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Abstract

Medical applications of nanotechnology typically focus on drug delivery and biosensors. Here, we

combine nanotechnology and bioengineering to demonstrate that nanoparticles can be used to

remotely regulate protein production in vivo. We decorated a modified temperature-sensitive

channel, TRPV1, with antibody-coated iron oxide nanoparticles that are heated in a low-frequency

magnetic field. When local temperature rises, TRPV1 gates calcium to stimulate synthesis and

release of bioengineered insulin driven by a Ca2+-sensitive promoter. Studying tumor xenografts

expressing the bioengineered insulin gene, we show that exposure to radio waves stimulates

insulin release from the tumors and lowers blood glucose in mice. We further show that cells can

be engineered to synthesize genetically encoded ferritin nanoparticles and inducibly release

insulin. These approaches provide a platform for using nanotechnology to activate cells.

Remote activation of specific cells to trigger gene expression and peptide release in vivo

could provide a useful research tool and, in time, potentially provide a means for regulated

expression of proteins in clinical settings. Cell activation by direct stimulation with

electrodes (1) is limited by nonspecific and variable activation, the need for permanent

implants, and potential tissue damage (2, 3). Ion channels, such as channelrhodopsin,

regulate intracellular ions and cell activity (4) with anatomical specificity and temporal

control, but, because light waves do not penetrate tissue, implanted devices are required. In

contrast, low and medium radio frequencies (RFs) can penetrate deep tissues with minimal

energy absorption (5, 6). Unlike tissue, metal nanoparticles absorb energy and heat in

response to RF (7, 8). This heating, which depends on particle composition and size and RF

field strength, (9) can be converted into a cellular signal by using a temperature-sensitive
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channel to allow ion entry. Targeting of nanoparticles can be achieved by coating with

specific antibodies (10, 11) to induce cell-specific, cell membrane temperature changes that

are then transduced by a temperature sensitive channel into cellular responses.

We have applied these principles to develop a system that allows remote activation of

protein production by engineered cells in vitro and in vivo. The method (Fig. 1A) uses iron

oxide nanoparticles (FeNPs) that are coated with antibodies against His (anti-His) and that

bind a modified TRPV1 channel with an extracellular His × 6 epitope tag (TRPV1His). We

reasoned that, with RF treatment, local heating of bound anti-His FeNPs would activate the

temperature-sensitive TRPV1, resulting in a calcium current to activate a Ca2+-sensitive

promoter placed upstream of a modified human insulin reporter gene.

We used FeNPs for the following reasons: They heat at 465 kHz, a relatively low frequency

that minimizes tissue heating; particles of 20 nM or less diffuse in the extracellular space (11

–13); and these particles can be derivatized with antibodies. At 465 kHz (5 mT), substantial

heating was observed for 20- and 25-nm FeNP suspensions (Fig. S1). A 20-nm FeNP

suspension had an initial heating rate of 0.15°C/s and a specific absorption rate (SAR) of

0.63 W/g, whereas the SAR of water at this field frequency and strength was less than 0.004

W/g. As shown by electron microscopy, a His-tag insertion into the first extracellular loop

of TRPV1 provided a site for significant and specific FeNP binding (Fig. S2) with direct

heat transfer to the adjacent channel (Fig. S3). Human embryonic kidney (HEK) 293T cells

expressing TRPV1His and decorated with 20 nM FeNPs conjugated to anti-His showed a

significant increase in intracellular Ca2+ after 10s of RF exposure (Fig. S2D).

Calcium entry was next used to induce gene expression via a novel synthetic 5′ regulatory

region composed of three Ca2+ response elements in cis: serum response element (SRE),

cyclic ad-enosine monophosphate response element (CRE), and nuclear factor of activated T

cell response element (NFAT RE) (14, 15) with a minimal promoter. This was placed

upstream of a modified human proinsulin gene with furin cleavage sites replacing beta-cell–

specific convertase cleavage sites to allow insulin processing in non-beta cells (16) (Fig.

S4A).

HEK 293T cells expressing the Ca2+-dependent human insulin construct and TRPV1His

were incubated with functionalized FeNPs. RF treatment of the FeNP-decorated cells

resulted in a significant increase in proinsulin release (RF-treated 671 ± 235% (SEM) basal

versus 100 ± 13.9% for controls, P < 0.02) and insulin gene expression (RF-treated 2.20 ±

0.53 insulin gene expression relative to basal versus 1.0 ± 0.18 for controls, P < 0.05). These

were blocked by the TRP channel inhibitor, ruthenium red (Fig. 1B). There was a trend

toward an increase in proinsulin release after 15 min of RF treatment (likely through release

of a small pool of preformed insulin-containing vesicles), with significant proinsulin release

at 1 hour when insulin gene expression had also significantly increased (Fig. 1C). Control

studies confirmed that proinsulin release required all system components (i.e., TRPV1,

nanoparticles, and RF magnetic field) and that RF-dependent insulin secretion was confined

to FeNP-decorated cells (Fig. S4, B and C). RF treatment induced NFAT translocation into

the nucleus, and RF-dependent proinsulin release was blocked by a calcineurin inhibitor,

tacrolimus (Fig. S4, D and E). RF treatment of cells incubated with FeNPs (1 to 8 mg/ml)

did not induce apoptosis as assessed by immunohistochemistry for active caspase 3 (17) and

terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick end labeling

(TUNEL) (18) (Fig. S4, F and G). We also showed that RF could stimulate proinsulin

release from mouse embryonic stem cells expressing TRPV1His and the Ca2+-dependent

human insulin construct (Fig. S5).
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Next, we compared our single-component system to a multicomponent system previously

reported (19) and composed of (i) a membrane-tethered biotin acceptor protein, (ii) a

bacterial biotin ligase to biotinylate this protein to enable binding of (iii) streptavidin-coated

nanoparticles, and (iv) a wild-type TRPV1 as the effector. Although this system induced

Ca2+ entry in vitro and activated endogenous temperature sensing of Caenorhabditis elegans

neurons, the complete system was not tested in vivo because the exogenous TRPV1 channel

was not used in this prior study. We found that our single-component system had denser

nanoparticle binding, faster calcium entry, and a trend toward more robust pro-insulin

release (Fig. S6, A and G). These attributes led us to test the single-component TRPV1His

system in vivo in mice by using xenografts of engineered neuroendocrine PC12 cells, which

robustly secrete peptides via the regulated pathway for protein secretion.

Exposure of a PC-12 cell line stably expressing TRPV1His and the calcium-dependent

human insulin construct (PC12-TRPV1His-Ins) to RF after FeNP application significantly

increased proinsulin release and insulin gene expression in vitro (Fig. S7, A to D). The

PC12-TRPV1His-Ins cells were injected subcutaneously into the flank of nude mice to form

tumors (Fig. S7F). There was no change in plasma glucose with tumor growth (Fig. S7E).

Phosphate-buffered saline (PBS) or FeNP (50-μl total volume, nanoparticle concentration of

8 mg/ml) were injected into the tumors of fasted mice, and blood glucose and plasma insulin

were measured before, during, and after RF application (see Fig. S8A for protocol). RF

treatment resulted in a significant decrease in blood glucose in nanoparticle-treated PC12-

TRPV1His-Ins tumor mice (Fig. 2A) (The change in blood glucose at 30 min for FeNP-

treated was –53.6 ± 8.90 mg/dl, versus PBS-treated, –11.0 ± 9.72 mg/dl; P < 0.005. At 45

min, the change in blood glucose for FeNP-treated mice was –60.9 ± 11.6 mg/dl versus

PBS-treated –9.74 ± 8.52 mg/dl; P < 0.005. At 60 min, the change in blood glucose for

FeNP-treated mice was –55.1 ± 13.2 mg/dl versus PBS-treated, –6.24 ± 15.3 mg/dl; P <

0.0001). There was also a highly significant difference in the cumulative change in blood

glucose (area under the curve, AUC) between PBS-treated and FeNP-treated PC12-

TRPV1His-Ins tumor mice over the course of the study (Fig. 2B) [AUC (0 to 120 min) for

PBS-treated was 272 ± 692 mg/dl min versus FeNP-treated, –2695 ± 858.3 mg/dl min; P <

0.002]. Plasma insulin was significantly increased after RF treatment in FeNP-treated but

not PBS-injected mice (Fig. 2C) [plasma insulin for FeNP-treated (–30 min) was 2.26 ± 0.76

μI-U/ml (where 1 μI-U/ml = 0.006 pmol/l) versus FeNP-treated (30 min), 3.25 ± 0.64 μI-U/

ml; P < 0.05. PBS-treated (–30 min) was 1.83 ± 0.38 μI-U/ml versus PBS-treated (30 min),

1.75 ± 0.36 μI-U/ml]. Lastly, insulin gene expression was significantly increased in RF-

treated, FeNP-injected tumors (Fig. 2D) (relative insulin gene expression in FeNP-treated,

no RF samples was 1.0 ± 0.2 versus FeNP-treated with RF, 2.0 ± 0.3, P < 0.05) without

increasing c-fos expression (fig. S8B). Core temperature did not change significantly with

RF exposure, and the intratumoral temperatures (23° to 31°C) remained well below the 42°C

threshold of TRPV1, suggesting that cell activation is due to localized, cell surface–specific

gating of TRPV1. There was no difference in apoptosis between FeNP-injected tumors in

the presence or absence of the RF magnetic field (fig. S8, C and D). A significant decrease

in blood glucose was also seen with serial FeNP injection and RF treatment (fig. S8, E and

F). To confirm that the effects on blood glucose were not due to nonspecific insulin release

via thermal effects of nanoparticles on the tumor, we repeated the in vivo study, first in mice

injected with PC12 cells expressing the Ca2+-dependent human insulin construct but not

TRPV1His and then in mice with tumors expressing TRPV1His and insulin but injected with

nanoparticles without anti-His conjugation. There was no significant effect on blood glucose

in either study after PBS or FeNP injection and RF treatment despite similar intra-tumoral

temperatures (fig. S9, A to D).

The above approach requires direct application of nanoparticles to TRPV1 expressing cells

by incubation (in vitro) or injection (in vivo). An alternative is to engineer cells to
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synthesize nanoparticles intracellularly. For this purpose, we chose the iron storage protein

ferritin, which forms a naturally occurring paramagnetic iron nanoparticle (20, 21) (Fig. 3A

and fig. S10). Ferritin has been stably overexpressed in mice for over 2 years without

evident pathology (22). A fusion peptide of ferritin light chain, flexible linker region, and

ferritin heavy chain fixes the ratio of light to heavy chains and increases iron binding (23).

Transfecting cells with ferritin fusion protein resulted in 12.6 ± 2.86 ferritin particles per 0.2

μm2 with an average distance to the cell membrane of 60.3 ± 2.85 nm (fig. S10B). RF

treatment of cells expressing the ferritin fusion protein, TRPV1, and Ca2+-dependent human

insulin significantly increased proinsulin release (RF treated, 457 ± 103% basal versus

control, 100 ± 14.9% basal; P < 0.005) and insulin gene expression (relative insulin gene

expression for RF treated, 1.58 ± 0.19 versus control, 1.0 ± 0.17; P < 0.05) (Fig. 3B).

Intracellularly generated FeNPs were roughly two-thirds as effective in stimulating

proinsulin release as exogenous FeNP. In the absence of TRPV1, insulin secretion and gene

expression were unchanged in ferritin-expressing cells. Thus, ferritin expression may

provide a genetically encoded source of nanoparticles for RF-mediated cell activation.

We have shown that both externally applied and endogenously synthesized nanoparticles

can be heated by radio waves to remotely activate insulin gene expression and secretion. RF-

mediated cell activation does not require a permanent implant, and the cells to be activated

can in principle be localized (when using exogenous nanoparticles) or dispersed (by using

genetically encoded nanoparticles). Genetically encoded ferritin nanoparticles may also

provide a continuous source of nanoparticles for cell activation.

The use of an epitope-tagged TRPV1 with antibody-coated nanoparticles resulted in high

nanoparticle density in proximity to the channel and could gate calcium in response to

power levels of a 465-kHz RF field that are within Food and Drug Administration guidelines

(24, 25). The use of a single construct for particle binding and calcium entry also simplifies

DNA delivery using viral vectors or other approaches (26). Lastly, an epitope-tagged

channel offers the possibility of activating distinct cell populations in the same animal with

different RFs to selectively and independently heat nanoparticles bound to cell specific tags.

For endogenous particles, mutations of ferritin that alter the metal it encapsulates could

potentially enable combinatorial cell activation (27).

In summary, we have developed a noninvasive, nonpharmacological means for cell

stimulation and validated it in vitro and in vivo. This system provides a useful tool for basic

research and represents an initial step toward noninvasive regulation of protein production

for possible therapeutic purposes. If a practical means for delivery of the nanoparticles can

be established, this approach could theoretically be used to treat protein deficiencies by

providing regulated expression of proteins that are difficult to synthesize or to deliver [such

as central nervous system (CNS) replacement of hexosaminidase A for Tay-Sachs] or to

allow CNS delivery of recombinant antibodies to treat brain metastases. This approach could

also potentially enable the activation of other Ca2+-dependent processes, such as muscle

contraction or firing of action potentials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Nanoparticles induced cell excitation to increase insulin expression and release in vitro. (A)

Schema of nanoparticle-induced cell activation and gene expression. Antibody-coated

ferrous oxide nanoparticles bind to a unique epitope, His × 6, in the first extracellular loop

of the temperature-sensitive TRPV1 channel. Exposure to a RF field induces local

nanoparticle heating, which opens temperature-sensitive TRPV1 channels. Calcium entry

triggers downstream pathways, such as activation of calcineurin, leading to

dephosphorylation of NFAT and translocation to the nucleus. Here, NFAT binds to

upstream response elements to initiate gene expression of a bioengineered human insulin

gene. Additional calcium-dependent signal transduction pathways also stimulate gene

expression via binding to SRE and CRE. P indicates a phosphate group. (B) RF treatment

increases proinsulin release and insulin gene expression in vitro. Nanoparticle-decorated

HEK293T cells transfected with TRPV1His and calcium-dependent insulin show a

significant increase in proinsulin release and insulin gene expression with RF treatment that

is blocked by the TRP antagonist ruthenium red. (Columns marked with the same letter

indicate significance, P < 0.05. Error bars indicate SEM) (C) Time courses of proinsulin

release and insulin gene expression from nanoparticle-decorated HEK293T cells transfected

with TRPV1His and calcium-dependent insulin with RF treatment.
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Fig. 2.
Nanoparticle regulation of blood glucose in vivo. (A) Effects of RF treatment on blood

glucose in PBS and nanoparticle-treated mice with tumors expressing TRPV1His and

calcium-dependent human insulin. RF treatment significantly reduces blood glucose in

nanoparticle-treated mice compared with that of PBS-treated mice. (Asterisks indicate P <

0.05. Error bars indicate SEM.) (B) RF treatment of mice with tumors expressing TRPV1His

and calcium-dependent human insulin injected with nanoparticles significantly reduces

blood glucose over the course of the study as assessed by the area under the curve. There is

no effect in mice with tumors expressing calcium-dependent insulin alone without

TRPV1His. (Same letter indicates P < 0.05.) (C) Plasma insulin is significantly increased by

RF treatment in nanoparticle-treated but not PBS-treated mice with tumors expressing

TRPV1His and calcium-dependent human insulin. There is no effect in mice with tumors

expressing calcium-dependent insulin alone without TRPV1His. (Same letter indicates P <

0.05). (D) Insulin gene expression is significantly increased in the tumors expressing

TRPV1His and calcium-dependent human insulin treated with nanoparticles and RF

magnetic field but not in tumors expressing calcium-dependent human insulin alone without

TRPV1His.
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Fig. 3.
Intracellular nanoparticle synthesis and cell activation. (A) Schema of intracellular

nanoparticle synthesis and cell activation. A ferritin fusion protein is composed of a ferritin

light chain fused to ferritin heavy chain with a flexible linker region. Heating of the iron

core by a RF magnetic field opens the TRPV1 channel to trigger calcium entry, as

previously described. (B) RF treatment increases proinsulin release in vitro. HEK293T cells

transiently transfected with TRPV1, ferritin, and calcium-dependent human insulin show a

significant increase in proinsulin release in response to RF treatment. (Same letter indicates

significance, P < 0.05.) RF treatment does not increase proinsulin release from cells

expressing ferritin in the absence of TRPV1. (C) RF treatment increases insulin gene

expression in vitro. Insulin gene expression is significantly increased by RF treatment in

cells transfected with TRPV1, ferritin, and calcium-dependent human insulin. (Same letter

indicates significance, P < 0.05.) RF treatment does not increase insulin gene expression in

cells expressing ferritin in the absence of TRPV1.
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