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A B S T R A C T   

The golden standard to treat acute pain is by intravenous drug delivery of opioids such as fentanyl or morphine. 
Intravenous drug delivery requires the placement of an intravenous (IV) port, which can cause infections, dis
lodgments, and distress to the patients, and therefore a non-invasive method is desirable. Pulmonary drug de
livery is a non-invasive method that has been shown to be a good alternative to intravenous administration. New 
devices have been investigated for treating acute pain by delivering fentanyl by heat. The pure drug, fentanyl, is 
applied onto a surface which is then heated up to 350 ◦C and inhaled, resulting in no formation of degradation 
products. Furthermore, forced degradation of fentanyl has been studied which showed that longer heating time 
and higher temperatures will result in the formation of degradation products. The evidence indicates that heat 
can be used to deliver drugs to the lungs where fast onset reaction can be obtained giving fast and non-invasive 
pain relief.   

1. Introduction 

Fentanyl was introduced in 1962 and is a potent synthetic opioid that 
is an antagonist on the μ-receptor (Stanley et al., 2008). Due to its fast 
onset reaction (1–2 min) and high potency, only a small amount is 
needed for effect, making it a perfect candidate for treating pain (Vallejo 
et al., 2011). Treating acute pain involves intravenous injection or 
insertion of an IV port which can be an unpleasant experience for the 
patients (Helm et al., 2015). To target the lungs, could be the answer to 
treat acute pain in a non-invasive way. Pulmonary drug delivery has 
been used in many pharmaceutical fields such as treating asthma. New 
studies have shown an increased interest in pulmonary drug delivery for 
pain relief due to its fast onset reaction and non-invasive method 
(Macleod et al., 2012; Mather et al., 1998). Various devices such as dry 
powder inhalers, metered dosed inhalers, and nebulizers are used to 
deliver the drug to the lungs. However, all these conventional devices 
have major limitations including humidity sensitivity and possible 
dosing errors. This has resulted in a new device emerging that is based 
on heat which allows the drug to be released when the heat is applied 
(Dinh et al., 2011; Myers et al., 2021). The aim of this review is to 
examine the current field of inhaled fentanyl and the possibility of using 
heat. 

2. Literature search 

A systematic search was conducted in the following databases: 
PubMed, Web of Science, and Scopus with the following search criteria: 
fentanyl AND inhalation AND poorly soluble drugs AND analogs AND 
inhalation devices AND degradation of fentanyl. Cite references were 
also used to find additional articles. Only articles written in English were 
considered for this review. 

3. Treating acute pain 

70% of all visits to the emergency room are due to acute pain (Berben 
et al., 2008). Treating pain has always been a fundamental goal in pa
tient care, and different opioids have been the main tool to reach that 
goal. The most common treatment for acute pain is the intravenous 
administration of opioids such as fentanyl and morphine. Intravenous 
administration requires the placement of an IV port which can be highly 
unpleasant to the patient and in the worst case even complications such 
as infections or dislodgements (Helm et al., 2015). Other common ways 
to treat acute pain are intranasal, sublingual, and pulmonary drug de
livery which bypasses the first-pass metabolism and reaches the central 
nervous system. Oral administration of fentanyl goes through the first 
pass metabolism and therefore has a lower bioavailability. Moreover, 
oral administration results in a significantly lower plasma concentration 
and requires a longer time to reach maximal plasma concentration 
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compared to intravenous and pulmonary drug delivery, Fig. 1. Previous 
studies have shown that nebulized fentanyl can be a good alternative to 
IV administration (Mather et al., 1998; Thompson and Thompson, 
2016). Mather et al. compared nebulized fentanyl with IV administrated 
fentanyl in 15 volunteers over 8 weeks (Mather et al., 1998). The plasma 
concentration profile showed that IV administrated fentanyl reached a 
maximum concentration of around 2 to 4 min while pulmonary 
administration reached the maximum concentration around 4 to 9 min. 
However, the volunteers reported feeling pain relief almost immediately 
after both inhalation and intravenous administration. Nebulizers have 
proven to be a promising candidate for pulmonary drug delivery but it 
still has some limitations such as manufacturing, variability in devices 
and the size which reduces mobility (Thompson and Thompson, 2016). 

4. Pulmonary drug delivery 

Pulmonary drug delivery is a non-invasive method that has the 
ability to absorb drugs for both local and systematic delivery. The pul
monary route has some advantages over the more conventional methods 
such as oral drug delivery which has increased the interest in finding 
new therapies such as diabetes, vaccines, pain, to target the lungs. The 
pulmonary route offers many advantages such as a large surface area 
(70–140 m2 in adults) for absorption, high bioavailability, rapid uptake 
by the alveoli, rich blood supply, and the drugs will not be exposed to 
extreme pH or any type of metabolism in the pulmonary track (Ali, 
2010). By using pulmonary drug delivery systematic side effects can be 
avoided due to the rapid onset action and the possibility of using a 
smaller dose. 

The gas exchange occurs at the alveolar epithelium and is crucial for 
the delivery of drug molecules (Osman et al., 2018; Scheuch and Siek
meier, 2007; Siekmeier and Scheuch, 2008). The epithelium has a 
thickness of 0.1–0.2 μm, meaning that the distance to the blood is 
0.5–1.0 μm resulting in short drug transportation from epithelium to the 
bloodstream (Patton and Byron, 2007; Wolff, 1998). The epithelium is 
lined with a pulmonary surfactant which consists of a mixture of pro
teins and lipids (Guagliardo et al., 2018). The epithelium consists of type 
I and type II cells where type I is responsible for the gas exchange and 
type II acts as a progenitor cell and can help to repopulate the epithe
lium. Type II cells are also responsible for transporting drugs by endo
cytosis (Patton, 1996; Takano et al., 2015). However, to reach the 
alveoli different parameters need to be considered; formulation, particle 
size, and device. 

4.1. Poorly soluble drugs 

The low solubility of drugs results in a challenge when it comes to 
developing a new pharmaceutical product where approximately 90% of 
new drugs have been classified as poorly soluble in water (Rodriguez- 

Aller et al., 2015). There are different strategies to increase the solubility 
for low soluble drugs such as using surfactants and lipids or modification 
of the solid-state by increasing the structural disorder by transforming 
the drug crystal into polymorph, salt, or amorphous form (Rodriguez- 
Aller et al., 2015). The alveoli have a natural surfactant layer which 
makes it possible to solubilize poorly soluble drugs where several studies 
have attempted to target the surfactant layer in the alveoli (Guagliardo 
et al., 2018). 

Liposomes are mostly developed for intravenous delivery but few 
liposomes are in clinical development for pulmonary delivery. Lipo
somes are small particles (100 nm) that possess unique properties which 
make them suitable for pulmonary drug delivery. Due to their small 
particle size, they can penetrate leaking tumor vessels and accumulate in 
cancerous tissue where they can release the drug to the site. Only one 
study reported inhaled fentanyl liposomes where intravenous adminis
tration of fentanyl was compared in vivo to inhaled fentanyl liposomes 
(Hung et al., 1995). The result showed it is possible to deliver fentanyl 
by using liposomes for encapsulating, however, it gave a prolonged 
release compared to the instant delivery by the intravenous delivery. 
Bigger progress has been made in chemotherapy and liposomes where 
several products are under clinical trials (Guma et al., 2014; Rudokas 
et al., 2016a; Skubitz and Anderson, 2000). By targeting lung cancer 
through inhalation, systematic adverse effects of chemotherapy can be 
avoided. Guma et al. investigated the effect of inhaled liposomal 
interleukin-2 (IL-2) on pulmonary metastases from osteosarcoma in dogs 
which showed that inhaled IL-2 was effective against the metastases 
(Guma et al., 2014). The effect of IL-2 on pulmonary metastases was also 
investigated in-vivo by Skubitz et al. where they showed anti-tumor 
activity in patients after administration of the drug (Skubitz and 
Anderson, 2000). 

Another approach to delivering poorly soluble drugs is to use mi
celles that have a lipophilic core and hydrophilic shell, Fig. 2. The use of 
micelles for pulmonary drug delivery has mostly included treatments for 
asthma (Pellosi et al., 2018; Sahib et al., 2012; Triolo et al., 2017). Sahib 
et al. successfully loaded nanomicelles with beclomethasone dipropio
nate (BDP), a steroid for treating asthma. They reported a high deposi
tion of BDP in vivo after pulmonary drug delivery. Budesonide, another 
common drug to treat asthma, has been loaded into micelles for pul
monary drug delivery by Pellosi et al. (Pellosi et al., 2018). The micelles 
were mixed with a polymer, Pluronic, which can be modified to impart 
cell targeting properties (Pellosi et al., 2016). The budesonide-loaded 
Pluronic-micelles were shown to be much more effective in vivo in 
controlling the inflammatory process compared to conventional 
suspensions. 

Even though liposomes and micelles are promising formulations for 
pulmonary drug delivery of poorly soluble drugs, they still have some 
major limitations regarding pharmaceutical manufacturing; (i) repro
ducibility, (ii) stability of the encapsulated drug, and (iii) shelf-life sta
bility (Sercombe et al., 2015a). 

Fig. 1. Illustration of plasma concentration with a different way of treatment.  
Fig. 2. Illustration of micelle with a monolayer and liposome with a double 
phospholipid payer. 
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4.2. Particle size and devices 

The particle size for inhalation is referred to as mass median aero
dynamic diameter (MMAD) and plays an important role in delivering the 
particles to the lungs. Studies have shown that MMAD should have a 
range of 1–3 μm in order to reach the lung (Lipworth et al., 2014). 
Particles with a size greater than 5 μm tend not to pass the oropharyn
geal cavity (Heyder et al., 1986). Traditionally, particles with an MMAD 
smaller than 1 μm have not been considered until recently. New studies 
have investigated the effect of smaller particles <1 μm and the distri
bution to the deep lung (Hodges et al., 2002). It has been shown that 
smaller particles have a higher probability to reach the deep lung and 
the outer alveoli, making it possible to deliver the drug to the active site 
while larger particles cannot reach as far as the smaller particles. 

To obtain the desired particle size the drug formulation is very 
important. Different types of formulations demand different types of 
devices where the most common devices are the dry powder inhaler 
(DPI), metered dosed inhaler (MDI), and nebulizer. DPI and MDI are 
common devices for the treatment of asthma. DPI has preloaded doses in 
the inhaler which are controlled by a rotating disk and the dose is 
inhaled as a dry powder. MDI has a pressurized canister with a pre
determined dose that releases as a spray from the canister and becomes 
an aerosol by a volume expansion. A nebulizer is a larger device that 
generates an aerosol from a liquid and therefore can only be used in one 
place, such as in hospitals. These devices possess limitations such as 
limited variation of drugs, humidity sensitivity (PDI), possible dosing 
errors (MDI), and portability issues (nebulizers), Table 1. Due to the 
limitation of the traditional devices new types of devices have been 
emerging on the market. 

5. A new generation of inhalers 

Currently, some new devices are on the market and under develop
ment to deliver highly potent drugs via inhalations. Alexza pharma
ceutical is developing an inhaler, Staccato®, which has a thin coating of 
a drug on a metal plate that heats up for 1 min at ~350 ◦C releasing the 
drug from the plate, making it possible for the patient to inhale it, Fig. 3 
(Myers et al., 2021). In Staccato® the heat is used to release the drug and 
no excipients are used, i.e. the pure drug is applied onto the metal plate. 
Currently, Staccato® in combination with the drug loxapine is approved 
by the European Medicine Agency for the treatment of schizophrenia or 
bipolar I disorder (CHMP, 2012). Other substances such as fentanyl in 
combination with the device are under clinical trials (Macleod et al., 
2012). Furthermore, in vivo testing has shown very high bioavailability 
for the inhaled drug and that the full dose has been detected in the 
plasma concentration (Macleod et al., 2012). 

6. Usage of heat and its complications 

Subjecting molecules to heat usually results in the degradation of the 
molecular structure. Thermal analysis has been crucial in drug devel
opment to determine the molecules’ stability and formation of un
wanted degradants (Fang et al., 2015). However, despite the 
complication of using heat for drug delivery, the interest has increased 
over the last decade resulting in the development of new devices (Myers 
et al., 2021). Thorough investigations need to be done when using heat 
for drug delivery to assure the safety of the patients. The formed 
degradation product or the alternative molecules can in some cases be 
more toxic than the original molecule and some might not have any 
effect at all (Armenian et al., 2018). 

Forced Degradation of fentanyl has previously been investigated in 
different media; heat, UV, and acid (Garg et al., 2010; Lambropoulos 
et al., 1999). Rabinowitz et al. showed that the degradation of fentanyl 
on a hot plate for five minutes at 300 ◦C resulted in unknown peaks and a 
total degradation rate of 30% (Rabinowitz et al., 2004). A more thor
ough investigation of fentanyl degradations products has been assessed 
by Garg et al. who studied fentanyl degradation in UV, acid, base, heat, 
and oxidation (Garg et al., 2010). The heating test was performed for 
five minutes at 350 ◦C. The sample was heated in a glass tube and was 
allowed to cool down to room temperature for further analysis. The 
analysis showed the presence of five different degradants which were 
identified as; norfentanyl (NRF), propionanilide (PRP), 1-Phenethylpyr
idinium salt (1-PEP), 1-Phenethyl-1H-pyridin-2-one (1-PPO), and 1- 
Styryl-1H-pyridin-2-one (1-SPO), Table 2. NRF and PRP are consid
ered to be the two most common thermal degradants of fentanyl which 
are not more potent than fentanyl (Armenian et al., 2018). Furthermore, 
NRF is a major urinary metabolite that is formed when fentanyl is 
metabolized by the CYP3A4 enzyme (Feierman and Lasker, 1996; 
Tateishi et al., 1996). MacLeod et al. investigated the possibility of using 
inhaled fentanyl by generating heated aerosols in healthy volunteers 
(Macleod et al., 2012). The volunteers used a predosed and handheld 
device Staccato® where the fentanyl is dosed on a thin foil, Fig. 2. The 

Table 1 
Advantages and limitations for each inhalation device.  

Device Advantage Limitation Reference 

Nebulizer Easy to use. 
The dose can be 
adjusted to the 
patient. 

A large device that 
requires power. 
Requires a minimum 
volume of 2 mL. 
Longer user time. 

(Johns and Roberts, 
2007; Thompson 
and Thompson, 
2016) 

Dry powder 
inhaler 

Simple and easy to 
use. 

Sensitive to humidity. 
Requires respiratory 
coordination. 

(GK, 1991) 

Metered 
dosed 
inhaler 

Allows micro 
pulverization. 

Requires high 
inspiratory flow. 
Possible dosing 
errors. 

(GK, 1991) 

Staccato Allows inhalation 
of pure drugs. 
Portable. 

Usage of heat to 
release the drug 
might lead to 
degradation. 

(Dinh et al., 2011)  

Fig. 3. Staccato device showing the release of drug when the heat is applied. 
Adapted with modifications (Dinh et al., 2011). 
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foil was heated up to 350 ◦C releasing the fentanyl and making it 
possible for the volunteers to inhale it. The time of inhalation was set to 
five seconds and the obtained results showed a high bioavailability of 
100% which can be directly compared to IV administration of drugs. The 
plasma concentrations were analyzed for analogs and degradants, which 
showed that no analogs or degradants could be observed. 

The release of fentanyl by using heat has been investigated previ
ously by us (Vazda et al., 2021). Fentanyl was dosed onto calcium sulfate 
ceramic and released when heated. The heating was done in a modified 
commercial device (PAX-3) where the evaporated drug was collected by 
a syringe. A temperature of 350 ◦C was used and heating was done for 1 
and 5 min, which showed that it was possible to release and collect 
fentanyl by applying heat. Unknown peaks were detected, indicating the 
formation of possible degradants. However, the degradants were not 
assessed due to the lack of instrumentation. 

7. Discussion 

Curing acute pain has been one of the main goals in patient care. The 
golden standard for treating acute pain is by intravenous delivery of 
opioids such as fentanyl or morphine. The insertion of an IV port might 
cause the patient distress etc. Previous studies have shown that nebu
lized fentanyl is a good candidate for non-invasive treatment for acute 
pain. Even though the nebulizer is a potential candidate it still has some 
limitations such as manufacturing, variability in devices, and the size 
which reduces mobility (Thompson and Thompson, 2016). 

Some studies have reported fentanyl’s bioavailability which was 
significantly lower compared to intravenous administration (Higgins 
et al., 1991; WORSLEY et al., 1990). The pulmonary administration of 
morphine has also been compared to the intravenous administration 
which also showed low bioavailability (17–59%) (Chrubasik et al., 
1988; Dershwitz et al., 2000). A more recent study by MacLeod et al. 
reported a bioavailability close to 100% which is significantly higher 
than the previous studies (Macleod et al., 2012). A possible explanation 
for the low bioavailability might be the design of delivery systems. 
Macleod et al. used the Staccato® device in their study which used heat 
to release fentanyl and be inhaled by the patient, Fig. 2. The substrate 
was heated to 350 ◦C allowing the drug to be released and inhaled. Using 
heat at those high temperatures, to release drugs can be problematic 
since it can destroy or alter the molecule. Forced degradation of fentanyl 
has been studied resulting in the formation of various degradation 
products, Table 2. The degradation test was performed at 350 ◦C for five 
minutes compared to the in vivo study where the patients inhaled fen
tanyl after short heating of 0.5 s. This indicates that it is possible to use 
heat but only for a shorter period that will not result in degradation 
products. 

The biggest progress in pulmonary drug delivery, other than asthma, 
has been with the treatment of lung cancer (Kumar et al., 2020; Rudokas 
et al., 2016b). Systematic effects can be avoided by targeting lung cancer 
via pulmonary drug delivery. The cytotoxic drugs are embedded in li
posomes which are then dispersed into the lungs by an inhaler. The main 
limitations and challenges with liposomes are pharmaceutical 
manufacturing and reproducibility (Sercombe et al., 2015b). Since 
cytotoxic drugs are classified as poorly soluble drugs, the heat might be a 
possible solution to deliver the drugs to the site of action. 

8. Conclusion 

Using heat to deliver drugs to the pulmonary system might be a good 
supplement for more common treatments such as intravenous, sublin
gual, buccal, nasal, or oral administration. Even though heating drugs 
result in degradation products when heated over a longer period, it still 
shows that it is possible to release the drug without the formation of 
degradants. Different approaches have been made to target the lungs 
which resulted in a difference in bioavailability indicating that the 
biggest source of error is the device/inhaler. Further research needs to Ta
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be conducted to explore the possibilities of using other drugs for drug 
release by heat and to investigate device liability and reproducibility. 
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