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Abstract

An injectable local anesthetic producing repeatable on-demand nerve block would be desirable for 

pain management. Here we present a phototriggerable device to achieve repeatable and adjustable 

on-demand local anesthesia in superficial or deep tissues, consisting of gold nanorods attached to 

low temperature sensitive liposomes (LTSL). The particles were loaded with tetrodotoxin and 

dexmedetomidine. Near infrared light (NIR, 808 nm, continuous wave) could heat GNRs at low 

fluence (short duration and low irradiance), leading to rapid release of payload. In vivo, 1–2 

minutes of irradiation at ≤ 272 mW/cm2 produced repeatable and adjustable on-demand 

infiltration anesthesia or sciatic nerve blockade with minimal toxicity. The nerve block intensity 

and duration correlated with the irradiance and duration of the applied light.
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Local treatment of pain can allow analgesia without sedation and other side effects.1 

However, local anesthetics are of relatively short duration, require an injection, and – in the 

case of specific nerve blocks – can require skill and training. Considerable progress has been 

made in extending the duration of single injections of local anesthetics, by use of synergistic 

drug combinations and/or sustained release technology.2–6 However, once established, the 

resulting nerve blocks remain in place until they wear off – they cannot be changed in 

response to changes in the patient’s condition or needs. It would be desirable to develop on-

demand local anesthetics that can be initiated by a single injection then produce repeated 

adjustable analgesia.

Recently, we reported liposomes containing tetrodotoxin (TTX) and dexmedetomidine 

(DMED) that could provide adjustable on-demand local anesthesia in vivo, triggered 

remotely by near infrared (NIR; 808 nm) light.7 We had used TTX, an ultrapotent local 

anesthetic that blocks site 1 on the outer surface of nerve sodium channels,8–11 because 

unlike commercially available amino-amide and amino-ester local anesthetics, tissue toxicity 

from TTX after injection at peripheral nerves can be minimal,12 even when delivered for 

prolonged periods.5 We had used DMED because it can significantly prolong local 

anesthesia over that from TTX alone.7, 13

The triggerability of the liposomes in response to NIR light was conferred by gold nanorods 

conjugated to their surfaces, which would heat when irradiated with NIR light, inducing a 

phase transition in the lipid bilayers, with consequent release of the encapsulated payload. 

We7, 14, 15 and others16–18 have explored near infrared (NIR) light for triggerable drug 

delivery since it can penetrate into soft tissues more efficiently than can other 

wavelengths.19, 20 However, that light can be significantly attenuated with progressive 

depth,15, 21 while simply increasing the irradiance can result in tissue injury.15 
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Consequently, it is important to render the triggerable systems more responsive to the light 

that reaches it.

We hypothesized that the gold-modified liposome formulation could be made effectively 

more sensitive to NIR light by making the drug reservoir component more sensitive to heat. 

To that end we modified the liposomes as has been described for low-temperature-sensitive 

liposomes (LTSL),22, 23 by incorporating a lipid formulation which forms nanopores upon 

heating (Please see Methods section for detailed discussion of the formulations and Table 

S1). A key component of the LTSLs was 1-palmitoyl-2-hydroxy-sn-glycero-3-

phosphocholine (MSPC) which is released at mild hyperthermia, forming nanopores through 

which the payload can escape. PEG2000-DSPE will stabilize the nanopores to achieve rapid 

release of the payload.22

Here we sought to validate the hypothesis. Thus, Gold nanorods (LTSL-GNRs) were 

conjugated to the LTSLs to achieve NIR-triggered repeatable on-demand local anesthesia 

with lower irradiances - which would translate into greater depth of tissue penetration, 

shorter irradiation, and/or improved safety.

Results and discussion

Synthesis and Characterization of LTSL-GNRs and DMED loaded liposomes (Lip-DMED)

The formulations to be injected consisted of two populations of liposomes to be injected 

singly or in combination: LTSLs and non-triggerable liposomes. The LTSLs could contain 

TTX but no GNRs (LTSL-TTX), or GNRs with or without TTX (LTSL-GNR-TTX, LTSL-

GNR-0). DMED was encapsulated in separate non-triggerable liposomes (Lip-DMED). 

TTX and DMED were encapsulated separately because DMED significantly decreased the 

loading efficiency of TTX.

LTSLs were designed with the following lipid components (with molar ratio in parentheses): 

DPPC (64%), DPPG (21.5%), MSPC (9.7%), PEG2000-DSPE (3.8%) and biotin-PEG2000-

DSPE (1%) for conjugation to the GNRs. The negatively charged lipid DPPG was included 

to enhance encapsulation of the cationic TTX.

Production of our previous TTX liposomal formulation involved heating during freeze-thaw 

cycles.5, 724 Since that would induce the release of MSPC, here biotinylated LTSL were 

synthesized by reverse-phase evaporation (see Methods), which can also achieve a high 

loading of hydrophilic chemicals.25 Biotin-PEG2000-DSPE was anchored in the lipid 

bilayer to conjugate with streptavidin-modified GNRs, forming LTSL-GNRs. The GNR 

content in LTSL-GNRs as measured by ICP-MS was 0.023 wt % (see Methods). Rhodamine 

6G (R6G) or TTX were loaded in the internal aqueous phase of LTSL-GNRs at a 

concentration of 0.41 mg/mL and 123 μg/mL, respectively (forming particles abbreviated 

LTSL-GNR-R6G and LTSL-GNR-TTX; both had total lipid concentration of 35–37 mg/

mL). The mean diameters of LTSL were ~0.7 μm, with median zeta potentials of ~−27 mV, 

irrespective of drug content or GNR conjugation. After storage at 4°C for one week, no 

leakage of TTX was detected by ELISA from LTSL-GNR-TTX.
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Non-triggerable liposomes containing DMED (Lip-DMED) were produced with 1.2-

distearoyl-sn-glycero-3-phosphocholine (DSPC), 1.2-distearoyl-sn-glycero-3-phospho-(1′-
rac-glycerol) (DSPG), and cholesterol (molar ratio 6:2:3) by modified thin-film hydration as 

we have previously described (see Methods).5, 24 The liposomes were 2.6 μm in diameter, 

with −27.4 mV zeta potential. DMED was loaded in the interior aqueous phase of liposomes 

at a concentration of 284 μg/mL and a lipid concentration of 64 mg/mL. DMED was 

released from Lip-DMED over two weeks (Figure S1). Liposomes without drug (Lip-0) 

were prepared by the same procedure but without DMED.

The effect of temperature on the release of payloads was assessed with LTSL-GNR-R6G. 

R6G had very low fluorescence inside the particles, due to self-quenching,26 but fluoresced 

once released. LTSL-GNR-R6G were heated at a rate of 1°C/min in a quartz cuvette, and 

dye release was calculated from the fluorescence intensity (see Methods, Figure S2). Rapid 

release of R6G was observed at temperatures ranging from 39 °C to 42 °C, indicating that 

the LTSL-GNRs were sensitive to temperatures above but close to body temperature.

Cryo-electron microscopy image (cryo-EM, Figure 1A) showed GNRs associated with the 

liposomes. The release profile of TTX from LTSL-GNR-TTX was investigated at different 

temperatures (Figure 1B). TTX was rapidly released from LTSL-GNR-TTX when the 

temperature was ≥ 41 °C. Almost 100% of TTX was released within 5 minutes. The release 

rate of TTX increased in a temperature-dependent manner.

LTSL-GNR-TTX (18.5 mg/mL lipids) were incubated with C2C12 myotubes or PC12 cells 

over a four-day period (Figure S3). C2C12 and PC12 cells are commonly used in 

toxicological assays of muscle and nerve, respectively. The results indicated that LTSL-

GNR-TTX were nontoxic to either cell line.

Phototriggered Release of TTX from LTSL-GNR-TTX

In the absence of irradiation, LTSL-GNR-TTX released ca. 19.3% of their TTX payload in 

12 hours at 37°C, followed by much slower release (Figure S4). Subsequent studies of TTX 

release from irradiated LTSL-GNR-TTX were done in particles where the initial rapid 

release was first removed by dialysis at 37°C for 24 h, to reflect the in vivo reality that 

injected particles were only irradiated once the initial release would have resolved (see in 

vivo study below). Release of TTX was measured after repeated irradiation (1 minute for 

each cycle) at 25, 42 and 75 mW/cm2 (Figure 2). At low irradiances (25 and 42 mW/cm2), 

each irradiation event induced the release of 2–5% of TTX (Figure 2A). When the irradiance 

was increased to 75 mW/cm2, the first irradiation triggered the release of 19.2% of TTX, 

while the fourth irradiation only triggered the release of 7.5% of TTX. After a single 1-

minute irradiation at 75 mW/cm2, the size of LTSL-GNR-TTX changed from 0.73 μm to 

two separate peaks (0.5 μm and 1.38 μm) as measure by DLS (Figure 2B), suggesting that 

NIR light irradiation could destroy the LTSL; the larger peak could be due to lipid 

aggregation.
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Phototriggered On-Demand Local Anesthesia

LTSL (optionally containing TTX) and non-triggerable liposomes (optionally containing 

DMED) were combined at a volume ratio of 1:1 and injected in a model of infiltration local 

anesthesia and a model of regional anesthesia (i.e. peripheral nerve block).

Infiltration anesthesia of the hindpaw—One hundred microliters of LTSL-GNR-TTX 

+ Lip-DMED or LTSL-GNR-TTX + Lip-0 were injected subcutaneously into the plantar 

aspect of the rat left hindpaw under brief isoflurane/oxygen anesthesia; neurobehavioral 

testing was initiated after the animals woke up. Local anesthesia was assessed by noting the 

vocal or motor (foot withdrawal) response to mechanical stimulation of the rat footpad with 

a Touch Test sensory evaluator, and the duration of local anesthesia was calculated (see 

Methods).7 Injection was followed by initial local anesthesia with a median duration of 4.5 h 

(4.0–5.8, interquartile range) for LTSL-GNR-TTX + Lip-0 (Figure S5), and 16 h (12–16) h 

for LTSL-GNR-TTX + Lip-DMED (Figure 3 and Table S2), further confirming that co-

delivery of TTX and DMED could prolong local anesthesia. Once daily for three days, 

starting 24 h after injection and after complete resolution of local anesthesia, both footpads 

were irradiated once a day for 1 minute. In vitro, LTSL-GNR-TTX could be activated at 25 

mW/cm2 (Figure 2), but given that light from an 808 nm NIR laser could be greatly 

attenuated by rat skin ex vivo.15 the laser irradiance was increased to 272 mW/cm2. Each 1 

minute irradiation event (done under isoflurane anesthesia) triggered local anesthesia in the 

footpad that had been injected with LTSL-GNR-TTX + Lip-DMED (Figure 3) or LTSL-

GNR-TTX + Lip-0 (Figure S5 and Table S2) and had no effect of analgesia in the 

contralateral foot (suggesting a lack of systemically distributed TTX). LTSL-GNR-TTX + 

Lip-DMED produced longer phototriggered local anesthesia than did LTSL-GNR-TTX + 

Lip-0 over the first two irradiation events (Figure S5). Modulation of laser intensity (141 and 

272 mW/cm2) allowed adjustment of the duration and intensity (%MPE) of phototriggered 

local anesthesia and the area under the curve (AUC) for those two parameters (Figure 3 and 

Table S2).

To confirm that triggered local anesthesia was mediated by heating of irradiated GNR, TTX 

loaded LTSL without gold nanorods were mixed with Lip-DMED (LTSL-TTX + Lip-

DMED) and injected (100 μL total volume) into the rat footpad. The initial local anesthesia 

was of similar duration to that from LTSL-GNR-TTX + Lip-DMED (Figure S6, median 

duration of 12 h, p = 0.3464). Irradiation (272 mW/cm2 for 1 minute) 24 h after injection did 

not cause local anesthesia. To further show that localized heating itself was not responsible 

for local anesthesia, a similar experiment was done with LTSL-GNR-0 + Lip-DMED (no 

TTX). That combination did not cause local anesthesia, with or without irradiation.

The time course of local anesthesia could be altered by adjusting the timing of irradiation 

(Figure 4). For example, the duration of continuous local anesthesia could be extended from 

14.5 (12.5–15) h to 22.5 (21–23) h by irradiating the footpads of rats injected with 100 μL 

LTSL-GNR-TTX +Lip-DMED whenever the %MPE dropped below 100%. That 

prolongation required three irradiation events at 272 mW/cm2 for 1 minute.
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Sciatic nerve blockade—Three hundred microliters of LTSL-GNR-TTX + Lip-DMED 

were injected at the sciatic nerve under brief isoflurane/oxygen anesthesia; neurobehavioral 

testing was initiated after the isoflurane wore off. The initial nerve block had a median 

duration of 37.4 (35.4–45) h (Figure 5 and Table S3). Once the thermal withdrawal latency 

in the left leg returned to < 7 s, the injection site was irradiated at 272 mW/cm2 (three cycles 

in total for each group) for either 1 (Figure 5a) or 2 (Figure 5b) minutes. Each irradiation 

event (under brief isoflurane/oxygen anesthesia) triggered sciatic nerve block (Figure 5 and 

Table S3) and had no effect on sensation in the contralateral leg (suggesting a lack of 

detectable systemic drug distribution). The duration of nerve blockade resulting from 

irradiation decreased with progressive triggering events, which was consistent with the 

decreasing triggered flux of TTX occurring with each cycle (Figure 2A). Two minutes of 

irradiation produced significantly longer block duration than did 1 minute, but only in the 

first irradiation event (p<0.001, Table S3).The total duration of local anesthesia achieved by 

this approach was 62 h; 14h of triggered block following 48 h of continuous nerve block.

Tissue reaction—Rats that received intraplantar injection of LTSL-GNR-TTX + Lip-

DMED or LTSL-GNR-TTX + Lip-0 (100 μL) with or without 3 cycles of irradiation (272 

mW/cm2, 1 minute) were euthanized 8 days after injection. The soft tissues of the footpads 

were removed and processed for histology. On light microscopy of hematoxylin-eosin 

stained sections (Figure S7), there was no injury to the skin and underlying tissues but there 

was inflammation at the injection site, with macrophages and lymphocytes, occurred in all 

groups, as is commonly seen with injected particles.27, 28 Foamy macrophages were 

observed, likely reflecting uptake of injected formulations.28, 29

Rats receiving LTSL-GNR-TTX + Lip-DMED at the sciatic nerve with or without 3 cycles 

of irradiation were euthanized 8 days after injection. The irradiated skin and sciatic nerve 

with surrounding tissues were dissected and processed into hematoxylin and eosin stained 

slides (Figure 6A). There was no perceptible damage to the skin, sciatic nerve or 

surrounding tissues irrespective of irradiation. Inflammation was observed at the injection 

sites where there was particle residue, with macrophages (many of them foamy) and 

lymphocytes in both treated groups.

Sciatic nerves were harvested from rats 8 days after injection of LTSL-GNR-TTX + Lip-

DMED followed by 3 cycles of irradiation, and toluidine blue-stained sections of them were 

prepared. No changes in axonal density or myelin structure were observed (Figure 6B). The 

perineural tissue appeared normal.

Discussion

We have demonstrated an injectable system that can provide on-demand infiltration and 

regional anesthesia, in superficial and deep tissues respectively. Tissue reaction was benign, 

with mild inflammation consistent with the injection of particulate material.

This system could be appealing for treating prolonged postoperative pain. The initial nerve 

block would address the immediate perioperative period, including the duration of a 

procedure. Near infrared irradiation would subsequently allow on-demand analgesia. The on 
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demand events could be triggered close together, providing continuous pain relief, or spread 

out. Moreover, the intensity of the analgesia could be adjusted by tuning the intensity and/or 

duration of irradiation. By providing patient control of pain relief, systems of this type could 

reduce the role that opioids play in perioperative pain management. This would be important 

given the frequent side effects of opioids,1 and their potential for addiction30 and 

diversion.31

The durations of pain relief afforded by the present system are likely too short to make them 

practical for the management of chronic pain. However, we and others have described 

reservoir-type devices which could in principle provide very long-term local anesthesia.15 A 

disadvantage of many such devices is that they often require implantation.

NIR light irradiation is a promising tool for triggering drug release in vivo.21, 32–34 However, 

high irradiances and/or prolonged irradiation times15 may cause burns. This concern is 

particularly relevant in devices that can be triggered repeatedly, or that are implanted deep 

within the body. In the latter case, attenuation of the NIR light by tissues could necessitate 

high irradiances and/or long durations of irradiation to actuate the device. It was therefore an 

important goal of this work to reduce the energy required for triggering; this would allow 

less energy to be used and/or shorter irradiances and/or deeper penetration. The present 

device was sensitive to 808 nm NIR light, so that low irradiances (≤ 272 mW/cm2) were 

required over short durations (1–2 minutes) for actuation, and no phototoxicity occurred. By 

way of comparison, we have found 150 mW/cm2 for 30 min to be safe when triggering an 

implanted device.15 The short irradiation is important in terms of patient convenience, and 

the rapidity with which pain relief can be expected.

Another reason that the adjustability of this system is important is that triggered release of 

TTX from our device would also impair motor function. (This would be true of essentially 

all local anesthetics.) The ability to modulate the degree of nerve block would allow patients 

to adjust their regimen in real time in accordance with their needs for movement (e.g. 

physical therapy).

Tissue reaction was benign, with only mild inflammation, which is characteristic of injected 

microparticles27. This biocompatibility was in part due to the use of TTX as a local 

anesthetic. Unlike conventional local anesthetics such as bupivacaine,28, 29, 35 site 1 sodium 

channel blockers such as TTX cause little or no inflammation,36, 37 myotoxicity,12 or 

neurotoxicity.38 There was no evidence of systemically distributed TTX, which would have 

manifested as neurobehavioral deficits in the un-injected extremity.3 This is important since 

systemic toxicity from TTX can result in respiratory failure. Liposomal encapsulation of site 

1 sodium channel blockers can control their systemic distribution very effectively.5, 724

We have developed a sensitive externally triggerable device for adjustable on-demand pain 

relief. The intensity, duration, and timing of local anesthesia could be modulated in both 

superficial and deep tissues by changing the parameters of irradiation. Tissue reaction 

(myotoxicity, neurotoxicity, inflammation) was benign.
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Figure 1. 
Characterization of low temperature sensitive liposomes conjugated to gold nanorods 

(LTSL-GNR-TTX). (A) Cryo-EM image displaying gold nanorods on liposomes (yellow 

arrows). (B) Effect of temperature on cumulative release of TTX from low temperature 

sensitive liposomes conjugated to gold nanorods (LTSL-GNR-TTX). Data are means ± SD 

(n = 4).
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Figure 2. 
Effect of continuous irradiation with an 808 nm continuous wave NIR laser on lysolipid-

containing thermosensitive liposomes conjugated with gold nanorods (LTSL-GNR-TTX). 

(A) Repeated release of TTX from repeated 1-minute irradiations at 25, 42 and 75 mW/cm2. 

Data are means ± SD (n = 4). Asterisks are from comparison of 75 mW/cm2 and 42 

mW/cm2 or 75 mW/cm2 and 25 mW/cm2. *p < 0.05, **p < 0.01 and ***p < 0.001, NS 

indicates p > 0.05. (B) Size distribution of LTSL-GNR-TTX before and after a single 

irradiation (75 mW/cm2, 1 minute).
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Figure 3. 
Phototriggered local anesthesia in the rat footpad. (A) Effect on local anesthesia of injection 

(black arrow labeled “Inj”) of 100 μL of LTSL-GNR-TTX + Lip-DMED and subsequent 

irradiation (purple arrows, 808 nm continuous wave NIR laser at 141 or 272 mW/cm2, for 1 

minute). Local anesthesia is presented as % maximum possible effect; see Methods. Data are 

medians; Interquartile ranges are in Table S2 (n = 4 per group; for the initial local 

anesthesia, n = 8 for the 2 groups). (B) The highest %MPE and (C) the duration of local 

anesthesia after each triggering at different laser irradiances. (D) The AUC of the %MPE-

time curves in panel A (see Methods). Data are medians with 25th and 75th percentiles in 

(B-D). Asterisks are from comparison of 272 mW/cm2 and 141 mW/cm2 *p < 0.05 and 

***p < 0.001.
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Figure 4. 
Prolongation of maximal local anesthesia in the rat footpad after injection of 100 μL of 

LTSL-GNR-TTX + Lip-DMED. Irradiation was with an 808 nm continuous wave NIR laser, 

272 mW/cm2, 1 minute, and occurred whenever the %MPE dropped below 100%. Individual 

irradiation events are not shown since their timing varied from rat to rat. Local anesthesia is 

presented as % maximum possible effect; see Methods. Data are medians with 25th and 75th 

percentiles (n = 4).
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Figure 5. 
Representative sciatic nerve blocks in single animals treated with LTSL-GNR-TTX + Lip-

DMED and subsequent irradiations. Note the discontinuity in the x-axis at 48h, to better 

demonstrate the triggered events. Arrows indicate irradiation with 808 nm continuous wave 

NIR laser at 272 mW/cm2 for (A) 1 minute or (B) 2 minutes. Laser irradiation was 

conducted once the thermal withdrawal latency of the left leg dropped below 7 seconds. 

Latency in the right (un-injected) leg is also shown.
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Figure 6. 
Tissue reaction. (A) Representative light microscopy of hematoxylin/eosin-stained sections 

of rat skin and muscle near the sciatic nerve 8 days after treatment with LTSL-GNR-TTX + 

Lip-DMED with or without three cycles of laser irradiation. There was no damage to the 

skin and underlying tissues (P denotes an area of particle deposition). (B) Toluidine blue 

stained sections of sciatic nerves harvested from untreated rats and from rats 8 days after 

treatment with LTSL-GNR-TTX + Lip-DMED with or without three cycles of laser 

irradiation.
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