
provide on-demand, repeated, reproducible, and titratable drug
delivery over extended periods. Light offers distinct advantages
over other triggers because it can be spatially selective (e.g., with
a narrow beam) and because lasers or light-emitting diodes can
be readily manufactured for point-of-care use, e.g., laser pointer-
style devices. NIR is amenable to clinical translation because
tissue is most transparent in that regime (13, 14), safe limits of
NIR exposure have been established (15), and NIR light has
been used clinically for in vivo imaging (16) and hyperthermic
tumor treatment (17–19).

NIR-sensitive biomaterials frequently incorporate gold nano-
materials [e.g., shells (20), rods (21), or cages (22)] which readily
absorb light within the NIR window and then convert a portion
of that light to heat. Modulation of the irradiance allows con-
tinuous control of heat production and consequently of drug
release from thermosensitive devices. For the devices studied in
the present report, we used hollow gold nanoshells (AuNSs)
because they are less likely to deform than gold nanorods (8) and
have previously been used for other biomedical applications
(23). Synthetic routes toward AuNSs have been well estab-
lished, and their absorbance maxima can be tuned anywhere
within the NIR window to match the wavelength of the exci-
tation source (23, 24).

Results
Membrane Formulation. The key feature of the system is an im-
permeable membrane that becomes porous when irradiated with
NIR light (Fig. 1A). The membrane consists of a hydrophobic
ethylcellulose matrix containing gold nanoparticles that heat
when NIR-irradiated, and a network of interconnected polymer
nanoparticles that reversibly collapse when heated beyond a
critical temperature, contracting to approximately one tenth
their original diameter. Previously, we showed that membranes
containing the same collapsible polymers could be triggered over
at least 10 on/off cycles. Those membranes turned on with a 1-
to 2-min time lag to changes in the ambient temperature, and
turned off with a <10 min time lag (12).

Hollow AuNSs (Fig. 1B) capped with poly(vinyl pyrrolidone)
(PVP) were synthesized by galvanically reducing Au(III) on
sacrificial Co templates (25–27). AuNSs exhibited strong ex-
tinction at approximately 800 nm, and were stable in water and
ethanol (Fig. 1C), making them compatible with our membrane
fabrication process. AuNSs heated when irradiated with 808 nm
continuous-wave laser light (SI Appendix, Fig. S1A), but exhibi-
ted negligible change in morphology or extinction spectra after at
least 17 h of laser exposure (SI Appendix, Fig. S1 B–D). These
AuNSs should exhibit the same biocompatibility (28) as other
similarly sized gold nanomaterials, as residual Co was far below
the accepted toxicology threshold (29) (SI Appendix, Figs. S2 and
S3 and Table S1).

The thermosensitive components of the membrane, the
copolymer nanogel (NG) particles, were synthesized from
N-isopropylacrylamide, N-isopropylmethacrylamide, and ac-
rylamide (11, 12) (Fig. 1D). We used a ratio of the three monomers
that exhibits a collapse temperature slightly higher than 37 °C (12).
When these particles were heated above that temperature, they
reversibly shrank from approximately 800 nm diameter to <100 nm
as the polymer became hydrophobic and the material dewetted
(Fig. 1E).

Nanocomposite membranes 134 ± 14 μm thick (mean ± SD;
n = 72; Fig. 1F) were cast by drying an ethanolic mixture con-
taining PVP-stabilized AuNSs, NGs, and ethylcellulose in dishes.
Cell types representative of the membranes’ eventual in vivo
milieu were exposed to the membranes and their constituent
nanoparticles; cytotoxicity was minimal (30, 31) (SI Appendix,
Fig. S4).

Irradiation with 808 nm laser light at 43 mW/cm2 heated dry
nanocomposite membranes loaded with 0.1 wt% AuNSs from

room temperature to approximately 42.5 °C, whereas membranes
without AuNSs heated negligibly (Fig. 2 A and B). Heating was
linearly dependent on laser power flux over the range of 0 to 150
mW/cm2 (Fig. 2C), implying that the extent of NG collapse, and
therefore membrane permeability, might be continuously adjust-
able by laser power. Temperature under irradiation increased with
AuNS loading (Fig. 2D, black trace), but plateaued at approxi-
mately 0.1 wt% AuNS. This was likely related to the fact 808 nm
light transmittance through the membrane decreased from 31 ±
3% at 0.001 wt% AuNS loading to near-opacity at 0.2 wt% (Fig.
2D, red trace).

Membrane permeability was assessed by measuring the rate of
fluorescein flux between two glass reservoirs containing sodium

Fig. 1. Material properties. (A) Schematic of proposed device (Upper) and
membrane cross-section (Lower). (B) Transmission EM image of hollow
AuNSs. (Scale bar: 100 nm.) (C) UV-visible spectra of the same AuNSs sus-
pended in water or ethanol. (D) Transmission electron micrograph of NG
particles. (Scale bar: 2 μm.) (E) Effect of temperature on NG size, determined
by differential light scattering (n = 3; data are means ± SD). (F) Photograph
of a nanocomposite membrane. (Scale bar: 1 cm.)
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