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Abstract

A poly(N-isopropylacrylamide-co-acrylamide) (NIPAAm-co-AAm) hydrogel with near-infrared

(NIR) absorbing silica-gold nanoshells was designed as a platform for pulsatile delivery of cancer

therapeutics. This hydrogel was designed to have a lower critical solution temperature (LCST)

above physiologic temperature, such that the material will transition from a hydrated state to a

collapsed state above ~40 °C. Additionally, the silica-gold nanoshells used were designed to have

a peak extinction coefficient in the NIR, where penetration of light through tissue is maximal. This

heat-triggered material phase transition of the composite was found to follow exposure of NIR

light, indicating the ability of the NIR absorption by the nanoshells to sufficiently drive this

transition. The composite material was loaded with either doxorubicin or a DNA duplex (a model

nucleic acid therapeutic), two cancer therapeutics with differing physical and chemical properties.

Release of both therapeutics was dramatically enhanced by NIR light exposure, causing 2-5x

increase in drug release. Drug delivery profiles were influenced by both the molecular size of the

drug as well as its chemical properties. The DNA therapeutic showed slower rates of nonspecific

delivery by passive diffusion due to its larger size. Additionally, only 70% of the more

hydrophobic doxorubicin was released from the material, whereas the more hydrophillic DNA

showed over 90% release. Further, hydrogel composites were used to deliver the doxorubicin to

CT.26-WT colon carcinoma cells, eliciting a therapeutic response. This work validates the

potential application for this material in site-specific cancer therapeutic delivery.
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1 Introduction

Pulsatile drug release, defined as a rapid release of drug molecules following an off-release

period [1], is beneficial for the treatment of a wide range of diseases. For example, in the

treatment of hormone disorders and diabetes, a constant plasma drug level is not desirable.

Rather, a rapid increase in drug concentration should follow in response to a biologic

stimulus [1,2]. Diseases which benefit from chronotherapy, in which a drug administration

timing is optimized [3], would also benefit from a pulsatile delivery system. Cancer is an

area where advantages of chronotherpay have been widely studied [4].

While great improvements have been made over the past 50 years in the use of

chemotherapy to treat cancer, these treatments still often fail to completely cure malignant

disease [5]. This is primarily due to cancer cells becoming genetically resistant to anti-

cancer drugs, as well as the adverse side effects of these treatments dictating patients'

regimens [4]. Chronotherapy can be used to become to overcome some of these problems by

optimizing the timing of drug administration with the circadian rhythms of cancer cell

susceptibility and those of adverse side effects [4]. For example, in the treatment of

metastatic colorectal cancer, it has been shown that administration of chemotherapeutics by

chronotherapy is more efficacious than when the same treatment is administered as a

constant infusion [6]. Additionally, the lessening of side effects due to chronotherapy also

allows for administration of fuller, more effective doses of chemotherapeutics [4]. While

these approaches show promise, implementation of such approaches are often logistically

difficult, leading to the need for new methods to improve control of such delivery [3].

One approach for the creation of a pulsatile release system employs thermally responsive

polymer-nanoparticle composite materials [7]. These composites couple a polymer material

with physical properties that are dependent on temperature with nanoparticles that generate

heat in response to external stimuli. Commonly, these materials will transition from a

hydrated state at lower temperatures and undergo collapse by releasing water when the

temperature is raised above a lower critical solution temperature (LCST). These types of

materials have been investigated for drug delivery applications, where therapeutic molecules

are absorbed into the material and subsequently released as water is expelled from the

hydrogel during the phase transition [8].

This study investigates a poly[N-isopropylacrylamide-co-acrylamide] (NIPAAmco-AAm)-

gold nanoshell composite material for use in optically triggered cancer therapeutic delivery.

Poly(NIPAAm) is a commonly investigated thermally-responsive polymer for biomedical

applications, as it has an LCST of 32 °C, which is near the physiologically relevant body

temperature for humans [8]. In addition, by polymerizing with a more hydrophillic

copolymer, such as acrylamide, the LCST of the material can be raised above 40 °C [9]. A

95:5 molar ratio of NIPAAm:AAm has been shown to result in an LCST above 37 °C, such

that the material will be in a swollen state under physiologic conditions, but collapse slightly

above body temperature. This allows drug molecules to be absorbed into and constrained

within the material until the material deswells due to a temperature increase to above the

LCST. This copolymer has been previously used in drug delivery investigations [10,11].
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NIPAAm:AAm copolymers can undergo their LCST transition in response to localized

heating by encapsulated nanoparticles [10,11]. Gold-silica nanoshells are a class of

nanoparticles that consist of a dielectric silica core surrounded by a thin gold shell [12,13].

These particles have a tunable plasmon resonance dependent on the core size and shell

thickness [12,13]. As the particles are exposed to wavelengths of light matching their

plasmon resonance, an oscillation of conduction band electrons results in dissipation of this

light energy as heat [14,15]. Particles that have a plasmon resonance in the near infrared

(NIR) range (700-900 nm) are of particular interest for biological applications. This range is

above where most biological chromophores absorb light but below wavelengths where water

starts to strongly absorb; thus NIR light is easily transmitted through biological tissue

resulting in relatively little attenuation or tissue damage [16]. Gold-silica nanoshells with a

120 nm silica core and 10-15 nm gold shell maximally absorb light in the NIR range at

approximately 800 nm, and have been previously investigated for use in cancer diagnostics

and photothermal therapy [17–21].

This work describes the synthesis and characterization of this composite hydrogel, and then

evaluates the ability to load the hydrogels with cancer therapeutics and trigger drug release

upon NIR light exposure. We assessed release of two therapeutics: a chemotherapeutic

(doxorubicin) and a biologic therapeutic (a DNA duplex targeting EphA2). These are both

important cancer therapeutics and also represent opposite ends of the delivery spectrum in

terms of molecular size and hydrophobicity. Doxorubicin is a small molecule (580 Da)

chemotherapeutic indicated in a wide variety of cancers including hematopoietic

malignancies; carcinomas of the breast, lung, ovary, stomach, and thyroid; and sarcomas of

bone and soft tissue [22]. The primary mechanism of action is intercalation with DNA

during replication, causing inhibition of topoisomerase II binding and arrest of cell

replication [23]. Side effects of doxorubicin include myelosuppression, mucositis, and

cardiac toxicity; furthermore, these side effects often cause patients to cease doxorubicin

therapy, even if the drug is still effective against their malignancy [24].

In addition, delivery of a larger, more hydrophillic molecule was assessed. A short DNA

duplex was investigated as a model nucleic acid therapeutic. This dsDNA molecule was

designed to be similar in chemical structure to an siRNA therapeutic. Typical siRNAs are

double-stranded with sticky ends and molecular weights of 12-15 kDa. This study employed

a 21 base pair (12,850.5 kDa) oligonucleotide equivalent in sequence to an siRNA targeting

the EphA2 protein (target sequence 5’-AATGACATGCCGATCTACATG-3’) [25]. EphA2

is a receptor tyrosine kinase known to be upregulated in many cancers; its functions include

signaling involved in cell-cell contacts, cell migration, and angiogenesis [26]. Down

regulation of EphA2 has been shown to reduce tumorigenicity in preclinical studies of

several cancer types, including pancreatic and breast carcinomas [27].

2 Materials and methods

All reagents were purchased from Sigma-Aldrich and used as received, unless otherwise

noted. All water used in synthesis, purification, and testing was treated by a Milli-Q system

(18.2 MΩ.cm resistivity, Millipore).
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2.1 Gold-silica nanoshell fabrication

Gold-silica nanoshells, consisting of a silica core surrounded by a thin gold shell, were

fabricated based on previous methods. Silica cores 120 nm in diameter (Precision Colloids)

were surface-functionalized with amine groups via a reaction with

aminopropyltriethoxysilane (Gelest Inc). Colloidal gold was prepared by a reduction of

chloroauric acid (Alfa Aesar) as previously described in the literature [28]. The aminated

silica cores were then mixed with this gold colloid suspension to adsorb the colloidal gold

onto the silica core via electrostatic interactions with the amine groups. These adsorbed

colloids then acted as nucleation sites for growth of a continuous gold shell. In this final

shell growth step, additional gold was reduced onto the adsorbed gold colloids in a reduction

of HAuCl4 by formaldehyde, causing the gold to coalesce to form a continuous shell of ~ 15

nm around the silica core. The extinction characteristics of the particles were analyzed by

UV-Vis spectroscopy (400-1100 nm, Cary 50 Varian). Transmission electron microscopy

(TEM) (FEI Tecnai G2 Twin) and dynamic light scattering (DLS) (Malvern Zetasizer Nano

ZS) were employed to further characterize and size the resulting particles. Only particles

with a polydispersity index (PDI) of <10% were used in subsequent steps.

2.2 Poly(NIPAAm-co-AAm) hydrogel synthesis

Poly(NIPAAm-co-AAm) hydrogels were synthesized by free radical polymerization. Prior

to use, NIPAAm (97%, Sigma-Aldrich) was dissolving in tetrahydrofuran (THF) and

recrystallized three times in n-hexane to remove p-methoxylphenol, a polymerization

inhibitor present for packaging.

A 1.75 M monomer solution composed of a 95:5 molar ratio of NIPAAm:AAm and a 1:750

molar ratio of monomer:crosslinker (MBAAm) was prepared in H2O and added to a three-

neck round bottom flask (3.75 ml total volume). Argon (Ar) gas was bubbled through this

solution for at least 15 min. With rapid stirring, 37.5 μl of 10% (w/v) ammonium persulfate

and 7.5 μl of N,N,N′,N′-tetramethylethylenediamine were added to initiate polymerization.

Composite hydrogels were synthesized in a similar fashion, with 8×109 nanoshells/ml added

to the monomer solution prior to adding APS/TEMED. This concentration of nanoshells was

chosen since previous studies indicate that this concentration should be sufficient to cause

enough heating to drive our polymer phase transition [10,11]. The polymerization solution

was then quickly poured into a mold consisting of 2 glass slides separated by a 1.5 mm

Teflon® spacer held together by metal clamps. The hydrogel was cured at 30 °C for 2 h

under vacuum. After curing, the hydrogel slab was soaked in 95% EtOH for at least 12 h

followed by MilliQ H2O for at least 12 h to remove any unreacted monomers. Hydrogel

disks of a 4 mm diameter were punched out of the hydrogel slab with a cork borer.

2.3 Thermal and photothermal behavior of hydrogel-nanoshell composites

After synthesis, the swelling behavior of the poly(NIPAAm-co-AAm) hydrogels was

analyzed in response to temperature. The hydrogels were allowed to swell at room

temperature (22 °C) for at least 24 h before testing. To determine the LCST of the

hydrogels, the hydrogels were first weighed and placed in TRIS buffer (pH 7.4), and then

incubated at various temperatures (29 °C, 33 °C, 37 °C, 41 °C, 45 °C, and 50 °C) for 10
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min. Deswelling ratio (DSR) was calculated as follows: DSR = 100 * WeightTemp/

WeightTemp=22°C.

Next, the thermal behaviors of hydrogels with and without nanoshells were compared. The

hydrogels were placed in 2 ml TRIS buffer (pH 7.4) and incubated for 30 min in a 50°C

water bath or exposed to an NIR diode laser (Coherent; Santa Clara, CA) at 808 nm, 8

W/cm2 for 30 min. Deswelling ratio was calculated as follows: DSR = 100 * Weightt/

Weightt=0.

2.4 Loading and release of cancer therapeutics

Hydrogels with and without nanoshells were dried under vacuum for at least 48 h prior to

drug loading. The dry weights of the hydrogels were recorded. One set of hydrogels was

then soaked in a 0.5 mg/ml (862 μM) solution of doxorubicin (Sigma-Aldrich; St. Louis,

MO) in TRIS buffer (pH 7.4) at 4°C for 24 h. Absorbance readings of loaded hydrogels at

485 nm were used to determine the loaded concentration of doxorubicin, with absorbance

readings of non-drug loaded hydrogels used as blanks. A separate set of hydrogels was

soaked in a 17 μM (0.22 mg/ml) solution of a 21-bp DNA duplex (Integrated DNA

Technologies, inc.) in duplex buffer (30 mM HEPES, 100 mM potassium acetate, pH 7.5)

(Integrated DNA Technologies, inc.) at 4°C for 24 h. DNA duplex loading was estimated by

measuring the concentration of the soak solution before and after hydrogel soaking.

Loaded hydrogels, both with and without nanoshells, were placed in TRIS buffer

(doxorubicin hydrogels) or duplex buffer (DNA duplex hydrogels) and then exposed to an

NIR diode laser (Coherent) at 808 nm, 8 W/cm2 for 30 min. In addition, control hydrogels

with nanoshells were kept at room temperature (22°C) for 30 min to evaluate release due to

passive diffusion. Every 5 min, a buffer sample was analyzed for drug content via

absorbance measurements (doxorubicin, 485 nm; DNA, 260 nm). Release profiles from

these three groups were analyzed using a one-way ANOVA with Tukey's post-hoc test.

2.5 Delivery of doxorubicin to CT26.WT cells

Murine colon carcinoma cells (CT-26.WT cells, ATCC) were cultured in RPMI 1640 media

(ATCC) supplemented with 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate,

4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 1% penicillin, 1% streptomycin, and 10% fetal

bovine serum (FBS). Cultures were maintained at 37 °C with 5% CO2.

Cells were seeded in fibronectin-coated 24-well culture plates at a density of 75,000

cells/ml. After 24 h, a doxorubicin-loaded composite hydrogel or a non-loaded composite

hydrogel was placed in a transwell insert (PET membrane, 0.4 μm pore size, BD) and

covered with media. The hydrogels were then exposed to the NIR laser (808 nm, 8 W/cm2,

10 min) after which the hydrogel and insert were removed and the cells were incubated for

an additional 24-48 h. Additional groups included cells that were exposed to loaded

composite hydrogels for both 10 min (equivalent time as NIR exposure) and 24 h as

controls, as well as cells which were exposed to 5.4 μg of free dox/well (approximately the

amount of doxorubicin that was released from one gel following 10 min of irradiation).

After 24 hours, cellular uptake of doxorubicin was assayed by fluorescent microscopy (560
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nm excitation, 645 nm emission) using an Axiovert 135 inverted fluorescent microscope

(Zeiss). Doxorubicin fluorescent intensity was quantified using ImageJ (NIH) and analyzed

using a Student's t-test with a 95% confidence interval. After 48 h, cell proliferation was

assessed using a CellTiter96® AQueous proliferation assay (Promega). Cell viability was

normalized to the viability of non-treated cells.

3 Results

3.1 Hydrogel-nanoshell composite characterization

As synthesized, the nanoshells utilized in this study were found to have a diameter of 153 ±

9 nm (as analyzed by TEM) and a Z-average diameter of 156.0 nm and a polydispersity

index of 0.090 (as analyzed by DLS). These particles strongly absorb in the near infrared,

with a peak extinction coefficient at 780 nm. A TEM image of the gold-silica nanoshells and

their extinction spectra are shown (Fig. 1).

The poly(NIPAAm-co-AAm) hydrogels collapse in a temperature range from 39-45°C (Fig.

2). This indicates the potential for this material to be used as a depot for drug molecules

under physiological conditions, as the material is in a highly swollen state at 37 °C, but a

highly collapsed state at 40-45 °C. Next, we demonstrate the ability of the thermal phase

transition to be triggered by the encapsulated nanoshells. Hydrogels with and without

nanoshells displayed similar behavior when incubated at 50°C, indicating that the presence

of nanoshells did not inhibit hydrogel collapse (Fig. 2). When exposed to NIR light, the

nanoshells heated and elicited a temperature increase of surrounding material, resulting in

hydrogels with nanoshells deswelling similarly to the hydrogels incubated at 50°C in the

water bath. Hydrogels without nanoshells exhibited minimal deswelling in response to the

laser, demonstrating that both the presence of nanoshells and exposure to an NIR laser were

required to cause hydrogel deswelling in response to NIR light.

3.2 Loading and release of cancer therapeutics

In separate studies, a chemotherapeutic (doxorubicin) and a biologic therapy (dsDNA) were

passively absorbed into the material, with amounts of drug loaded shown in Table 1. Release

of the drug followed exposure to NIR irradiation (Fig. 3).

Doxorubicin delivery after NIR irradiation indicated that nanoshell-composites provide

increased release over controls for all times t > 0 (Fig. 3A). After 30 min, delivery of

doxorubicin from the irradiated composite hydrogels was approximately 2 times higher than

irradiation of hydrogels without nanoshells. (329 μg/g compared to 158 μg/g). Delivery of

dsDNA delivery from irradiated composites was nearly 5 times higher than irradiated

hydrogels without nanoshells (197.8 μg/g vs 39.68 μg/g) after 30 minutes (Fig. 3B). Overall,

71% of loaded doxorubicin was released from the composite hydrogels after 30 minutes of

irradiation, compared to 93% loaded dsDNA. In a separate study using doxorubicin-loaded

composite hydrogels, NIR light exposure was cycled on and off over a 30 min period (10

min off, 10 min on, 10 min off) to further demonstrate the dependence of release kinetics on

NIR exposure.
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3.3 Delivery of doxorubicin to CT26-WT Cells

To evaluate cellular uptake and biological efficacy, doxorubicin was released from these

hydrogel composites and allowed to act on cultured colon carcinoma cells. After 24 hours,

cell exposed to irradiated hydrogels showed increased intracellular doxorubicin as compared

to cells exposed to non-irradiated hydrogels(Fig. 4A-C). Cells that were exposed to the

irradiated hydrogels containing doxorubicin showed a 30% decrease in proliferation (Fig.

4D) in response to doxorubicin exposure, whereas cells cultured with a non-irradiated

doxorubicin composite exhibited minimal changes in proliferation, indicating that the loaded

doxorubicin was available to cells only when hydrogels were forced to undergo a phase

transition. Further, cells exposed to free doxorubicin showed a similar decrease in

proliferation as was seen in the irradiated composite group. Cells exposed to irradiated gels

that were not loaded with drug did not exhibit any decrease in proliferation.

4 Discussion

The goal of this work was to design and investigate materials for an optically-triggered

cancer therapeutic delivery platform. Materials used in such a platform need to act to (1)

encapsulate a therapeutic cargo to limit tissue exposure before desired delivery, and (2)

trigger release of this cargo at a specific time and location. The first goal was accomplished

by the utilization of a thermally-responsive poly(NIPAAm-co-AAm) hydrogel. This

material acts similarly to a sponge, allowing therapeutic molecules to be absorbed within its

pores. In addition, this hydrogel was found to have an LCST slightly above 37 °C, thereby

existing in a swollen state at human body temperature, but going through the desired phase

change at temperatures easily achievable with minimal biological consequences.

The second goal, triggering the phase transition, was accomplished by the encapsulation of

gold-silica nanoshells within the hydrogel. When exposed to light in the NIR range, the

nanoshells elicited a temperature increase of the surrounding material. This caused the

hydrogel material to collapse and rapidly expel large amounts of water and absorbed

therapeutic, demonstrating the capability of optically triggering this material phase transition

and subsequent drug delivery.

The loading and release of this therapeutics from the system showed some differing

characteristics. For loading of both doxorubicin and dsDNA, a higher amount of drug could

be loaded into the composite hydrogels with nanoshells compared to the polymer-only

hydrogels. Overall, a higher concentration of doxorubicin (836 μM) was loaded into the

hydrogels than the DNA duplexes (17 μM). This is because doxorubicin is a much smaller

molecule, and can therefore easily diffuse into the hydrogel material during loading.

However, this same property causes doxorubicin to passively diffuse out of the material

much faster than the DNA, leading to higher levels of non-triggered delivery (158 μg/g gel

doxorubicin release seen at room temperature vs 40 μg/g dsDNA release). In addition,

despite its small size, an overall lower percentage of doxorubicin delivery is seen over 30

min when compared to dsDNA (71% doxorubicin delivered following irradiation, as

compared to 93% dsDNA delivered). This is likely due to the chemical nature of the

therapeutic being delivered. Hydrophillic molecules are more advantageous for this system,

as the material phase transition is based upon the hydrophobic effect, with the hydrophobic
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polymer material phase separating from its aqueous environment. Therapeutics molecules

that are more hydrophobic will have increased affinity to the polymer material, causing them

to remain encapsulated within the hydrogel material following water expulsion.

While this study clearly demonstrates that a molecule similar to siRNA can be efficiently

delivered out of the composite material, a nucleic acid therapy must then be internalized into

cells to be effective. In future studies, efficient cellular uptake and subsequent changes in

gene or protein expression due to the delivered nucleic acid therapy should be investigated.

Improving siRNA transport into cells is an active area of research today [29]. Several studies

have shown that modification of siRNA molecules with small chemical groups greatly

enhances cellular uptake and efficacy [30,31], and we hypothesize that the incorporation of

such small chemical groups to improve siRNA cellular uptake efficiency would not

significantly influence release kinetics from our composite material.

These studies validate the potential for this composite material to be used for controlled

delivery of cancer therapeutics. Towards translation of this material into in vivo applications,

the composites could be synthesized as injectable-sized particles rather than bulk discs. This

would allow for a platform of similar size as liposomal drug formulations, thus allowing for

passive targeting of intravenously administered particles to tumor tissue due to the enhanced

permeation and retention effect [32]. After accumulation of particles in tumor tissue, release

of drug from the carrier would then be triggered by external NIR exposure.

This platform also has the inherit ability to cause cancer necrosis by two mechanisms

simultaneously. The encapsulated nanoshells can be used to generate sufficient heating to

cause tissue necrosis, as well as allow for a burst release of cytotoxic payload. Further,

numerous studies have shown increased benefits of chemotherapeutic treatments when

combined hyperthermic treatments as well [33–35]. In fact, combining hyperthermia and

chemical drugs has been shown to elicit a more than additive response for multiple classes

of chemotherapeutic agents, including platinum drugs, alkylating agents, nitrosources, and

antibiotics [36].

Additionally, we have demonstrated the ability of this material to deliver a range of

molecules, from small chemical drugs to large biologic therapeutics. It is the norm for most

patients is to receive a cocktail of many different drugs rather than a single agent since

combinations of drugs with different mechanisms of action show benefit in preventing drug

resistant tumor cells [37]. It is conceivable that this material could be loaded with multiple

chemical therapeutics for delivery to a patient. For example, much research has been done

showing an increased benefit of combining siRNA therapy with a chemotherapeutic such as

doxorubicin, especially for multi-drug resistant cancers [38–41]. The versatility of this

platform for use with multiple types of therapeutics would allow for an ease of

implementation of such regimens.

5 Conclusions

The ability to precisely control therapeutic delivery to malignant tissue would undoubtedly

improve cancer management by overcoming limitations of current therapies. The controlled
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release system designed in this report would decrease the off-site toxicities of systemic

chemotherapeutic regimens by minimizing drug exposure to non-malignant tissue, as well as

increase the serum stability of fragile biologic therapeutics. The poly(NIPAAm-co-AAm)-

gold nanoshell composites were loaded with cancer therapeutics, and their release was

optically-triggered. Ultimately, this material could be used to create a platform that would

attack tumor tissue using two distinct mechanisms simultaneously: (1) photothermal heating,

(2) delivery of multiple types of therapeutic molecules, providing a novel approach to

effectively treat cancers when standard treatment modalities are not adequate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gold-silica nanoshell characterization
[A] TEM image of synthesized gold-silica nanoshells. (Scale bars = 500 nm, 100 nm inset)

shows a uniform population of particles with a diameter of ~150 nm. [B] Extinction spectra

of synthesized gold-silica nanoshells with a peak at 780 nm.

Strong et al. Page 12

J Control Release. Author manuscript; available in PMC 2015 March 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Characterization of poly(NIPAAm-co-AAm) hydrogels
[A] Deswelling of poly(NIPAAm-co-AAm) hydrogels as a function of temperature. These

hydrogels collapse from 39-45 °C, slightly above human physiological temperature. [B]

Deswelling of NIPAAm-co-AAm hydrogels with (solid lines) and without (dashed lines)

nanoshells by either incubation in a 50 °C water bath (squares) or exposure to a NIR laser

(808 nm, 8 W/cm2) (ciricles). Both materials displayed similar deswelling behaviors when

incubated above material LCST, while only hydrogels with the nanoshells showed

deswelling in response to NIR irradiation.
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Figure 3. Release of doxorubicin and DNA duplexes from poly(NIPAAm-co-AAm)-nanoshell
composite hydrogels
Release of [A] doxorubicin and [B] DNA duplexes from composite hydrogels. Gels

containing nanoshells exposed to an 808 nm laser at 8 W/cm2 (circles) delivered

significantly more drug than gels without nanoshells exposed to the same laser settings

(triangles) and gels with nanoshells left at room temperature as a control (squares). *p<0.05,

**p<0.01, as compared to irradiation without nanoshells. [C] Delivery of doxorubicin from

composite hydrogels exposed to cyclic NIR irradiation (10 min off, 10 min on, 10 min off)

shows that the rate of release from the composite greatly increases in response to NIR

exposure.
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Figure 4. Doxorubicin delivery to CT26-WT cells
[A] Phase images overlayed with doxorubicin fluorescent signal of cells exposed to

irradiated composite hydrogels [A] and non-irradiated composite hydrogels [B]. Scale bars =

50 μm. [C] Quantification of intracellular doxorubicin fluorescence. Cells exposed to

irradiated gels have a significantly higher doxorubicin signal than cells exposed to non-

irradiated gels (p<0.05). [D] Changes in cell viability due to doxorubicin delivery from

composite gels. Cells exposed to irradiated gels showed a significant decrease in viability

(p<0.05) compared to cells exposed to non-irradiated gels, even approaching the response of

cells exposed to free doxorubicin.
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Table 1

Drug Loading of Hydrogel Composites.

With Nanoshells Without Nanoshells

Doxorubicin dsDNA Doxorubicin dsDNA

466.5 ± 2.6 221.0 ± 13.1 418.3 ± 5.1 209.7 ± 0.9 μg drug loaded / g gel

17.4 ± 1.7 9.0 ± 0.5 15.6 ± 2.0 6.6 ± 0.6 μg of drug per 4 mm hydrogel disk
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