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ABSTRACT: Poly(N-isopropylacrylamide) microgel-based
optical devices were designed such that they can be stimulated
to change their optical properties in response to light produced
by a light-emitting diode (LED). The devices were fabricated
by sandwiching the synthesized microgels between two Cr/Au
layers all supported on a glass coverslip with gold nanoparticles
(AuNPs) deposited. Here, we found that these devices can be
stimulated to change their optical properties when exposed to
green LED light, which excites the AuNPs and increases the
local temperature, causing the thermoresponsive microgels to
decrease in diameter, resulting in a change in the devices’
optical properties. We also found that the sensitivity of the
devices to light was more pronounced as the environmental
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temperature approached the lower critical solution temperature (LCST) for the microgels, although the sensitivity of the devices
to light exposure dropped off dramatically as the environmental temperature was increased above the LCST. This was a direct
result of the microgels already being in their collapsed state and therefore unable to decrease in diameter any further due to light
exposure. Finally, we found that the sensitivity of the devices to light exposure increased with increasing number of AuNP layers
in the devices. We anticipate that these devices could be used for drug delivery applications; by using light to stimulate microgel
collapse, the microgel-based devices can be stimulated to release small molecules on demand.

KEYWORDS: poly(N-isopropylacrylamide) microgels, responsive polymers, light-responsive etalons, photothermal effect,

gold nanoparticles, layer-by-layer assembly

B INTRODUCTION

Nanoparticles composed of various materials have emerged as
excellent tools for achieving many new materials and material
properties.' > This is primarily due to their unique behavior
that oftentimes varies significantly from their bulk counterparts,
which can be used to achieve advanced materials. For example,
unlike bulk Au, Au nanoparticles (AuNPs) are able to absorb
visible light of specific wavelengths, as a result of surface
plasmon resonance.”® Heat is generated as a result of the
absorption, which is able to increase the local temperature of
systems. This photothermal effect has been exploited for
various applications.4’9’m

“Responsive materials” or “smart materials” are also able to
transform a stimulus into an observable physical or chemical
change. Ideally, their response is reversible, and the materials
revert back to their initial state once the stimulus is withdrawn.
Polymer-based responsive materials, known as responsive
polymers, are well-known and have been developed to respond
to various stimuli, such as pH, temperature, analyte
concentration, electric and magnetic fields, and biomole-
cules.'' ™" Poly(N-isopropylacrylamide) (pNIPAm) has be-
come the most extensively studied responsive polymer over the
decades."®™"® pNIPAm is a well-known thermoresponsive
polymer that undergoes a conformational change from an
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extended coil to a compact globule in water when the
temperature is raised >32 °C, which is pNIPAm’s lower critical
solution temperature (LCST)."” Above this temperature,
pNIPAm transitions from a hydrophilic to a relatively
hydrophobic state, where polymer—polymer interactions
dominate. Like linear pNIPAm, cross-linked networks of
pNIPAm (hydrogels) and colloidally stable hydrogel particles
(microgels) can be synthesized, which also retain their
thermoresponsive properties.'”*°~>* Hydrogels and microgel
particles swell in water below the LCST of pNIPAm and shrink
above the LCST reducing their volume and size. Additional
functional/reactive/responsive groups can be incorporated into
these pNIPAm-based materials at the time of synthesis to make
them responsive to a number of different stimuli.”*~>’ A variety
of amines and/or carboxylic acid groups, for example, acrylic
acid (AAc), methacrylic acid (MAAc), vinyl acetic acid, and N-
(3-aminopropyl) methacrylamide hydrochloride (APMAH),
can be introduced into the materials to achieve pNIPAm-

based systems with novel chemistries and responsiv-
ities, 13172831
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In previous studies, we showed that optical devices could be
fabricated by sandwiching pNIPAm-based microgels between
two Au layers supported on a glass substrate—the structure is
shown schematically in Figure 1(a).”>*® This device, referred to
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Figure 1. (a) Schematic of a microgel-based etalon. (b) A typical
reflectance spectrum from a AuNP-loaded pNIPAm-co-AAc microgel-
based etalon (solid line) before and (dotted line) after localized
heating by exposure to a light-emitting diode emitting ~515 nm light.
The etalon is held at a temperature near the LCST for pNIPAm.

as an etalon, exhibits visible color and multipeak reflectance
spectra as shown in Figure 1(b). The position of the peaks in
the reflectance spectra depends on a number of factors
according to eq 1

A = (2nd cos 0)/m (1)

where n is the refractive index of the microgel (dielectric) layer;
d is the mirror—mirror distance; @ is the angle of incident light
relative to the device normal; and m (an integer) is the order of
the spectral peak. We point out that while the device’s optical
properties depend on the parameters in eq 1 the mirror—mirror
distance is primarily responsible for the tunable optical
properties of our devices (at a single observation angle).

We have exploited the etalon construct for a wide variety of
applications in sensing, biosensing, and drug delivery.”**’
Here, to further demonstrate the utility of the etalon construct,
we show that the structures can be rendered photoresponsive
by exploiting the ability of AuNPs to absorb visible light and
transform it into heat—the heat is capable of triggering
pNIPAm-based microgel collapse, which results in a change in
the etalon’s optical properties. Specifically, the devices
investigated here were fabricated by modifying glass coverslips
with (3-aminopropyl)-trimethoxysilane (APTMS) or Au-coated
glass coverslips with cysteamine—the amine termini on both
substrates can be used to absorb AuNPs. Then, microgel-based
etalons were fabricated on top of the AuNP layers and the
optical response of the etalons to green light (~51S nm)
supplied by a light-emitting diode (LED) investigated. We
found that at all temperatures investigated below 32 °C the
magnitude of the device’s response to light irradiation
increased. However, at temperatures above 32 °C, the
microgels in the etalons were collapsed, and the etalon
response to light exposure was diminished significantly. We
attributed this to the fact that microgels were already collapsed
at the elevated temperatures, and therefore heat supplied from
the AuNPs could not cause the microgels to collapse further.
Additionally, we found that the etalon response could be
enhanced by adding more AuNP layers to the glass substrate
prior to etalon fabrication. Since there is such a diversity of
AuNP sizes, shapes, and configurations (e.g., core—shell

AuNPs) the devices could be made responsive to many
different wavelengths, even wavelengths in the near-infrared
range of the electromagnetic spectrum.**~*' These wavelengths
can penetrate relatively deeply into skin, which will allow these
devices to deliver small-molecule therapeutics in a light-
triggered fashion.

B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide was purchased from TCI
(Portland, Oregon) and purified by recrystallization from hexanes
(ACS reagent grade, EMD, Gibbstown, NJ) prior to use. N,N'-
Methylenebis(acrylamide) (BIS) (99%), ammonium persulfate (APS)
(98.5%), DMSO, and cysteamine (~95%) were obtained from Sigma—
Aldrich (Oakville, ON) and were used as received. (3-Aminopropyl)-
trimethoxysilane (APTMS) was purchased from United Chemical
Technologies Inc. (Bristol, PA) and was kept in a desiccator for
storage. Poly(diallyldimethylammonium chloride) (pDADMAC) was
purchased from Sigma-Aldrich (St. Louis, USA). Citrate-capped gold
nanoparticles (AuNPs) with 15 nm diameter were purchased from
nanoComposix (San Diego, CA). Sodium chloride was obtained from
Fisher Scientific (Ottawa, ON). All deionized (DI) water was filtered
to have a resistivity of 18.2 MQ-cm and was obtained from a Milli-Q
Plus system from Millipore (Billerica, MA). Chromium (Cr) and gold
(Au) were deposited using a model THEUPG thermal evaporation
system from Torr International Inc. (New Windsor, NY). Annealing of
Cr/Au layers was done in a Thermolyne muffle furnace from Thermo
Fisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained
from Commercial Alcohols (Brampton, Ontario). Fisher’s finest
prewashed glass coverslips were 25 X 25 mm and obtained from
Fisher Scientific (Ottawa, Ontario). Cr (99.999%) was obtained from
ESPI (Ashland, OR), while Au (99.99%) was obtained from MRCS
Canada (Edmonton, AB). The LED used was obtained from
LEDdynamics Inc. (part number A008-EGRNO0-Q4, VT, USA),
capable of supplying a luminous flux of 540 Im (at 700 mA) with a
maximum intensity centered at ~515 nm.

Procedures. Poly(N-isopropylacrylamide-co-acrylic acid) Micro-
gel Synthesis. Microgels composed of poly(N-isopropylacrylamide-co-
acrylic acid) (pNIPAm-co-AAc) were synthesized via temperature-
ramp, surfactant-free, free radical precipitation polymerization as
described previously.*® The monomer mixture was comprised of 85%
N-isopropylacrylamide (NIPAm), 10% acrylic acid (AAc), and 5%
N,N'-methylenebis(acrylamide) (BIS) as the cross-linker. The
monomer, NIPAm (17.0 mmol), and BIS (1.0 mmol) were dissolved
in deionized water (100 mL) with stirring in a beaker. The mixture was
filtered through a 0.2 ym filter affixed to a 20 mL syringe into a 200
mL three-neck round-bottom flask. The beaker was rinsed with 25 mL
of deionized water and then filtered into the NIPAm/BIS solution.
The flask was then equipped with a temperature probe, a condenser,
and a N, gas inlet (via a needle). The solution was bubbled with N,
gas for ~1.5 h, while stirring at a rate of 450 rpm, allowing the
temperature to reach 45 °C. AAc (2.0 mmol) was then added to the
heated mixture with a micropipette in one aliquot. A 0.078 M aqueous
solution of APS (5 mL) was delivered to the reaction flask with a
transfer pipet to initiate the reaction. Immediately following initiation,
a temperature ramp of 45—65 °C was applied to the solution at a rate
of 30 °C/h. The reaction was allowed to proceed overnight at 65 °C.
After polymerization, the reaction mixture was allowed to cool to
room temperature and filtered through glass wool to remove any large
aggregates. The coagulum was rinsed with deionized water and filtered.
Aliquots of these microgels (14 mL) were centrifuged at a speed of
~8500 relative centrifugal force (rcf) at 23 °C for about 45 min to
produce a pellet at the bottom of the centrifuge tube. The supernatant
was removed from the pellet of microgels, which was then
resuspended to the original volume (14 mL) using deionized water.
This process was continued for a total of six times to remove any
unreacted monomer and/or linear polymer from the microgel
solution. Concentrated microgels were stored in the centrifuge tube
for future use.
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Figure 2. Schematic of AuNP-modified etalons. (a) APTMS/AuNPs etalons were fabricated by modifying glass coverslips with APTMS followed by
deposition of a AuNP layer. Then, Cr/Au was deposited, followed by microgels, and another layer of Cr/Au. (b) APTMS/AuNPs/pDADMAC/
AuNPs/pDADMAC/AuNPs etalons were generated by depositing AuNPs on an APTMS-modified glass substrate, followed by deposition of a
pDADMAC layer. This layer was then exposed to the AuNP solution and then exposed again to pDADMAC—this was repeated to yield three
AuNP layers, onto which a Cr/Au layer was deposited, followed by microgels, and another layer of Cr/Au. (c) Cysteamine/AuNP etalons were
generated by modifying Au-coated glass substrates with cysteamine, followed by deposition of AuNPs. This substrate was then used to deposit a Cr/
Au layer, followed by microgels, and another layer of Cr/Au layer. (d) AuNP impregnated etalons were generated by depositing a Cr/Au layer on a
glass coverslip, followed by the addition of microgels. The microgel-coated substrate was then exposed to the AuNP solution and another layer of

Cr/Au deposited.

Substrate Functionalization and Device Fabrication. Glass
coverslips were functionalized with APTMS to allow AuNPs to absorb
to the substrates. This was done by washing glass substrates with DI
water followed by rinsing with absolute ethanol. The substrates were
then immersed in freshly prepared Piranha solution (4:1 H,SO,/
H,0,) for 30 min, to remove any organics from the substrate surface
(Caution! Piranha solutions react violently in the presence of many
organic compounds and should be handled with extreme caution).
The substrates were again rinsed copiously with DI water and 95%
ethanol, dried with N,, and then immersed in a solution composed of
1% APTMS (in absolute ethanol) for 2 h. After this time, the
substrates were removed from the APTMS solution and once again
rinsed copiously with 95% ethanol. These substrates were dipped into
a solution of AuNPs (15 nm diameter, 0.055 mg/mL aqueous
solution) for 30 min, then washed copiously with DI water, dried with
N, gas, and used or stored. These substrates were then used to deposit
microgel-based etalons. Specifically, a 2 nm layer of Cr followed by 15
nm of Au was deposited using a thermal evaporator. Then, using a
previously reported painting technique,** a monolithic monolayer of
microgels was painted on the deposited Au layer, followed by the
deposition of another 2 nm Cr and 15 nm Au layer on the microgels.*
A schematic of the structure is shown in Figure 2a. The completed
devices were soaked overnight in DI water held at 30 °C overnight
before they were used for further experiments.

Slides with multiple AuNP layers were also generated using a well-
established layer-by-layer approach.**~ 4 To accomplish this, AuNP-
modified substrates were exposed to a pDADMAC solution for 30 min
followed by copious rinsing with DI water and dried with N, gas. The
electrostatic interaction between pDADMAC and citrate-capped
AuNPs allowed the layer to be formed. The substrates were then
exposed to the AuNP solution again, followed by rinsing, drying, and
exposure to the pPDADMAC solution. This process was repeated until
three layers of AuNPs were achieved (APTMS/AuNPs/ pDADMAC/
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AuNPs/ pDADMAC/AuNPs). Once this multilayer film was achieved,
the etalon construct was deposited on top, as detailed above. This can
be seen schematically in Figure 2b.

For other investigations, clean glass coverslips were directly coated
with 2 nm of Cr followed by 15 nm of Au via thermal evaporation
followed by annealing at 250 °C for 3 h. The Cr/Au-coated substrates
were immersed into a solution of cysteamine (1% aqueous solution; 2
h), washed copiously with DI water, and dried with N, gas.
Cysteamine was adsorbed onto the slides by strong interaction of
thiol and Au, whereas cysteamine’s NH, was free to react with other
groups.”’” The substrates were then used to absorb AuNPs by dipping
them in a solution of AuNPs. The pH of the AuNP solution (pH =
5.9) allowed the cysteamine’s amine to be protonated and form a
strong bond with AuNPs. The resulting substrates were washed
copiously with DI water, dried with N,, and used to deposit an etalon
on top using the same procedure described above. This is shown
schematically in Figure 2c.

Finally, etalons were fabricated directly on Au-coated glass
substrates, and the AuNPs impregnated into the microgel layer. To
accomplish this, 2 nm of Cr followed by 15 nm of Au was deposited
onto a clean glass coverslip, followed by deposition of microgels using
the painting protocol, then exposed the AuNP solution for 30 min to
allow the AuNPs to absorb into/onto the microgels.48’49 The
substrates were washed copiously with DI water, dried, and coated
with 2 nm of Cr followed by 15 nm of Au. The structure of this device
can be seen in Figure 2d.

Reflectance Spectroscopy. Reflectance spectra were collected
using a USB2000+ spectrophotometer, an HL-2000-FHSA tungsten
light source, and an R400-7-VIS-NIR optical fiber reflectance probe all
from Ocean Optics (Dunedin, FL). The spectra were recorded using
Ocean Optics Spectra Suite Spectroscopy Software over a wavelength
range of 350—1025 nm. The sample was fixed in a Petri dish filled with
aqueous solution of pH = 3.0 (prepared by adding 1 M HCI solution
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to DI water) and was positioned over a LED source of green light
(~51S5 nm)—the typical distance between the LED and the etalon was
0.5 cm. The water temperature was monitored with a digital
thermometer. The optical fiber reflectance probe was positioned
over the sample with a clamp so that the location and height of the
light source was fixed and controlled to get the best reflectance
spectrum (i.e., well-defined reflectance peaks) as shown in Figure 3. A

Figure 3. Simplified schematic diagram of the experimental setup.

heating probe and a test tube filled with crushed ice were dipped into
the Petri dish, which allowed the temperature to be controlled to 0.5
°C. Spectra were monitored and recorded at specific temperatures. It is
important to note that spectra were collected once the position of the
spectral peaks ceased shifting and turned the LED off.

B RESULTS AND DISCUSSION

First, we investigated the response of APTMS/AuNPs etalons
to LED light exposure; the AuNPs used here had a A, of
~517 nm. The UV—vis spectrum for the AuNPs used here in
aqueous solution can be seen in Figure S1 of the Supporting
Information (SI). As can be seen in Figure 4a and 4b, the
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Figure 4. Change in position of a single reflectance peak (AA,,,) for
(a) APTMS/AuNPs etalon and (b) cysteamine/AuNPs etalon while
the LED was turned on. The LED light source was turned on for ~30
min for each time to record the shift in reflectance spectra. Here,
symbol (A) indicates the temperature increase cycle, while symbol
(V) denotes the temperature decrease cycle. Each data point
represents the average of at least three independent measurements
on the same device, and the error bars are the standard deviation for
those values.

APTMS/AuNPs and cysteamine/AuNPs etalons exhibited a
large spectral response (spectral blue shift) upon exposure to
the green LED (~30 min, which is the time required to yield a
stable reflectance peak position) at temperatures below 32 °C.
We point out here that the time for the devices to respond was
relatively fast, although 30 min was often required to ensure the
optical properties of the devices were completely stable. For all

devices, we measured the reflectance peak near 700 nm—since
the devices were made from the same microgels, this ensured
that the same order peak was being monitored from sample to
sample. It should also be noted that the magnitude of the shift
increased with increasing temperature up to 32 °C. We
attribute the light-triggered optical response to the AuNPs
absorbing the green LED light followed by a release of heat into
the local environment near the microgels. We hypothesize that
the heat released from the AuNPs causes the pNIPAm-based
microgels to collapse, resulting in the observed spectral shift. As
the temperature of the environment approaches pNIPAm’s
LCST, the devices become more sensitive to light exposure due
to the fact that the AuNP heating could more easily increase the
local temperature to above pNIPAm’s LCST; this results in
large responses relative to devices held at a temperature far
away from pNIPAm’s LCST. This hypothesis is supported by
the lack of etalon response to light exposure as the
environmental temperature exceeds the LCST; this is because
the microgels are already fully collapsed, and the heat generated
by the AuNPs has no effect on microgel diameter. Importantly,
we found that the optical properties of the etalons were
completely reversible over a number of cycles without an
obvious loss in function, as can be seen in Figure S.
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Figure S. Shift in reflectance peak (4,,) of (a) APTMS/AuNPs
etalon; (b) cysteamine/AuNPs etalon; (c) APTMS/AuNPs/pDAD-
MAC/AuNPs/pDADMAC/AuNPs etalon, and (d) AuNPs impreg-
nated etalon devices. Here, each odd number indicates that the LED
was on, and the even number indicates that the LED was off. The
environmental temperature was 20 °C for these experiments. The
LED light source was turned on for ~30 min for each time to record
the shift in reflectance spectra.

To confirm that the observed response was a result of the
AuNPs, we fabricated an etalon by painting a monolithic
microgel layer on top of a Cr/Au-coated glass coverslip and
subsequently adding another Au layer on top. It should be
noted here that this device does not have a AuNP layer present.
We found that exposure of this device to the LED light source
had minimal impact on the optical properties of the etalon, as
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shown in Figure 6. For these experiments, the light was turned
on for 30 min, and while there is a response, it is small relative
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Figure 6. (a) Position of a single reflectance peak (4,,,,) for etalons
without AuNPs. Here, symbol (A) indicates the temperature increase
cycle, while symbol (V) denotes the temperature decrease cycle. Each
data point represents the average of at least three independent
measurements on the same device, and the error bars are the standard
deviation for those values. The LED light was turned on for 30 min or
until the device ceased the movement in reflectance spectra. (b) The
cycle of LED on and off with the same device at 20 °C. Here, each odd
number indicates that the LED was on, and an even number indicates
that the LED was off.

to the response of the device composed of AuNPs. This may be
a result of the Au layer of the etalon absorbing some of the light
energy, resulting in some local heating. Similar to the above
devices, these etalons did not respond to light at temperatures
higher than 32 °C.

Since we attributed the response of the etalon to the heat
generated from the AuNPs absorbing the green LED light,
followed by heat dissipation and microgel collapse, we
investigated whether more AuNP layers in a device could
yield an enhanced response. Figure 7 shows the spectral
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Figure 7. Position of a single reflectance peak (4,,,,) for the APTMS/
AuNPs/pDADMAC/AuNPs/pDADMAC/AuNPs etalon. Here, sym-
bol (A) indicates the temperature increase cycle, while symbol (V)
denotes the temperature decrease cycle. Each data point represents the
average of at least three independent measurements on the same
device, and the error bars are the standard deviation for those values.
The LED light was turned on for 30 min or until the device ceased the
movement in reflectance spectra.

response of devices composed of three AuNP layers upon
exposure to the LED source for 30 min. As can be seen, the
shift in the spectral peak of the reflectance spectrum is
enhanced in magnitude compared to the devices composed of a
single layer. Also, the sensitivity to LED exposure increased
linearly below 32 °C, and above that temperature no response
was observed. This device can also be cycled between LEDs on

and off at fixed temperature (Figure Sc) that proves that they
can be actuated repeatedly.

Finally, we wanted to investigate the light-induced response
of etalons with AuNPs impregnated directly into the microgel
layer. Figure 8 shows that the peaks in the reflectance spectrum
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Figure 8. Shift in the position of a single reflectance peak (4,,,,) of a
AuNP impregnated device at different temperatures. Here, symbol
(A) indicates LED on cycle, while symbol (¥) denotes LED off cycle.
Here each data point represents the average of at least three
independent measurements on the same device, and the error bars are
the standard deviation for those values. The LED light was turned on
until the shift was ceased (usually ~30 min).

shifted significantly upon exposure to the LED for 30 min. We
attribute this to the photothermal effect of impregnated AuNPs,
which absorb radiation and release heat resulting in an increase
in the temperature of the solution in the microgels. As a result,
the microgels collapse and reduce the distance between the
etalon’s Cr/Au layers resulting in a shift in the reflectance
spectrum. These devices can be actuated repeatedly by turning
the LED light on and off as can be seen from Figure 5d.

B CONCLUSION

We were able to show that pNIPAm microgel-based etalons can
be fabricated and made sensitive to light exposure by doping
the devices with AuNPs—AuNPs are well-known to absorb
light of certain wavelengths and concomitantly release heat into
the local environment. We found that the sensitivity of the
devices to LED exposure increased linearly with temperature
below 32 °C. Above this temperature, the devices were not
responsive. We attribute this to the fact that the microgels are
already collapsed above 32 °C, so further heating by the AuNPs
had no effect on the optical properties. We also found that
multilayers of AuNPs can be added to the substrate to enhance
the sensitivity of the devices to light exposure. Finally, we
showed that the response of the devices could be cycled many
times without significant hysteresis. These devices could be
made such that they respond to wavelengths capable of
penetrating deep into skin, allowing them to be used for
triggered/controlled drug delivery.
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Fig. S1. UV-Vis spectrum of the AuNPs used in this study in solution.



Fig. S2. Transmission electron microscope image of the AuNPs used in this study.
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