. When
simplifying the first law, phase change is not taken into account due to
the inability to measure it at this time point. It is assumed that a negligible
amount of water will boil in this closed system. The parameters used are
shown in Table 1.

The physical and thermodynamic properties of water were consid-
ered unchanged upon the addition of 50 tg/mL of NPs. Based on this
hypothesis, the NPs are assumed to contribute negligible effects on the
properties at a total liquid weight of only 0.005%. Therefore, the first law
of thermodynamics reduces to the following eq 1

mCVdT/dt = Qin - Qout (1)
Differentiating the equation leads to eq 2
(T2 = T1) = [(Qin — Qou)At]/mC, )

Qou is the energy being released into the environment from the cuvette
due to thermal conduction. This was modeled using data collected when
the laser was shut off. The heat flux was modeled as a function of the
temperature of the solution. Q;, is the energy being absorbed by the
system from the laser. This was modeled using Beer—Lamberts law

TR = I,/I, = 10°* (3)
Qn = (1-107)PA (4)
3. RESULTS

3.1. Nanoparticle Characterization. Nanoparticles (NPs)
with different elemental compositions (Ag, C, Cu) were sus-
pended in water at 50 ug/mL, leading to distinct colors and
dispersion qualities (Figure 1). The carbon black (CB), silver
(Ag), single-walled carbon nanotubes (SWNT) and carboxylic
acid-functionalized SWNT (SWNT-COOH) solutions were gray
and the copper (Cu) NPs had a yellow hue. The NPs were
characterized for size and morphology with bright-field transmis-
sion electron microscopy (BF-TEM, Figure 1A2—G2). The
nanosized CB and Ag NPs were primarily spherical with average
sizes of 20 nm and 25 nm, respectively. The SWNTSs were
present in bundles both before (Figure 1C2) and after oxidation
(SWNT-COOH, Figure 1D2). Copper nanoparticles (Cu NPs)
of different sizes (40, 60, and 80 nm) showed rough surface
features consistent with oxidation (Figure 1E2—G2).

Bulk solution properties were characterized with dynamic light
scattering (DLS) and UV —vis spectroscopy. It is worth mention-
ing here that no methods were employed to prevent gravitational
settling of the NP solutions (ie. additives such as surfactants and/
or surface modifications or mechanical agitation such as
sonication) during the experiments. Therefore, all of the NPs
examined in this study formed agglomerates under these natural
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Figure 1. (A1—Gl) Digital images and (A2—G2) bright-field transmission electron micrographs (BF-TEM) of nanoparticles. (A) 25 nm Ag NPs,
(B) 20 nm Carbon Black NPs, (C) SWNTs, (D) SWNT-COOH, (E) 40 nm Cu NPs, (F) 60 nm Cu NPs, (G) 80 nm Cu NPs.

conditions with much larger sizes in solution compared to their
primary sizes (Table 2). To retain the maximum number of NPs
within the laser beam pathway and minimize segregation from
solution, short laser exposure periods (i.e., S min) were chosen.

The toxicity of the various types of NPs were previously
examined in neuroblastoma cells at 50 ug/mL over 24 h.""* The
Cu NPs demonstrated the greatest toxicity in a size-dependent
manner (unpublished data). By comparison, the SWNTs and Ag
NPs reduced cell viability by ~50%. The CB NPs displayed the
least toxicity and reduced viability by only 15%.

To understand the relationship between the spectral absor-
bance of the NP solutions in the NIR range (~700—1100 nm)
and the heat kinetics of the NP solutions after exposure to a laser
wavelength of 1064 nm, the NP solutions were first examined with
UV—vis—NIR spectroscopy over the entire range of 200—1300 nm
(Figure 2, Table 2). Each NP solution had a distinct absorbance
profile based on its elemental composition as well as rather smooth
spectra or the presence of well-defined peaks. The well-defined
peaks in the absorbance spectra can indicate both spectral absorp-
tion and a lack of NP aggregation in solution."

In particular, the Ag NPs had very prominent absorbance maxima
at ~414 nm, compared to a small amount of absorbance at
>1100 nm (Figure 2A). Although the lower values are outside of
the NIR spectral range, they contribute to other useful spectral
properties such as plasmon resonance for imaging purposes.'>**
Maxima for the carbon-based nanomaterials (SWNTs, SWNT-
COOH and CB) over the entire UV—vis—NIR spectral range were
at 226—283 nm (Figure 2B, Table 2). The peak at ~260 nm may
represent the plasmon absorption of tubular graphite.”” The origin
of this high absorbance of carbon-based NPs such as SWNT's in the
NIR is expected to be from electronic transitions between the first or
second van Hove singularities of the nanotubes.***" By comparison,
absorbance maxima for the Cu NPs (40, 60, and 80 nm) over the
entire UV—vis—NIR spectral range was at 1150—1154 nm for the
60 and 80 nm Cu NPs (Figure 2C, Table 2) with the 40 nm Cu NPs

displaying an additional peak at ~800 nm (Figure 3C) suggesting
additional interactions in the NIR region for smaller NPs.

Therefore, when NPs of different composition were prepared at
the same concentration (50 ug/mL), the greatest spectral absor-
bance in the NIR range at 700 nm (A7 nm) Was for the nanosized
CB at Ao nm = 0.3 relative units compared to maximum absorbance
values A700 nm = 0.02 for the Cu NPs. By comparison, very similar
results to the CB NPs were obtained for biofunctionalized carbon
nanohorns in phosphate buffered saline (PBS) with absorbance
maxima at 700 nm (A-gg nm = 0.29) for a 150 pg/mL concentration
and concentration-dependent increases of Aoy nm ~ 0.5 at a
concentration of 300 ug/mL.> Furthermore, surfactant stabilized
highly purified SWNTs, surfactant stabilized unpurified SWNT's
and oxidized MWNTs all generated greater NIR absorbance than
the CB NPs with maximum absorbance values of A7y ,m = 0.8, 0.6,
and 0.4 at 700 nm, respectively,'* which may be due to greater
concentration (100 ug/mL), better dispersion, or the inherent
differences in the nanotubes.

3.2. Laser Set-up. A S00W fiber laser with a minimum power
output of 30W was used as the 1064 nm continuous wave laser
source. To reduce the laser power delivered to the NP solutions
down to either 2.2W (0.175 W/mm® power density) or 4.5 W
(0.358 W/mm” power density), a series of beam splitter were
used (Figures 3 and 4). Further, to cause the entire beam to enter
the 4 mm-wide cuvette that was holding the solutions during the
experiments, the 8 mm beam diameter of the fiber laser was
reduced to 4 mm by inserting a reversed 2 X beam expander into
the beam path (Figures 3 and 4). A thermocouple was placed
inside the cuvette containing NP solutions with care taken to
avoid the direct path of the laser beam in order to minimize any
direct heating of the thermocouple by the laser (Figures 3 and
4B). A schematic of the finalized experimental setup is shown in
Figure 3, and photographs of the setup are shown in Figure 4.

3.3. Visible Evidence of Heating. The different nanoparticle
(NP) solutions were analyzed for temperature kinetics after laser
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Table 2. Summary of Nanoparticle Physicochemical Properties

particle 1° Size
type shape (TEM)

copper oxide NPs (Cu40 nm) irregular 78 & 21 nm
copper oxide NPs (Cu60 nm) irregular 80 & 31 nm
copper oxide NPs (Cu80 nm) irregular 87 & 41 nm
silver (Ag) NPs spherical  27.5 9.1 nm
nanosized carbon black (CB)  spherical 28.4 + 7.6 nm
SWNTs tubular ~ 0.5—2 um length, 1—2 nm diam.
SWNT-COOH tubular ~ 0.5—2 yum length, 1—2 nm diam.

50 ug/mL, 24 h.

avg. agglom. size ~ charge  cell viability" max UV—vis—NIR max A temp
(DLS, PDI) (mV) (%) absorb. @1064 nm (°C)

365 nm (0.226) 00727 17 0.008 11

606 nm (0.301)  —122 18 0.007 11

537 nm (0.272) 334 19 0.018 11

147 nm (0.545)  —39.5 52 0.085 25
1486 nm (0.521) —23.4 85 0273 46
200 nm (0.361)  —35.8 49 0.062 18
1172 nm (0.823) —30.4 n/a 0.093 20

radiation at a wavelength of 1064 nm. Upon turning the laser
beam on, the initial temperature was recorded, and the subse-
quent temperature was recorded every 30 s for 4—5 min, after
which the laser was turned off. Figures S shows pictures of the
solutions before laser exposure, after 2.2 W laser exposure, and
after 4.5 W laser exposure, respectively.

In every solution, during every experiment, a certain amount of
evaporation and condensation occurred, as small droplets of the
solutions would form on the inside walls of the cuvette just above
the surface of the solution, but no visible color change occurred.
However, in the SWNT-COOH (Figure SA—C) and CB
(Figure SD—F) solutions, bubbles formed in the solution.

3.4. NIR-Induced Nanoparticle Temperature Kinetics. Figure 6
shows the results for the change in temperature that occurred to each
of the solutions over time at powers of 2.2 W (Figure 6A) and 4.5 W
(Figure 6B). An empty cuvette and H20 filled cuvette served as blank
and solution controls, respectively, which experienced no heating or
very minimal changes in temperature upon laser irradiation. For the
NP solutions, the nanosized CB particles demonstrated the greatest
increase in temperature at both power settings after 4—S min. For
example, at the lower (2.2 W) power, the temperature elevation for
the nanosized CB solution was AT, = 17 °C after 4 min compared
to modest temperature elevations ranging from AT, = 6—8 °C
for the SWNT, Ag, and SWNT-COOH solutions, respectively. By
comparison, at the higher (4.5 W) power, the temperature
elevation maximum for the nanosized CB solution was AT, =
46 °C after S min, followed by AT,,,., =25 °C for SWNT-COOH,
AT, = 20 °C for Ag NPs, AT,,., = 18 °C for SWNTs, and
AT, .« = 10—12 °C for the control H,O solution and Cu NPs.

The carboxylic acid functionalized SWNTs (SWNT-COOH)
demonstrated a greater increase in temperature at both powers
tested compared to the nonfunctionalized SWNTs. By compar-
ison, the solutions of Cu NPs at all sizes (40, 60, and 80 nm) did
not heat with any appreciable difference from the control vial of
H20 at either laser power.

A linear rate of heating was observed for most of the solutions
at the laser powers of 2.2 and 4.5 W (Figure 6C). However, the
CB NPs did not have a linear rate of heating at higher tem-
peratures because of phase changes taking effect. In this case, the
rate of heating for CB was determined for temperatures below
50 °C so phase change would not affect the results.

The rates of heating were then compared with the absorption
properties of the solutions as shown in Figure 7. Here, there is a
linear progression where the rate of heating is proportional to the
absorption properties of the particles at 1064 nm.

3.4. Theoretical Thermodynamic Modeling of Nano-
particle Heating. Modeling of the heat loss (Q,,.) into the

environment performed based upon experimental data col-
lected after the laser was turned off (Figure 8). These data
were inputted into eqs 1 and 2, whereas Q;, was equal to zero, in
order to obtain Q,,. Cooling data were taken from all trials in
order to model Q. It was assumed that physical and thermo-
dynamic properties of the solutions would not be affected by
the nanoparticles. Figure 8 shows a good correlation between
the temperature of solution and the heat loss. This correlation
corresponds to Qo in order to predict the heating kinetics of
the solutions (Tables 3 and 4).

The theoretical model was compared with the experimental
data to determine if it is sufficient to model the heating kinetics.
The difference between the experimental data and model was
taken at each time point and then averaged (Tables 3 and 4). The
peak temperature difference between the theoretical and experi-
mental was also determined. For simplicity, the difference sizes of
Cu NPs were not listed.

The theoretical model demonstrated good agreement with
the experimental data (<20% variance) and the peak tem-
peratures for most of the aqueous NP solutions. However,
discrepancies begin to arise between the experimental data
and theoretical model for the higher absorbing NPs such as
CB. This can be assumed to be due to phase change, as
evidenced by bubble formation/condensation, which is not
taken into account in the uniform heating model of thermo-
dynamic analysis.

4. DISCUSSION AND CONCLUSIONS

After continuous exposure to NIR (4 = 1064 nm) at powers of
2.2 and 4.5 W, various aqueous solutions of NPs (nanosized
carbon black, single-walled carbon nanotubes, silver nanoparti-
cles and copper nanoparticles) at 50 ttg/mL concentrations show
differential heating. The basis of this heating is due to the strong
intrinsic optical absorbance of certain NPs in the NIR spectral
window, which causes electrons to become excited and release
excess energy in the form of heat. Therefore, these results
demonstrate the utility of using NPs to convert NIR photon
energy into thermal energy with high thermostability over short
durations of exposure.

4.1. Relationship between Heating Kinetics, UV—vis—NIR
Spectra, and Aggregation. A general trend for NP solution
heating, at either laser power, can be summarized as follows:
CB > SWNT-COOH > Ag NPs > SWNTs > (H,O, Cu NPs) >
empty cuvette. As expected, the control water blank had a low
change in temperature (AT, values = 4 and 11 °C at 2.2 and
4.5 W, respectively). This is in agreement with other experiments
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Figure 2. UV—vis—NIR spectra for NP solutions with background subtraction for water. (A) Ag NPs (B) SWNTs, SWNT-COOH, CB, and (C) Cu
NPs. Insets are enlargements of the NIR region from 700 to 1100 nm. Note that the y-axis for absorbance is 10-fold higher for the Ag NPs and C-based
NPs (CB, SWNT, SWNT-COOH) compared to the Cu NPs, which have much lower absorbance. Also note that the y-axis is different in each
enlargement for clarity.

where continuous laser exposure (1 = 808 nm, 1.4 W/cm®),! such as phosphate buffered saline (PBS) or water led to temperature
(4 =1064nm, 1—5 W) over 2— 5 min to aqueous control solutions changes ranging from ~21 to ~30 °C.
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Figure 3. Schematic of the laser irradiation system. The 500 W fiber
laser (1064 nm wavelength, continuous wave) was run through a series
of splitters and a reverse beam expander to provide a 4 mm diameter
collimated beam. A small thermocouple placed in the NP solutions was
used to measure temperature.

The greatest increases in temperature were for the nanosized
carbon black (CB, AT,.x = 46 °C, Trmax = 67 °C) and oxidized
single-walled carbon nanotubes (SWNT-COOH, AT,. =
25 °C, Tphax = 46 °C), respectively, after the longest exposure
time of S min and the highest power density tested of 35.8 W/
cm’. In a similar study,” with a 10-fold lower power density (4 =
1064 nm, 3 W/cm?), a maximum temperature of 51 °C was
reached for 100 ug/mL MWNTs after a short 30 s laser exposure.
By comparison, only a very modest increase of 4 °C to a
maximum temperature of 27 °C was obtained for an identical
SWNT solution suggesting that different types of carbon nano-
tubes behave distinctly upon NIR irradiation.®

Concurrently, the nanosized CB and SWNT-COOH dis-
played the most intense absorption in the NIR region when
examined with UV—vis—NIR spectroscopy. In comparison, the
other NP solutions followed the same general trends for absor-
bance in the NIR region as the temperature changes summarized
above: CB > SWNT-COOH > Ag NPs > SWNTs > Cu NPs.
One exception was that the SWNT-COOH sample experienced
much greater changes in heating (AT}, values = 8 and 25 °C at
2.2 and 4.5 W, respectively) compared to the Ag NPs (AT,
values = 7 and 20 °C at 2.2 and 4.5 W, respectively), although
they both had almost identical absorbance at 700 nm (A79p nm
values = 0.1).

The greater heating for SWNT-COOH may be due to dif-
ferences in the purity, size, or dispersion of the carboxylic-acid
functionalized SWNT-COOH sample compared to the other
NPs. However, quantitatively describing the aqueous dispersion
of nanotubes is difficult and “solubility”is typically discerned
through visible observations, various optical techniques and cryo-
TEM. For example, Kam et al." found much greater temperature
elevations for well-dispersed, solubilized DNA-conjugated
SWNTs (25 ug/mL) compared to nondisgersed SWNTs after
continuous irradiation (4 = 808 nm, 1.4 W/cm”) resulting in a linear
relationship between time and laser-induced heating from ~2S to

Figure 4. Digital images of experimental laser setup and parameters.
Note that the red lines labeled “Laser Beam” are edited into the picture
in order to represent the real laser beam path. (A) Overview of laser
design. (B) Digital image of cuvette containing solution and thermo-
couple probe. There is no concern about the sample volume for depth-
of-focus because the beam is recollimated; any liquid within the 4 mm
diameter of the cuvette received the same amount of laser fluence.
Notice that the thermocouple was placed at the top of the cuvette with
care taken to avoid direct exposure of the thermocouple by the
laser beam.

~70 °C in 2 min. Furthermore, Miyako et al.* later demonstrated that
biofunctionalized CNHs displayed greater dispersion and tempera-
ture elevations up to 85 °C compared to oxidized CNHs (25 ug/mL,
in PBS, A = 1064 nm, 5 min, SW) which were only up to 39oC. The
authors proposed that the uncondensed CNH complexes, which
have alarge surface area, more effectively absorbed light leading to the
greater temperature elevations for the water-dispersible CNH com-
plexes compared to insoluble CNH—COOH or CNH. Similar to
these studies, we demonstrated that aggregates of carbon-based NPs
with enhanced absorption in the NIR spectral window experienced
the greatest heating (ie., aggregate sizes of ~1486 and 1172 nm for
CB and SWNT-COOH, respectively).

The great variation between the maximum UV—vis—NIR
absorption values for the NP solutions and wavelength of laser
used were found to be directly related to the temperature changes
for the NP solutions. For example, the lowest temperature
elevations were produced by the Cu NPs, which was related to
the low absorbances around wavelengths of 1064 nm for the laser
used in this study (Table 2). Therefore, even with the limitations
of nonideal dispersion and inherent differences due to elemental
composition, initial screening of the NP solutions with UV—
vis—NIR spectroscopy for absorption in the NIR window still
appears to be a rapid method for accurately predicting the
resultant NP solution temperature profiles after NIR irradiation.

4.2. Role of NP Composition in Heating. Although the focus
of this study was not to compare any one composition of NP,

3976 dx.doi.org/10.1021/am2008536 |ACS Appl. Mater. Interfaces 2011, 3, 3971-3980



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

Figure 5. Digital images of representative cuvettes before and after laser
exposure. (A—C) SWNT-COOH and (D—F) CB. (A, D) Before
exposure, (B, E) after 2.2 W for 7 min, (C, F) after 4.5 W for 8 min.
Notice the bubbles and condensate for both NP solutions after 4.5 W.

carbon-based nanomaterials are demonstrating great utility in
NIR-based technologies. For this reason, we examined three
different carbon-based NPs with different morphologies and
surface chemistries including CB, SWNT and SWNT-COOH.
We found that the small, spherical CB NPs displayed increased
absorbance and temperature elevations compared to the single-
walled carbon nanotubes. Other studies reported that relatively
low concentrations (100 #g/mL) of surfactant stabilized (1 wt %/
wt Pluronic F127 surfactant) multiwalled carbon nanotubes
(MWNTs) suspended in physiologic saline were more efficient
at producing a NIR-dependent increase in temperature com-
pared to raw SWNTs (4 = 1064 nm, 3 W/cm®, 30 s).” The
authors attributed this phenomena to the MWNT's behaving as
highly efficient dipole antennae, with broad absorption spectra
compared to the specific resonance absorptions of SWNTs,
making them amenable to stimulation by a range of NIR energy
sources.”*> However, it is currently unknown why CB NPs
would heat more efficiently than SWNT's because the size, shape,
and other physicochemical properties of the two materials are
quite different.

4.3. Role of Aggregate Size in NP Absorbance and Heat-
ing. Three different samples of Cu NPs were examined (40, 60,
and 80 nm), but there were no obvious changes in the
UV—vis—NIR absorbance or heating for the Cu NP solutions.
One explanation for this behavior may be nonideal dispersion
leading to similar sizes in solution for the 60 and 80 nm Cu NPs
(~600 nm vs ~364 nm for Cu-40 nm). Because the number of
NPs in the same volume of solution was is higher for the smaller
NPs, the thermal effects likely depend upon both the size and the
total number of NPs in suspension. Zharov et al. separated the
effects of size and concentration on NIR-induced heating by
selecting different diameters of gold nanospheres and nanoshells
ranging from 20, 40, 60, and 100 nm compared to 130 nm by
normalizing the NP concentrations to an equal 5.6 x 10° NPs/mL.
In this case, the maximum effect was observed for the largest
NPs.>* However, in this study, concentration was held constant
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Figure 6. Experimental heating kinetics of NP solutions irradiated with
(A) 2.2 W laser power measured at 30 s intervals over 7 min, (B) 4.5 W
laser power measured at 30 s intervals over 8 min, and (C) experimental
heat loss from the cuvette as a function of temperature of solution.

between all of the samples and the number of particles for the
different sizes of Cu samples did not appear to affect the heating
or absorption. Furthermore, the oxidation and irregularity in the
sizes of the Cu NPs are not ideal for size-dependent studies, but
rather provide new information on oxidation-dependent effects
where the smaller Cu NPs contain more surface oxides.

4.4. Visible Solution Changes: Bubble Formation. Visual
examination of the nanosized CB and SWNT-COOH solutions
demonstrated evidence of bubble formation and condensation
on the upper portions of the quartz cuvettes after reaching
maximum bulk temperatures of 48 and 68 °C, respectively. A
similar study by Miyako et al. described bubble formation prior to
boiling (85 °C) after S—10 min of NIR laser exposure (4 =
1064 nm, SW) for highly concentrated 200 #g/mL CNHs in
PBS.”> They concluded that the effective transient local tempera-
ture around the NPs must have also been at least =85 °C.
Because these temperatures are lower than the boiling tempera-
ture of water (100 °C), it is likely that a mechanism involving
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Figure 8. Theoretical heating kinetics of NP solutions irradiated with
(A) 2.2 Wlaser power measured at 30 s intervals over 7 min and (B) 4.5
W laser power measured at 30 s intervals over 8 min.

localized heating around the NPs is responsible for the gas
evolution. For example, superheating can occur near the nano-
particle surface upon exposure to NIR leading to temperatures of
several hundred degrees Celsius prior to boiling of the bulk
solution dependent upon the nanoparticle size.® These super-
heated particles will cause bubbles to form rapidly around the

Table 3. Comparison of Theoretical to Experimental Data for

2.2 W Laser
avg % diff (test) peak temp diff
SWNT 12.32 5.32
SWNT-COOH 18.91 8.26
CB 2691 11.63
Au 1.66 111
Ag 18.66 7.94
Cu 8.43 2.77

Table 4. Comparison of Theoretical to Experimental Data for
4.5 W Laser

avg % diff (test) peak temp diff
SWNT 11.25 4.00
SWNT-COOH 13.19 2.13
CB 16.04 3.28
Au 7.29 3.06
Ag 15.59 7.33
Cu 9.26 3.53

particle. Bubble formation was seen for the SWNT-COOH
samples (Figure S) which indicates that the particles are becom-
ing superheated. These values have practical implications in the
use of NPs to very discrete locations in individual cells and
disease tissues (i.e., cancer cells, subcellular organelles) where
targeted delivery can effectively heat and destroy selected cells
while avoiding healthy cells.

In addition to the bulk heating temperature measured, the size
of the NP aggregates plays a role in bubble formation. For
example, small NPs tend to display low thermal and bubble-
formation effects because of low heating efficiency resulting from
lower NP absorption.*® This may partially explain the intense
NIR absorption, heating and bubble production by large bundles
of SWNTSs (micrometers in length). In agreement with this
notion, DNA-conjugated SWNT's formed gas bubbles and began
to boil after >2 min of continuous laser irradiation (4 = 808 nm,
1.4 W/em?).!

In this study, the thermodynamic modeling based upon uni-
form heating supports the notion that phase transformation, in
the form of solution bubbling, is a viable mechanism for altera-
tions in the experimental thermal profiles.

4.5. Role of Surface Chemistry/Charge on Dispersion and
Heating. When comparing the effect of surface functional
groups, the carboxylic-acid functionalized single-walled car-
bon nanotube (SWNT-COOH) samples experienced a greater
temperature elevation, as well as evidence of possible gas
generation, compared to their nonoxidized SWNT counterparts.
One possible explanation for this behavior is the better solution
stability (dispersion) and subsequent stronger NIR absorption
profile of the SWNT-COOH compared to the SWNTs. How-
ever, it is very difficult to systematically describe the dispersion of
nanotubes solutions with techniques such as dynamic light
scattering, which is based on the scattering of light from spherical
particles. In the case of nanotubes, the values for aggregate size or
overall solution dispersion result from both diameter and length
values leading to sometimes irreproducible and inaccurate values.
For example, in this study, we obtained average size values of 200
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and 1172 nm for the SWNT and SWNT-COOH samples,
respectively.

Furthermore, higher zeta potentials, or increasingly negative
or positive charges, on the surface of the NPs may provide some
degree of interparticle or interaggregate separation, which may
influence the heating kinetics. However, in this study, there was
no direct link between zeta potential and NP heating; all of the
NPs had negative surface charge except for the Cu NPs. Along
these lines, surface functionalities that dissociate may influence
the bulk solution properties such as pH, ion content and specific
heat. However, in this study, there were no intention surface
modifications. Although the acid purified SWNTSs contained
carboxylic acid surface functionalities (SWNT-COOH), the
surface groups were residual artifacts from the purification
process. Of course, other postsynthesis NP modifications should
be considered for their effects upon NP heating in addition to
purposeful surface functionalization, for example, with biomole-
cules for targeting and delivery.

4.6. Limitations and Future Research. Although the tem-
perature of the NP solutions was examined throughout the
duration of the laser exposure every 30 s for up to 8 min, we
did not vary the concentrations of NPs in the solutions, which
were all prepared at a constant mass-basis concentration of
50 wg/mL. However, it is expected that increasing the concentration
of some of the NPs may lead to further elevation of temperature
with an eventual threshold saturation plateau. Support for this
notion was found in studies with carbon nanohorns (CNHs) where
laser exposure (A = 1064 nm, SW, 5 min) to solutions of 25 tg/mL
CNHs in PBS resulted in heating up to ~55 °C compared to
more highly concentrated 200 tg/mL samples, which reached
temperatures >85 °C and boiled after 5—10 min.” When
comparing different carbon-based NPs, one study found that a
2000 pg/mL (2 mg/mL) concentration of SWNTs was required
to generate a temperature elevation to >50 °C (increase of
~27 °C), which was the equivalent heating of a 20-fold lower
concentration (100 ug/mL) of MWNTSs.> Although SWNTs
were comparable with MWNTs in inducing a temperature
increase at the upper limit of concentrations tested (1000—
2000 ug/mL), It was hypothesized that the bundling and
scattering effects of nanotubes are minimized at much lower
concentrations (100 ug/mL), which can result in MWNTs
displaying greater temperature increases compared to SWNTs.
However, in the above studies, it was not ruled out that other
factors (such as actual number of NPs per volume) contributed
to the differential effects since there are a substantially greater
number of smaller NPs in the same volume compared to the
number of larger particles.

Varying the duration of NIR laser (4 = 1064 nm, 3 W/cm”)
exposure from 15 to 60 s resulted in a temperature threshold
between 50 and 55 °C was reached within 30 s for a 100 g/mL
suspension of MWNTs.® It was also shown that a much greater
temperature elevation occurred for well-dispersed DNA-conju-
gated SWNTs (25 ug/mL) after continuous irradiation (808 nm,
1.4 W/cm?), which resulted in a linear relationship between time
and laser-induced heating from ~25 to ~70 °C in 2 min."

By comparison, the carbon-based nanomaterials in this study
(CB, SWNT-COOH, SWNT) prepared at S0 yg/mL heated to
67, 46, and 39 °C (respectively) after the maximum exposure
duration of 5 min with continuous 1064 nm laser irradiation.
These values are highly consistent with the temperature trends
presented above for carbon-based nanomaterials at concentra-
tions ranging from 25 to 200 xg/mL and for similar laser power

and time conditions (A = 808—1064 nm, 5 W, 5—10 min).
Therefore, varying the NP core composition and surface func-
tionality, NP concentration, NP number, laser exposure duration
and other experimental factors will be critical for understanding
optimal heating profiles and developing NP-based therapeutics.

5. CONCLUSIONS

This study reveals the differential heating kinetics of NPs
excited with NIR with implications in the development of novel
NIR-NP based systems. The laser conditions used in this study
(A = 1064 nm, 2.2—4.5 W, up to S min, volume ~1 mL)
demonstrated effective heating. From a practical perspective,
tailoring the NP composition and other physicochemical proper-
ties (i.e., size, surface chemistry, etc.) should lend to better
control of interactions occurring at the interface between NPs
and NIR laser light for applications in evolving fields such as
nanomedicine. Therefore, future research should focus on the
high importance of understanding the detailed molecular me-
chanisms at work, which can be translated to real-world scenarios
and conditions.
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B NOMENCLATURE:

m = mass of water in cuvette (grams)

C, = heat capacity at const. volume (J/(gk))
Qi = energy flow into system (J/s)

Q,ut = energy flow out of system (J/s)

T, = current temperature of solution (K)

T, = initial temp. of solution (K)

T = transmittance

I, = light passing through solution

I, = initial light going into the solution

TR = light transmittance

a = measured absorption of solution at (1064 nm)
P = power of laser beam (w/mm?)

A = cross-sectional area of laser beam (mm?)
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