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Abstract: A device constructed by sandwiching a thin film of poly (N-isopropylacrylamide)-co-
acrylic acid (pNIPAm-co-AAc) microgels between two thin layers of Au (all on a glass support)
was used as a novel platform for controlled release of small molecules (drugs). In this
submission, the model drug tris (4-(dimenthylamino)phenyl)methylium chloride (Crystal Violet,
CV) was loaded into the microgel layer of the device by electrostatic interaction of its positive
charge with the negative charges on the deprotonated AAc groups on the microgels at pH > 6.5.
The upper Au layer of this device was coated with SiO, generated by hydrolysis of tetraethyl
orthosilicate (TEOS) catalyzed by ammonia at room temperature. Upon exposing the CV loaded
devices to pH 3 solutions, the microgel AAc groups were neutralized, and the CV released. The
release rate of the CV could be controlled by the thickness of the SiO, layer coating the Au layer.

Specifically, devices with thick silica layers slow the release rate and thin layers allow for faster
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release. This device represents an easily fabricated device for controlled and triggered release

from a thin film with easily controlled release kinetics.

INTRODUCTION

Stimuli responsive polymer-based materials are often referred as “smart materials” due to their
ability to respond to external stimuli, e.g., temperature,’ pH,>” light,"® magnetic field,” and
electrical field.'"™" In the last few decades, functional stimuli responsive materials such as

. . 15 16,17
214 microgels,"” and nanogels'®'” have been used to encapsulate and release

porous materials,
small molecules (or drugs) in a controlled and triggered fashion. Among stimuli responsive
polymers, poly (N-isopropylacrylamide) (pNIPAm) is by far the most extensively studied to date;
a direct result of its thermoresponsivity.'”2° Specifically, pNIPAm exhibits a lower critical
solution temperature (LCST) of 32°C in water, which is close to physiological temperature.
Above the LCST, pNIPAm undergoes a transition from a random coil (extended state) to a
globule (collapsed state), expelling its solvating water in the process.

PNIPAm can be crosslinked into a polymer network, and hydrogel particles (nanogels or
microgels, depending on diameter) can be synthesized. These networks also undergo a swollen-
to-collapsed transition in water at elevated temperature. Specifically, pNIPAm-based microgels
transition from a swollen (large diameter) to a collapsed (small diameter) state at elevated

temperature.ZI'23

Like all temperature induced conformational state changes of pNIPAm, the
transition for pNIPAm-based microgels is fully reversible over many cycles. PNIPAm-based
microgels can also be made responsive to other stimuli, in addition to temperature. For example,

copolymerization of functional monomers or crosslinkers into the pNIPAm network can make

them responsive to, e.g., pH, light and/or electric field.>"'" A well-known pH responsive
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pNIPAm-based microgel is pNIPAm-co-acrylic acid (pNIPAm-co-AAc), which is made by
simply adding AAc at the time of synthesis.* AAc exhibits a pK, of 4.25, therefore pNIPAm-co-
AAc microgels are negatively charged at pH > 4.25, while they are neutralized at pH <4.25. The
charge switchability of the pNIPAm-co-AAc microgels allows them to bind and release
positively charged molecules at pH > pK,, and pH < pK,, respectively.**

In previous work, we showed that optical devices, known as etalons, could be generated by
"sandwiching" a homogeneous monolayer of pNIPAm-co-AAc microgels between two thin Au

4,23-32

layers. The structure of this device can be seen in Figure 1. The optical properties of these

devices have been studied in great detail, and they have been used for sensing a variety of

3334 We also found that the structure could be used for controlled and triggered drug

species.
delivery. Importantly, we determined that the release rate depended greatly on the thickness of
the Au layer covering the microgel layer (Au overlayer), which systematically varied the pore
size. Therefore, thick Au layers slowed the release properties compared to thin Au layers.24

In those studies, we used Au layer thicknesses of up to 700 nm, which increases the device's
cost and fabrication time dramatically. Therefore, new ways to control release rates are needed.
In this submission, we modify the Au overlayer porosity by adding a layer of silica via the
hydrolysis of tetracthyl orthosilicate (TEOS) vapor with water in the presence of ammonia.
Using this approach, we were able to decrease the Au overlayer thickness to below 50 nm and
subsequently modify the Au layer with silica to control the release rates. By varying the silica
layer thickness by varying the modification time, the release rate could be effectively controlled
and tuned, i.e., long modification time leads to slow release rates. This low-cost and effective

method provides an alternative way to control and trigger drug release by using the microgel-

based drug reservoir systems.
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EXPERIMENTAL SECTION

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, Oregon) and
purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ) prior to
use. N,N’-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), and ammonium
persulfate (APS) (98+%) were obtained from Sigma-Aldrich (St. Louis, MO) and were used as
received. Tris (4-(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) and tetraethyl
orthosilicate (TEOS, 98%) were obtained from Sigma-Aldrich (St. Louis, MO). Sodium chloride
was obtained from EMD (Millipore, Billerica, MA), and deionized (DI) water with a resistivity
of 18.2 MQecm was used. Cr/Au annealing was done in a Thermolyne muffle furnace from
ThermoFisher Scientific (Ottawa, Ontario). Anhydrous ethanol was obtained from Commercial
Alcohols (Brampton, Ontario). Sodium hydroxide (NaOH, 99.8%) and hydrochloric acid were
purchased from Caledon Chemicals (Georgetown, Ontario) and were used as received. Fisher’s
finest glass coverslips were 25 x 25 mm and obtained from Fisher Scientific (Ottawa, Ontario).
Cr was 99.999% and obtained from ESPI as flakes (Ashland, OR), while Au was 99.99% and
obtained from MRCS Canada (Edmonton, AB).

Microgel Synthesis: Temperature-ramp, surfactant-free, free radical precipitation polymerization
was used to synthesize mcirogels, as previously described.”” Briefly, a 3-necked round- bottom
flask was fitted with a reflux condenser, nitrogen inlet, and temperature probe, and charged with
a solution of monomer mixture, comprised of NIPAm (11.9 mmol) and BIS (0.703 mmol) in 99
mL of deionized water, previously filtered through a 0.2 um filter. The solution was bubbled
with N, while stirring and heated to 70 °C over ~1 hour. 99 puL of AAc (1.43 mmol) was added

to the heated reaction mixture with micropipette in one aliquot. The reaction was then initiated
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with an ammonium persulfate (APS) solution, prepared by dissolving 0.2 mmol APS in ImL of
deionized water. The reaction was then allowed to proceed at 70°C for 4 hours under a blanket of

nitrogen and vigorous stirring. The resulting suspension was allowed to cool overnight while
stirring, and then filtered through glass wool to remove any large aggregates. About 12 mL of the
microgel suspension was then distributed into centrifuge tubes and washed via centrifugation at
~8500 rcf for 45 min to form a pellet at the bottom of centrifuge tubes, followed by removal of
the supernatant. And then the pellet of microgel was re-suspended with original volume, 12 mL,
of deionized water. This process was repeated to a total of six times to remove any unreacted

monomers. The purified microgels were recombined and stored in a brown glass jar.

CV Loaded Etalon Fabrication: CV loaded etalons were fabricated by using a previously
reported protocol with slight modification.® The process is shown in Figure 2. To fabricate the
Au coated glass substrates (etalon underlayer), 2 nm Cr and 15 nm of Au was sequentially
thermally evaporated at a rate of 0.2 A s-1, and 0.1 A s-1, respectively, (Torr International Inc.,
thermal evaporation system, Model THEUPG, New Windsor, NY) onto a 25 x 25 mm DI
water/ethanol rinsed and N, gas dried glass substrate (Fisher’s Finest, Ottawa, ON). The Cr/Au
coated substrates were annealed at 250 °C for 3 h (Thermolyne muffle furnace, Ottawa, ON) and
cooled down to room temperature prior to microgel film painting. The annealed substrate was
washed with deionized water and ethanol followed by drying with N, gas. Then a 40 pL aliquot
of the concentrated microgels was dispensed onto the substrate and then spread toward each edge
using the side of a micropipet tip. The substrate was rotated 90°, and the microgel solution was
spread again. The spreading and rotation continued until the microgel solution became too
viscous to spread due to drying. The microgel solution was allowed to dry completely on the

substrate for 2 h with the hot plate temperature set to 35 °C. After that, the dry film was rinsed
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copiously with DI water to remove any excess microgels not directly bound to the Au. The
microgel painted substrate was then placed into a DI water bath and allowed to incubate
overnight on a hot plate set to 30 °C. Following this step, the substrate was again rinsed with DI
water to further remove any microgels not bound directly to the Au substrate surface. The
samples were then dried with N,, and soaked in CV solution (4 mg/mL, pH of 6.5) for 5 hours.
The substrates were again rinsed with pH 6.5 solution (to maintain the microgel-CV interaction)
to remove excess CV not bound to the microgels, and incubated in pH 6.5 solution for 1 hour
followed by drying with N, gas. Finally, another 2 nm Cr and 50 nm of Au metal layers were
deposited on the microgel layer.

Au Overlayer Modification with Silica: Two 0.5 mL glass vessels were placed inside of a glass
Petri dish. 0.4 mL of TEOS and NH; (28% in water) were added separately into each vessel.
Another Petri dish, with a CV-loaded device secured inside, was placed on top of the above Petri
dish such that the Au overlayer was facing the TEOS/NH;3 vessels. Parafilm was used to
completely seal the system. The whole apparatus was held at room temperature, for different
periods of time, to yield SiO, (silica) layers with various thicknesses. After silica layer formation,
the etalon edges were sealed with clear nail polish, to ensure CV could only exit the microgel
layer through the Au/silica overlayer.

CV Release Experiments: A Petri dish filled with 20 mL of water at pH 3 (ionic strength=2 mM)

was placed on a hot plate, and the solution temperature was maintained at 25°C. The solution in

the Petri dish was stirred continuously at 400 rpm using a magnetic stir bar. A sample was added
to the Petri dish, and a peristaltic pump was used to circulate the solution through a quartz

cuvette in an Agilent 8453 UV-Vis spectrophotometer, equipped with an 89090A temperature
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controller and Peltier heating device. The absorbance spectrum of the solution was collected

every minute. The flow rate of the solution was set to a constant value, 0.042 mL/s (as measured).

RESULTS AND DISCUSSION

PNIPAm microgel-based etalons loaded with the small molecule tris (4-
(dimethylamino)phenyl)methylium chloride (Crystal Violet, CV) were generated. The procedure
is outlined in Figure 2, and detailed above. Briefly, microgels attached to a Au coated glass
substrate were loaded with CV, by soaking them in a CV solution with a pH 6.5 that renders the
microgels negatively charged, and the CV positively charged. This layer was subsequently
coated with another layer of Cr and Au, and the "sandwich" structure exposed to TEOS for
various times. The reaction of TEOS with water to form silica is shown below, and has been

1 . : 36-38
utilized previously for coating surfaces.

NHj catalyst
Si(OCH,CH3), + H,0 —> (8i0,), + CH;CH,OH
A schematic depiction of the silica layer generation is shown in Figure 3. We hypothesize that
the silica layer covers the surface of the Au overlayer, and fills in the Au overlayer pores to
block the path of CV exiting the microgel layer to enter the surrounding solution. As the
modification time is increased, the silica layer thickness should likewise increase, and more of
the Au pores should be filled. The surface morphology of the resulting devices was investigated
using atomic force microscopy (AFM, tapping mode, Asylum Research, Santa Barbara, CA) at
room temperature. The images are shown in Figure 4. From the images it can be seen that the
microgel curvature is obvious before silica layer formation, while the curvature is diminished

after silica layer formation. From the image, the apparent microgel diameter (diameter that can
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be measured, not necessarily the absolute diameter) before silica layer deposition was ~500 nm,
while it appears to increase to ~700 nm as a result of silica layer deposition. The surface
morphology is also clearly affected by the silica layer deposition. These observations allow us to
conclude that the silica layers are forming on the Au overlayer.

X-ray photoelectron spectroscopy (XPS) was also used to confirm the elemental composition
of the overlayers after silica layer deposition, and how the atomic mole percent of silicon was
affected by deposition time. The signal at 104 eV from the XPS spectrum (data not shown) was
used to determine the atomic mole percent of Si**, which is evidence of the oxide state.” Figure
5 shows that as the silica layer "growth" time increased, the amount of Si*" also increased, with a
concomitant decrease in the Au signal due to the silica layer covering it. Secondary ion mass
spectrometry (SIMS) was conducted, and the data is shown in Figure 6 for the unmodified, 3-
hour modified and 9-hour modified samples. The data shows that the Si layer formation is
homogenous on the Au surface. In fact, after 3 h deposition, the surface appears uniformly
coated with Si, with little Au detectable over this area. The results after 9 h are similar. These
data are consistent with thicker silica layers being deposited on the device's Au overlayer as a
function of increasing deposition time.

Once silica layers were deposited on the device Au overlayers, the CV release kinetics were
investigated. We determined the release kinetics for devices with no silica layer, and devices
after 3, 6, and 9 h TEOS exposure. These experiments were completed by adding CV loaded
devices to a Petri dish containing 20 mL of pH 3.0 aqueous solutions. This pH neutralizes the
microgel AAc groups allowing the CV to exit the devices. Solution from the Petri dish was
pumped into a cuvette held in a UV-Vis spectrometer, which was setup acquire a spectrum every

1 min for 240 min (4 h). The flow rate of the liquid was fixed at a constant value of 0.042 mL/s.
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CV, a water soluble dye, has a maximum absorbance at ~590 nm. Therefore, based on Beers’
law, and the constant solution volume, the magnitude of the absorbance at 590 nm is
proportional to the amount of CV released. Representative UV-Vis absorbance spectra from the
3 h modified sample are shown in Figure 7a. Figure 7b shows the full set of release kinetics. As
is clearly seen, the release kinetics from the unmodified device is much faster than the modified
devices. The device exposed to TEOS for 9 h clearly has the slowest release kinetics, releasing
only half the CV that the unmodified devices do in the given time period. Control experiments
were completed with devices exposed to TEOS -- in this case, the devices didn't have the upper
Au layer coating the microgels. We observed no effect on the release kinetics, and therefore the
Au layer covering the microgels is critical to control the release kinetics.

We went on to determine the long term release characteristics of the devices. The release
kinetics of samples modified for 6 and 9 h were monitored up to 1200 minutes. The highest value
of absorbance was reached by 6-hour samples at around 650 min and by 9-hour samples at
around 1000 min. The final absorption values of solutions for all samples (modified and
unmodified) are within the range of 0.185-0.205 after full release. Based on this result, we can
conclude that the silica layers do not block CV from being released from the devices, it simply
reduces the rate at which it can enter the solution from the microgels. To further quantify this, we
determined the time it takes for each device to release 50 % of total amount of loaded CV; the
plot can be seen in Figure 8. As expected, it takes devices longer to release 50% of CV when the

silica layer thickness increases.

CONCLUSIONS
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In this investigation, we showed that pNIPAm-co-AAc microgel-based devices coated with
silica layers are very effective at controlling the release kinetics of small molecules to a system.
The layers were characterized by atomic force microscopy, which showed the devices were
being modified. We also showed by SIMS and XPS analysis that the amount of silica deposited
on the devices was directly related to the device modification time. Finally, the release kinetics
were determined, which showed that the devices released CV slower as the amount of silica on
the devices increased. In the future, these silica modified devices could be used for controlled

and triggered drug delivery.**"!
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Figure 1. Structure of a pNIPAm microgel-based etalon. (a) 50 nm Au layer (with 2 nm Cr adhesion layer)
sandwiching (b) a microgel layer all on a (c,d) glass substrate coated with 15 nm Au layers (with 2 nm Cr adhesion

layer).
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Figure 3. Schematic illustrating the pores in Au layers that allow CV to be transferred from the microgel layer to the
system, and how this is changed by the addition of the silica layers.
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Figure 5. Atomic mole percent of (Black) Au and (Grey) Si as a function of modification time, as determined from

XPS analysis.
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Figure 6. SIMS images for (left) Si and (right) Au of (a) unmodified sample, (b) 3-hour modified sample, and (c) 9-
hour modified sample. Field of view is 100X 100 pm’.
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Figure 7. (a) UV-Vis absorbance spectra for the 3h modification device as a function of time -- as time increases,
the absorbance likewise increases. (b) Release profiles for the microgel-based devices in pH 3.0 solution. The
modification time periods were (m) 0 hour, (@) 3 hours, (A ) 6 hours, (¥) 9 hours. Each data point is the average of

three individual measurements from three individual devices, while the error bars are the standard deviations.
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Figure 8. Time required to release 50% of the loaded CV in pH 3.0 solutions as a function of silica modification
time. Each data point is the average from three individual measurements from three individual devices, while the
error bars are the standard deviations.
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Deposition of Si layers on top of a polymer-based "drug" delivery device allows fine-
tuning of "drug" release kinetics.



