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Chronic pain is one of the most difficult medical conditions to 
manage, affecting more than 10% of the world’s population1,2. 
In particular, treatment options for persistent peripheral 

 pain resulting from chronic inflammation (nociceptive pain) or 
nerve damage (neuropathic pain) owing to cancer, infectious dis-
eases, physical injuries or diabetes are limited3,4. For example,  
non-steroidal anti-inflammatories have dose-limiting side effects, 

whereas morphine involves the risk of addiction or tolerance2,5. 
Although the venom-derived ω​-conotoxin peptide ziconotide 
(SNX-111; also known as Prialt) circumvents these issues and has 
been licensed for the treatment of severe chronic pain, the only 
effective administration route is intrathecal injection, which poses 
high risks6,7. Therefore, there is still an urgent need for safe and 
effective pain treatment strategies.

Treatment of chronic pain by designer cells 
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Current treatment options for chronic pain are often associated with dose-limiting toxicities, or lead to drug tolerance or addic-
tion. Here, we describe a pain management strategy, based on cell-engineering principles and inspired by synthetic biology, 
consisting of microencapsulated human designer cells that produce huwentoxin-IV (a safe and potent analgesic peptide that 
selectively inhibits the pain-triggering voltage-gated sodium channel NaV1.7) in response to volatile spearmint aroma and in 
a dose-dependent manner. Spearmint sensitivity was achieved by ectopic expression of the R-carvone-responsive olfactory 
receptor OR1A1 rewired via an artificial G-protein deflector to induce the expression of a secretion-engineered and stabilized 
huwentoxin-IV variant. In a model of chronic inflammatory and neuropathic pain, mice bearing the designer cells showed 
reduced pain-associated behaviour on oral intake or inhalation-based intake of spearmint essential oil, and absence of car-
diovascular, immunogenic and behavioural side effects. Our proof-of-principle findings indicate that therapies based on engi-
neered cells can achieve robust, tunable and on-demand analgesia for the long-term management of chronic pain.
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Fig. 1 | Engineering of ssHwTx. Principle of PainAssay. In humans, NaV1.7 coordinates the transmission of pain signals along peripheral neurons. Inhibition 
of NaV1.7 results in suppression of pain perception. In a NaV1.7-specific PainAssay in vitro (see Supplementary Fig. 1a), membrane depolarization triggers 
cytosolic calcium increase and PNFAT-driven transsilencing of reporter gene expression. Inhibition of NaV1.7 by analgesic compounds such as ssHwTx 
(hFc-HwTx-IV) antagonizes depolarization-mediated gene silencing and activates reporter gene expression. PMS denotes mammalian paraben-mediated 
transsilencer45. [cat.] denotes intracellular cation levels. Pmin denotes minimal promoter. pA denotes polyadenylation signal. CaV denotes voltage-gated 
calcium channels. The circled P denotes a phosphorylated protein residue.
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Huwentoxin-IV (HwTx-IV), also known as mutheraphotoxin-
Hh2a, is a natural analgesic peptide isolated from the Chinese 
bird spider Haplopelma schmidti. HwTx-IV is a selective inhibitor 
of the voltage-gated sodium channel NaV1.7, which is the prime 
molecular target for treatment of pain4. HwTx-IV inhibits human 
NaV1.7 (hNaV1.7) with high specificity (half-maximum inhibitory 
concentration IC50 ≈​ 0.4 nM)8, while showing low affinity for other  
sodium channel isoforms hNaV1.4 (IC50 ≈​ 3.9 µ​M) and hNaV1.5 
(IC50 ≈​ 25 µ​M)8,9; this is crucial to prevent adverse effects on skel-
etal and cardiac muscles9. Indeed, preclinical studies of peripher-
ally administered HwTx-IV confirmed that it can suppress both 
nociceptive and neuropathic pain syndromes in mice10. However, 
because of low bioavailability, repeated injections at high doses are 
required to relieve pain.

In this work, we aimed to develop a next-generation pain man-
agement strategy. For this purpose, we first developed a stabilized 
HwTx-IV variant custom-designed for high-level production and 
secretion in human cells (secretion-engineered and stabilized 
HwTx-IV (ssHwTx)). Then, to achieve production and secretion 
of ssHwTx under remote control by spearmint aromatherapy, we 
designed AromaCell, a human embryonic kidney cell line (Hana3A) 

stably transgenic for the spearmint aroma R-carvone-stimulated 
ssHwTx expression. We considered that this approach would have 
the potential to provide robust, tunable and on-demand analgesia 
for long-term management of chronic pain while also enabling 
patient-selected drug termination to prevent the development of 
drug tolerance or addiction3.

Results
Design and validation of ssHwTx. To increase the plasma half-life 
and production efficiency of HwTx-IV, we modified the molecule 
by fusing a human immunoglobulin-G1 fragment crystallizable 
(Fc) domain containing a human interleukin-2 derived secretion 
signal11 to the N terminus of HwTx-IV, resulting in a stabilized 
HwTx-IV variant custom-designed for production and secretion in 
human cells (ssHwTx) (Fig. 1). To confirm the biological activity 
of ssHwTx in vitro, we engineered a synthetic painkiller-screen-
ing assay in human embryonic kidney cells (HEK293) based on 
hNaV1.7-dependent excitation–transcription coupling (designated 
as PainAssay) (Fig. 1, Supplementary Fig. 1a). In PainAssay, mem-
brane depolarization activates hNaV1.7 and subsequently triggers 
the opening of voltage-gated calcium channels, increase of cytosolic 
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Fig. 2 | Engineering and validation of ssHwTx. a, GFP-based PainAssay. HEK293 cells were cotransfected with pWH68 (PPMS-TurboGFP-pA), pMX109 
(PNFAT3-PMS-pA) and pNaEx8 (PhCMV-hNaV1.7-pA), and cultured for 24 h in XEN907-enriched (5 µ​M) or ssHwTx-enriched medium (450 nM) containing 
different concentrations of potassium chloride (KCl) and sodium chloride (NaCl), then transferred into fresh culture medium containing the same amount 
of chemicals (5 µ​M) or ssHwTx (450 nM) and cultivated for another 24 h. GFP levels were scored at 48 h after first exposure to NaV1.7-specific inhibitors. 
Data are mean ±​ s.e.m., n =​ 6 independent experiments. 0/0 mM and 20/20 mM denotes KCl/NaCl-concentrations (in mM) added to the culture medium, 
in particular 0mM of both or 20mM of both, either in the presence (+​) or absence (−​) of XEN907 or ssHwTx. b–d, Patch clamp experiments showing the 
effects of ssHwTx on inward current kinetics (b) and dose-dependent (c) or voltage-dependent (d) hNaV1.7 inhibition. b, Current amplitudes generated by a 
20 ms, −​10 mV depolarizing potential from a holding potential of −​120 mV at 0.2 Hz in the presence of 450 nM ssHwTx. Inset shows representative current 
trajectories inhibited by 450 nM ssHwTx or 100 nM tetrodotoxin (TTX, positive control). c, ssHwTx dose-dependent inhibition of hNaV1.7 stably expressed in 
CHO-K1 cells. d, hNaV1.7 current–voltage relationships in the presence or absence of 450 nM ssHwTx generated using 50 ms depolarization steps between 
−​80 mV and −​40 mV in 5 mV increments from a holding potential of −​120 mV. All data (b–d) were normalized to the maximum current amplitude (I/Imax) 
and presented as mean ±​ s.d., n =​ 3 independent cells. e, Validation of ssHwTx analgesic potency in mice with the formalin test; 10 ×​ 106 microencapsulated 
HEK293 cells transgenic for constitutive ssHwTx secretion (pWH50; human cytomegalovirus immediate early promoter-driven ssHwTx-Pa (PhCMV-
ssHwTx-pA)) or negative control cells consisting of pWH74-transgenic HEK293 (pWH74; PhCMV-hFc-pA) were implanted into mice. Using the formalin-
induced persistent pain model, pain behaviour during the acute phase (phase I: 0–10 min after intraplantar formalin injection) and chronic phase (phase II: 
10–60 min) was analysed by scoring total licking and biting times of the formalin-injected paw at 48 h after implantation. f, Production of ssHwTx in vivo. 
Therapeutic transgene product levels in the bloodstream were quantified using a human Fc-specific enzyme-linked immunosorbent assay after completion 
of the formalin test described in e. Data in e,f are shown as the mean ±​ s.e.m. and symbols indicate individual data points, statistics by two-tailed t-test, n =​ 8 
mice per group. *P <​ 0.05 versus control; NS, not significant. a.u., arbitrary units. All plasmids are described in Supplementary Table 1.
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calcium and transsilencing of reporter gene expression driven by 
nuclear factor of activated T cells (NFAT) (Supplementary Fig. 1a). 
Inhibition of NaV1.7 prevents depolarization-dependent gene trans-
silencing and results in increased reporter gene expression (Fig. 1). 
This modular architecture of PainAssay enables quantification of 
the effects of ectopically expressed NaV1.7 on the cells’ endogenous 
depolarization-dependent response of NFAT-responsive promoters 
(PNFAT) (Supplementary Fig. 1b,c), and therefore the assay can be 
applied in vitro to validate compounds as potential NaV1.7 channel 
modulators in the context of peripheral pain (Fig. 1).

When we examined analgesic compounds with PainAssay, only 
ssHwTx and the high-affinity NaV1.7 blocker XEN907 (IC50 ≈​ 3 nM) 
(ref. 12) could mediate dose-dependent expression of human pla-
cental secreted alkaline phosphatase (SEAP), while unspecific and 
low-affinity NaV1.7 blockers such as amitriptyline (IC50 ≈​ 1 µ​M), 
tetracaine (IC50 ≈​ 0.9 µ​M) (ref. 13) and lidocaine (IC50 ≈​727 µ​M) 
(ref. 14), as well as negative control conditions such as dimethyl-
sulfoxide and aspirin, did not substantially impact NaV1.7 activity 
(Supplementary Fig. 1d–f). In particular, 0.35 µ​M ssHwTx achieved 
49.3% ±​ 6.1% NaV1.7 inhibition compared with the positive control 
(5 µ​M XEN907, taken as 100%) (Supplementary Fig. 1e). For precise 
quantification of NaV1.7-dependent gene expression, intracellular 
green fluorescent protein (GFP) is more suitable than SEAP as it 
allows washing steps and medium exchange while retaining cellu-
lar memory over the entire experimental timespan. Indeed, when 
hNaV1.7-transgenic HEK293 cells were resuspended in cell culture 
medium containing either XEN907 or ssHwTx, GFP expression lev-
els confirmed the ability of ssHwTx to functionally inhibit NaV1.7 
in vitro (Fig. 2a).

To further validate effective and isoform-specific inhibition 
of NaV1.7 by ssHwTx in vitro, we performed whole-cell patch 
clamp recordings confirming high affinity of ssHwTx for NaV1.7  
(Fig. 2b–d) and low affinity for the two most critical antitargets 
NaV1.5 (Supplementary Fig. 2a,b) and voltage-gated potassium 

channel KV11.1 (also known as the hERG protein) (Supplementary 
Fig. 2c,d). NaV1.5 and KV11.1 are predominantly expressed in the 
cardiac muscle, and their inhibition increases the risk for arrhyth-
mia, stroke and sudden death15. Whole-cell voltage patch clamp of 
Chinese hamster ovary cells (CHO-K1) stably expressing hNaV1.7 
showed almost full inhibition of the channel’s sodium current 
amplitudes in the presence of 450 nM ssHwTx (96.52% ±​ 2.24%) 
(Fig. 2b). Additional experiments confirmed that ssHwTx was 
a potent NaV1.7 inhibitor across a wide ssHwTx concentration 
range (IC50 =​ 22.2 nM ±​ 1.3 nM) (Fig. 2c) and different depolariza-
tion shifts (Fig. 2d). In contrast, ssHwTx failed to inhibit hNaV1.5 
(Supplementary Fig. 2a,b) and human KV11.1 (Supplementary  
Fig. 2c,d) even at higher levels of up to 1 µ​M.

Next, we evaluated the analgesic efficacy of ssHwTx in vivo 
using the formalin-induced mouse model of peripheral pain16,17. 
Following an intraplantar injection of formalin (5%, v/v in PBS 
buffer), the behavioural response of mice during the chronic pain 
phase (10–60 min after formalin injection) typically manifests in 
excessive licking and biting of the formalin-treated paw18,19. Mice 
implanted with microencapsulated ssHwTx-secreting HEK293 cells 
exhibited substantially reduced chronic pain behaviour compared 
with control mice treated with ssHwTx-deficient implants (Fig. 2e),  
although both implants showed equal protein production and 
secretion capacities (Fig. 2f). These results not only confirm the 
efficacy of ssHwTx in suppressing chronic pain10, but also imply 
that high bioavailability can be achieved by using implanted human 
cells for in situ production and systemic delivery; the blood level 
of 3.61 nM ±​ 2.11 nM ssHwTx observed at 48 h after implantation 
afforded similar efficacy to that of HwTx-IV systemically injected 
at higher doses10 (Fig. 2f). Importantly, ssHwTx did not appear to 
cause cardiovascular or behavioural side effects, as all mice retained 
normal blood pressure (Supplementary Fig. 2e) and normal loco-
motor functions (Supplementary Fig. 2f), while no serpentine tail 
movements or whole-body shaking were observed.
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Fig. 3 | Engineering human cells for spearmint-inducible gene expression. a, Design principle. Ectopic expression of a R-carvone-specific mammalian 
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Programming human cells for spearmint-inducible transgene 
expression. To achieve remote-controlled transgene expression 
in human cells, we ectopically expressed an R-carvone-responsive 
murine olfactory receptor MOR256-17 derived from mammalian 
nose, and rewired its intracellular protein-kinase-A-dependent 
signalling cascade to cyclic adenosine monophosphate (cAMP)-
mediated activation of synthetic cAMP-responsive promoter PCRE-
driven (where ‘CRE’ denotes cAMP-responsive element) SEAP 
expression20 (Fig. 3a). R-carvone is a volatile compound that occurs 
naturally in Mentha spicata and accounts for the plant’s characteris-
tic spearmint odour. Indeed, when we characterized the R-carvone 
responsiveness in culture, distance-dependent SEAP activation 
could be triggered by a single drop of spearmint essential oil placed 
at a position on the tissue culture plate where it had no physical 

contact with the cultivated human cells (Fig. 3b). Control experi-
ments revealed that SEAP expression could be dose-dependently 
tuned by adjusting the R-carvone concentration in the culture in 
the range of 0–200 µ​M, and importantly, a reporter-based cytotox-
icity assay21 confirmed that this R-carvone concentration range did 
not decrease the viability or overall protein secretion capacity of the 
cells (Supplementary Fig. 3a,b).

Among various mammalian cell lines tested, HEK293 and 
human mesenchymal stem cells showed optimal spearmint-trig-
gered gene expression profiles (Fig. 4a). In particular, Hana3A 
cells, a HEK293-derived cell line stably expressing the olfactory 
neuron-specific G protein (Golf protein), as well as receptor-trans-
porting protein 1 (RTP1), receptor-transporting protein 2 and 
receptor expression-enhancing protein 1 chaperones that facilitate  
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(d) or one-way ANOVA test (e,f), n =​ 6 mice per group. *P <​ 0.05, **P <​ 0.01, ***P <​ 0.001 versus control. mU l−1, milliunits per litre.
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G-protein-coupled receptor expression22, showed the highest induc-
tion ratios between basal and spearmint-induced SEAP expression 
(Fig. 4a), as well as rapid and adjustable activation kinetics (Fig. 4b), 
and effective remote control by spearmint-containing food prod-
ucts (Fig. 4c, Supplementary Fig. 3c). Aromatherapy, the therapeu-
tic use of essential oils extracted from plants through oral intake, 
topical application or inhalation, has been widely used to control 
a variety of persistent discomforts with high patient convenience23. 
Therefore, to test the compatibility of spearmint-regulated trans-
gene expression with aromatherapy, we implanted mice with micro-
encapsulated spearmint-triggered SEAP-expressing Hana3A cells 
(Fig. 3a, Supplementary Fig. 3d). After confirming that SEAP levels 
in the animals’ bloodstream could be dose-dependently triggered by 
ingested R-carvone (Supplementary Fig. 3e), we allowed the mice 
to consume spearmint-flavoured chewing gum extract (Fig. 4d)  

or to inhale freely diffused spearmint essential oil (Fig. 4d), 
or we provided spearmint-containing olive oil either orally  
(Fig. 4e) or through transdermal delivery (Fig. 4f). In every case, 
exposed animals showed spearmint-dependent SEAP expression  
(Fig. 4d–f). However, the maximal induction fold between spear-
mint-activated and basal SEAP levels in vivo (Supplementary  
Fig. 3e) was markedly reduced when compared with that obtained 
in vitro (Supplementary Fig. 3d). Also, when we switched to  
an isogenic PCRE-regulated ssHwTx-expression vector pWH61 
(PCRE-ssHwTx-pA) instead of pCK53 (PCRE-SEAP-pA), we observed 
only relatively low spearmint-triggered ssHwTx induction fold in 
vitro (Fig. 5a), and the blood ssHwTx level was not significantly 
different from the control in vivo (Supplementary Fig. 3f) when the 
mice were exposed to the same regimens that triggered spearmint-
dependent SEAP activation (Fig. 4e).
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Design and characterization of the spearmint-sensitive Aroma
Cell line. Therefore, it was necessary to increase the spearmint-
dependent ssHwTx-productivity (Fig. 5a). For this purpose, we 
tested various mammalian R-carvone-responsive olfactory recep-
tors and found that human OR1A1 (ref. 24) afforded superior spear-
mint sensitivity and ssHwTx production capacity (Fig. 5b). We also 
reengineered the cAMP-responsive promoter PCRE and found that 
the number of operator binding sites for human CRE binding pro-
tein 1 (CREB1) correlated with the spearmint-triggered production 
level (Supplementary Fig. 4a). We established that human elonga-
tion factor-1α​ promoter PhEF-1α-driven OR1A1 enabled optimal 
spearmint-dependent gene expression from a PCRE promoter vari-
ant containing nine CREB1 binding sites (Supplementary Fig. 4a). 
Next, we stably integrated the corresponding genetic components 
into Hana3A cells. Among the 150 single cells randomly selected 
and clonally expanded from a triple-transgenic Hana3A population, 
cell clone number 93 fulfilled the requirements of a spearmint-sen-
sitive ssHwTx-producing cell line (Supplementary Fig. 4b). It shows 
negligible basal ssHwTx secretion, produces ssHwTx in similar  

amounts to constitutively ssHwTx-expressing human cells when 
induced with low R-carvone concentrations (10 µ​M) and produced 
almost double the amount of ssHwTx when induced with 100 µ​M 
R-carvone (Supplementary Fig. 4b). Production of ssHwTx could be 
rapidly and precisely induced by adjusting the R-carvone concen-
tration (Fig. 5c). A time-course experiment involving cycles of alter-
nating R-carvone sensitization and desensitization confirmed that 
ssHwTx production could be programmed in a reversible manner 
(Fig. 5d). Thus, ssHwTx production in this cell line can be remotely 
controlled by the volatile component of spearmint essential oil  
(Fig. 5e). The spearmint-triggered ssHwTx production profile was 
reproducible for over 30 passages of the cell line (Supplementary 
Fig. 4c), which we designated as AromaCell.

Spearmint aromatherapy for AromaCell-mediated treatment 
of chronic pain. Inhalation is one of the most effective adminis-
tration routes for essential oils, particularly when an ultrasonic 
aroma diffuser is employed25,26 (Fig. 6a), and indeed, animal groups 
treated with the aroma diffuser showed the highest R-carvone  
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levels in blood, compared with other administration routes exam-
ined (Supplementary Fig. 5a). This suggested that a human life-
style-compatible, aromatherapy-based pain treatment setting 
would be feasible. To test this idea, mice were implanted with a 
single dose of microencapsulated AromaCells (Supplementary 
Fig. 5b) and treated with spearmint essential oil either orally 
(Supplementary Fig. 5c,d) or via the aroma diffuser (Fig. 6b,c). 
Spearmint-mediated pain suppression was observed in both cases 
(Fig. 6c, Supplementary Fig. 5d,e, Supplementary Movie 1), but 
mice treated with the aroma diffuser showed higher spearmint-
triggered ssHwTx levels in the bloodstream (Fig. 6b, Supplementary 
Fig. 5c). Control mice implanted with AromaCells but not exposed 
to spearmint essential oil, and mice that did not receive the thera-
peutic implant but were exposed only to spearmint, did not show 
any amelioration of the behavioural symptoms indicative of chronic 
pain (Fig. 6c, Supplementary Fig. 5d,e, Supplementary Movie 1). We 
confirmed that ssHwTx production could be repeatedly triggered 
with spearmint essential oil over the course of at least three weeks 
(Supplementary Fig. 5f). No immunogenicity was observed in the 
implanted mice over the same period (Supplementary Fig. 5g).

In addition to the validation of the therapy for persistent 
peripheral pain (Fig. 6a–c), we further confirmed the potential of 
AromaCell in two other chronic pain models simulating hyperalge-
sia resulting from chronic inflammations27 (pain induced by com-
plete Freund’s adjuvant (CFA)) and neuropathic pain16 (triggered by 
chronic constrictive injury (CCI)), the most refractory chronic pain 
condition. CFA mice treated with AromaCells and exposed for 24 h 
to spearmint essential oil atomized by an aroma diffuser showed 
sustained pain suppression for over nine days, whereas treatment 

groups receiving tramadol or native HwTx-IV were free of pain 
for up to only six hours (Fig. 6d). In contrast, oral intake of native 
HwTx-IV did not show any analgesic effect (Supplementary Fig. 6a).  
CCI mice treated with AromaCells and exposed once per week to 
spearmint essential oil atomized by an aroma diffuser were free of 
pain for the entire four-week experimental period, during which 
the spearmint-free treatment groups showed significant pain  
symptoms28 (Fig. 7a).

Injection of HwTx-IV inhibited hyperalgesia (Fig. 7a), but only at 
excessive doses causing severe side effects such as torpidity, lethargy 
and death (Supplementary Fig. 6b). In contrast with conventional 
analgesics such as tramadol and morphine, prolonged treatment 
with AromaCell-secreted ssHwTx (Supplementary Fig. 6c) elicited 
neither drug tolerance (Fig. 7a) nor addiction (Fig. 7b). Additionally, 
whereas tramadol and morphine are also known to cause hyperac-
tivity (Fig. 7c), Straub-tail reactions (Supplementary Movie 2) and 
seizures (Supplementary Movie 3), none of these behavioural side 
effects were observed for the spearmint-controlled ssHwTx-based 
AromaCell therapy (Fig. 7b,c, Supplementary Movie 4). Furthermore, 
compared with conventional pain treatment, AromaCells reduced 
the risk for inflammation (Fig. 7d), and treated animals did not show 
any significant changes in blood pressure (Supplementary Fig. 6d) 
and body weight (Supplementary Fig. 6e) that are typical for conven-
tional small-molecule-based pain treatment.

Discussion
The clinical treatment of chronic pain remains problematic, and 
new strategies are required5,29. Convergent studies in the past decade 
have identified voltage-gated sodium channel NaV1.7 (encoded by 
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the human SCN9A gene) as a prime molecular target for treatment 
of refractory chronic pain4. Humans lacking this channel are com-
pletely insensitive to pain30, but retain proprioception, touch sen-
sation, temperature discrimination, and normal motor functions2,4. 
Therefore, subtype-specific NaV1.7-inhibitors such as HwTx-IV 
are considered promising candidates for potent and safe analgesics 
to treat chronic peripheral pain without the risk of side effects or 
addiction4,8. However, although HwTx-IV can be delivered systemi-
cally, poor bioavailability necessitates repeated injections to achieve 
sustained drug action10, which can cause inflammation and tissue 
injury and impair quality of life. Focusing on the capacity of human 
cells to produce protein therapeutics with high efficiency and the 
availability of synthetic biology-inspired cell-engineering principles 
to construct custom-design human cells with novel functions31, 
we constructed a monoclonal Hana3A cell line called AromaCell, 
which is stably transgenic for R-carvone-stimulated expression of 
the secretion-engineered and stabilized derivative of HwTx-IV 
(ssHwTx). Using AromaCell, ssHwTx production in mice could be 
precisely controlled by spearmint aromatherapy. Thus, by integrat-
ing recent breakthroughs in pain research, synthetic biology and 
aromatherapy, we have constructed a system that combines the non-
invasive nature of spearmint aroma as a patient-convenient trigger 
compound, the versatility of engineered human cells in providing 
robust, tunable and on-demand ssHwTx secretion, and the high 
potency, safety and specificity of ssHwTx in treating chronic pain. 
We believe that this work provides a proof-of-concept cell-based 
therapy as a next-generation strategy to achieve robust, tunable, on-
demand and side-effect-free analgesia for long-term management 
of chronic pain.

Currently, we engineered AromaCell using human cell lines and 
could validate its safety, toxicology and antinociceptive efficacy 
in animal models simulating all three chronic pain conditions in 
humans: persistent peripheral pain16,17, neuropathic pain16 and pain 
resulting from chronic inflammations27. Future clinical applications 
of AromaCell-based pain therapy may foresee night-time exposure 
of patients to spearmint essential oil vapourized by an ultrasonic 
aroma diffuser or inhalation of the spearmint aroma using modi-
fied electronic cigarettes providing portable, lifestyle-compatible 
and personalized treatment of pain flare-ups.

To translate this pain management strategy into a clinical real-
ity, future work should focus on incorporating the functional com-
ponents of AromaCell into clinically validated human cell types 
such as patient-derived autologous somatic cells or adipose-derived 
mesenchymal stem cells32. Although reimplantation of AromaCell-
carrying autologous cells is not expected to cause immunogenic 
complications, a final therapy should still consist of encapsulated 
therapeutic cells inside a semipermeable and immunoisolating con-
tainer, to enable flexible exchangeability of the implant in cases of 
dose renewal or fibrosis33. To this end, macroencapsulation archi-
tectures tailor-designed for subcutaneous implantation would be an 
optimal future implementation for AromaCell, which would com-
bine easy surgical accessibility, patient compliance and effective vas-
cularization, and might evolve as the therapy of choice for life-long 
management of chronic pain.

Methods
Vector design. Comprehensive design and construction details for all expression 
plasmids are provided in Supplementary Table 1. A Gly-Lys dipeptide motif was 
introduced at the C terminus of ssHwTx (hFc-HwTx-IV, where ‘h’ denotes human) 
to facilitate amidation by peptidylglycine α​-amidating monooxygenase enzymes in 
vivo to afford the bioactive form of HwTx-IV (refs 34,35).

Production of microcapsule implants. Cell implants were produced by 
microencapsulating transgenic HEK293, Hana3A or AromaCell (stably 
pWH113/pWH114/pWH117-transfected Hana3A) into coherent alginate-
(poly-l-lysine)-alginate capsules (400 µ​m, 200 cells per capsule) using an 
Inotech Encapsulator Research IE-50R (EncapBioSystems) with the following 
parameters: a 200 μ​m nozzle with a vibration frequency of 1,025 Hz, a 25 mL 

syringe operated at a flow rate of 410 units, and 1.12 kV voltage for bead 
dispersion36. Capsule integrity was confirmed by microscopy, and functionality 
was confirmed by analytical assays in vitro before injecting 10,000–50,000 
capsules (200 cells per capsule) into the intraperitoneal cavity or into the lower 
dorsum subcutaneously of mice.

Spearmint aromatherapy in mice. Adult OF1 mice (female, 7–8 weeks;  
Charles River), CD-1 Swiss mice (male, 8–12 weeks; Charles River) or C57BL/6J 
mice (female, 8–12 weeks; East China Normal University) were acclimatized  
to the environment for at least 7 days before the start of all studies.  
Mice harbouring microcapsule implants received R-carvone through  
oral intake of R-carvone (0–200 mg per kg per day, three times every 24 h,  
diluted in 600 µ​l olive oil), oral intake of spearmint essential oil (0–500 µ​l per kg 
per day, three to six times every 24 h, diluted in 600 µ​l olive oil), oral intake of 
spearmint chewing gum extract solution (1,200 µ​l per mouse per day, four times 
every 24 h), topical application (0–1,200 µ​l per mouse per day, three times every 
24 h to shaved skin, diluted in 600 µ​l olive oil), or inhalation of spearmint essential 
oil by natural volatilization, by application of R-carvone to the nasal mucous 
membrane (20 µ​l of 20 mM stock solution per mouse, six times every 24 h) or 
by dispensing spearmint essential oil with a Bel-Air ultrasonic aroma diffuser 
(Welfine). The aroma diffuser was placed into a 60 cm ×​ 40 cm chamber harbouring 
the cage containing the mice, and pure spearmint essential oil was dispersed by 
ultrasonic atomization on a rhythm of 5 s on and 10 s off over 24 h or 48 h.  
During all experiments, animals had free access to water and food. Following 
spearmint treatment, mice were analysed for different behaviours or for transgene  
expression by collecting blood samples using Microtainer serum separating tubes 
(BD, catalogue no. 365967).

Formalin-induced persistent pain. The formalin-based mouse model 
encompasses inflammatory, neurogenic and central mechanisms of nociception18,19. 
Briefly, after acclimatization to the experimental environment for one week, CD-1 
Swiss mice were injected with 20 µ​l of 5% buffered formalin solution on the plantar 
surface of a hind paw using 30G Hamilton syringes (catalogue no. HA-80508-13) 
and counting the animals’ total licking and biting time of the formalin-treated  
paw over the course of 60 min (phase I, acute pain behaviour, 0–10 min; phase II,  
chronic pain behaviour, 10–60 min). During the formalin test, all animals 
were kept in individual polycarbonate chambers set up with back and bottom 
mirrors, and the entire experiment (from 10 min before formalin injection to the 
completion of the formalin test) was video-captured with an iPad (front view) and 
iPhone (top view).

Measurement of mechanical nociceptive threshold (MNT). Chronic hyperalgesia 
of mice was determined by measuring the exaggerated nocifensive response of a 
paw towards a mechanical stimulus. Mechanosensitivity was measured according 
to a simplified up–down method37 using nine von Frey filaments (Ugo Basile) 
spanning forces ranging from 0.008 g to 1.4 g (refs 38,39). Mice were placed in 
polycarbonate chambers on an elevated mesh floor, acclimatized for at least 20 min 
to the testing environment, and the MNT was measured by pressing the von Frey 
fibres against the mid-plantar surface of the hind paw for a total of five times. The 
fibre was held slightly buckled for 5–8 s with an interstimulus interval of at least 
10 s (ref. 40). Withdrawal, flinching, biting and licking of the stimulated paw were 
recorded as positive responses. The MNT value was calculated using the formula: 
MNT =​ force of fifth fibre applied ±​ 0.5 ×​ last stimulus interval (ref. 39). Measurement 
of a MNT-series was always performed by a same investigator who was blinded to 
the treatment condition of an individual animal.

Mouse model of CFA-induced chronic inflammatory pain. To induce chronic 
inflammatory pain, 20 µ​l of freshly emulsified CFA (1 : 1, v/v in sterile PBS) was 
injected subcutaneously into the plantar surface of the left hind paw of C57BL/6J 
mice using 30 G Hamilton syringes. Chronic pain typically develops 24 h after CFA 
administration27,41,42. Hyperalgesia of mice was determined by the MNT values 
obtained from mechanical stimulation using von Frey fibres.

Mouse model of CCI-induced chronic neuropathic pain. C57BL/6J mice with 
CCI were purchased from ChemPartner. The surgery procedure was performed as 
described by Bennett and Xie43 with minor adaptation for mice. Under anaesthesia, 
the left sciatic nerve of mice was loosely tied with three ligatures of 6-0 silk sutures 
at 1 mm intervals. Hyperalgesia and allodynia were confirmed by measuring MNT 
values using von Frey fibres.

Ethics. Animal experiments were performed according to the directive of the 
European Community Council (2010/63/EU), approved by the French Republic 
(project nos DR2014-42 and DR2016-13), and carried out by G.C. (grant no. 
69266309) and M. Daoud-El Baba (grant no. 69266310) at the University 
Institute of Technology of the University of Lyon (F-69622 Villeurbanne). Animal 
experiments related to Figs. 6d and 7a,d and Supplementary Fig. 6a–c were 
performed in the laboratory of H.Y. according to the protocol (m20170803) 
approved by the East China Normal University Animal Care and Use Committee 
and in direct accordance with the Ministry of Science and Technology of China on 
Animal Care Guidelines.
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Data analysis. Relative inhibition (%) of hNaV1.7 by ssHwTx was calculated as 
[(SEAP value by 0.35 µ​M ssHwTx / baseline SEAP for ssHwTx) −​ 1] / [(SEAP value by  
5 µ​M XEN907 / SEAP value by dimethylsulfoxide) −​ 1] ×​ 100. All values for in 
vitro experiments represent the mean ±​ standard deviation (s.d.) of independent 
experiments. For in vivo experiments, all values are expressed as the mean ±​ standard 
error of the mean (s.e.m.). Each mice group was randomly selected from the same 
delivered pool with the particular genetic background. Outlier tests were performed 
according to the robust regression and outlier removal (ROUT) method44. After 
assessing normality assumptions and group standard deviations, data of experiments 
comparing two test groups were analysed with an unpaired Welch’s t-test, which 
excludes the assumption of equal variances. For experiments comparing more than 
two test groups, data were analysed using one-way analysis of variance (ANOVA).  
All analyses were performed using Prism 7 software (GraphPad).

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available 
within the paper and its Supplementary Information.
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unique materials or if these materials are only available 
for distribution by a third party.
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animal-derived materials used in the study.

Adult OF1 mice (female, 7–8 weeks; Charles River Laboratories), CD-1 Swiss mice (male, 8–12 
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Normal University Laboratory Animal Center).
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