
Introduction 

One of the first concerns historically facing humanity would have been physical pain. It 
is no exaggeration to say that the history of medicine derived from humans trying to re-
duce pain. In modern times, these efforts to lessen pain are summed up by the term 
"multimodal analgesia," which refers to a medical practice using diverse systemic medica-
tions with various mechanisms of actions [1,2] along with regional/peripheral block tech-
niques [3]. 

For thousands of years, a variety of natural materials have been applied to the skin for 
treating pain. Some of these substances have active components that are still in use today. 
However, some substances that proved to be harmful have been discontinued, while oth-
ers have long been forgotten. 

Topical analgesics are great alternatives for pain management and an essential part of 
multimodal analgesia. Healthcare providers and pharmaceutical companies are now re-
evaluating the effectiveness of potential analgesics and additional safety benefits from one 
of the oldest routes of drug administration: topical application. A survey reported that 
27% of physicians prescribed compounded topical medications for pain relief, and 43% 
of patients responded favorably to topical agents with minimal side effects [4]. Topical 
drug administration has many potential benefits, especially in pain presentations that 
have localized and peripheral components (Table l). The rationale of topical drugs is 
based on their ability to block or inhibit the pain pathway locally or peripherally, with 
minimum systemic uptake. Topical analgesic agents are easy to use and have obvious ben-
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efits, avoiding systemic adverse effects and drug-drug interactions, 
which can be observed in systemic drug administration. Hence, 
these agents are the preferred choice for elderly who take concomi-
tant multidrug therapy for various diseases. In fact, the elderly are 
the main target population to benefit from topical agents; The 
American Geriatric Society recommended the use of topical agents 
for localized neuropathic and non-neuropathic pain [5]. Further-
more, topical agents usually do not require dose titration, as do 
many systemic agents. For these reasons, the use of topical agents 
is increasing. Since the United States Food and Drug Administra-
tion (FDA) approved topical analgesics, 8% capsaicin and 5% lido-
caine patches (LP) to treat postherpetic neuralgia (PHN), many 
other drugs including ketamine cream, gabapentin gel, topical ba-
clofen, and clonidine gel have been trialed. 

Mechanisms of action for topical treatments include interac-
tions with nociceptive neural networks in the outer layers of the 
skin through various inflammatory processes. Once applied to the 
skin, these substances must penetrate the stratum corneum, 
which can be a significant barrier. Substances that enhance this 
penetration have evolved in parallel with new topical drugs. Cur-
rent topical medications with significant past histories that war-
rant discussion include nonsteroidal anti-inflammatory drugs 
(NSAIDs), local anesthetic agents, capsaicin, and ketamine. Topi-
cal routes of administration may increase due to the advent of 
new medications targeted to specific pain mechanisms and ad-
vances in drug penetration technology through the skin barrier. 
Furthermore, research on which patients will respond best to 
these methods of treatment is required. 

This review aims to describe the key aspects of topical drugs 
that physicians should consider for their use as part of multimod-
al analgesia. The article discusses the differences between topical 
and transdermal drug delivery, the microstructure of the skin, and 
the mechanism of action of each medication. The latest topical 
medications are also described. 

Transdermal vs. topical: the difference 

The words "transdermal" and "topical" are often used inter-
changeably. However, it is necessary to distinguish between the 

two terms. The transdermal delivery of drugs is achieved by the 
percutaneous absorption of the substance, eventually reaching 
systemic therapeutic levels comparable with systemic administra-
tion. Therefore, transdermal drugs can be administered far from 
the area of pain and can cause adverse effects similar to systemic 
medication. Examples of transdermal agents are a sustained-re-
lease nicotine patch and long-acting fentanyl patch system. De-
spite the word 'transdermal,' the effect is primarily 'systemic' [6]. 
Transdermal delivery of medications serves as a reservoir within 
or adjacent to the skin, gradually releasing the substance into the 
systemic circulation leading to significant delays before reaching 
maximum plasma concentrations, making it a poor choice for 
sudden exacerbation of chronic pain or acute pain treatment [7]. 
Conversely, topical drugs target the underlying soft tissue and pe-
ripheral nerves at the application site. They exert their therapeutic 
action at the application site by penetrating the skin via passive 
diffusion [8]. Topical medications can accumulate at therapeutic 
concentrations within the local tissue to which they are applied 
while maintaining a low plasma concentration [8]. Due to the low 
systemic concentration, topical drugs do not cause adverse sys-
temic reactions or interactions between drugs. Topical medica-
tions can potentially have similar efficacy to oral formulations on 
a locally applied site without the associated systemic side effects. 

Absorption to the skin 

The stratum corneum is the outermost layer of the epidermis, 
formed with dense, flattened keratinocytes (Fig. 1). This layer 
functions as a barrier to protect the underlying tissue from dehy-
dration, infection, and chemical/mechanical stress. Topical medi-
cation must pass through the stratum corneum of the epidermis 
to show its effect [8]. After passing through this relatively imper-
meable barrier, the drugs can access the underlying cutaneous 
nociceptors: unmyelinated Aδ and C-fibers. The penetration of 
the stratum corneum is determined by the following essential pa-
rameters of the drug: oil/water partition coefficient, dimension, 
and superficial properties [9]. The stratum corneum is mostly hy-
drophobic, while the epidermis is predominantly aqueous. There-
fore, an ideal topical drug should have a low molecular weight (<  

Table 1. Pros and Cons of Topical Drugs

Pros Cons
Ease of use: convenient and painless Localized skin irritation (e.g., erythema)
Direct access to the target sites Intra and inter-individual variability of the skin can cause variable efficacy
Ease of dose titration and termination Topical enzymatic activity may reduce the potency of the drugs
Avoid systemic adverse effects
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500 Da) [10] and have both hydrophobic and hydrophilic charac-
teristics to pass through the stratum corneum and aqueous epi-
dermis [11]. 

The differences in the application site (e.g., the variation of the 
stratum corneum, skin integrity, and the density of appendages) 
can affect the absorption of topical drugs [12]. The integrity of the 
skin can be affected by pathological conditions and dehydration 
of the skin. Furthermore, the increased water content in the stra-
tum corneum of 20–50% can cause swelling of the corneocytes, 
reducing the compactness of the layer and diffusion resistance 
[13]. The physical characteristics of the chemical contribute to the 
absorption of the topical agents. The more lipophilic the drug is, 
the more it is partitioned into the stratus corneum [14]. Also, the 
solubility of the molecule in its vehicle can affect the absorption 
and concentration of the drug in the skin. For a long time, numer-
ous delivery agents have been designed to enhance the bioavail-
ability and the absorbability of topical drugs. For example, lecithin 
organogels, pluronic gel, and pluronic lecithin organogel have 
been used [15,16]. Moreover, patch or plaster formulations can be 
used, which provide additional benefit to traditional topical gels 
or creams because they can offer continuous and increased ab-
sorption [17]. 

Pain receptors in the skin 

The keratinocytes, which constitute 90% of epidermis cells, are 
one of the main targets of topical analgesics. While keratinocytes 
are generally considered as non-excitable cells, they express vari-
ous signaling molecules. Peripheral injuries induce keratinocytes 

and blood vessels in the dermis to produce excitatory factors, such 
as substance P, calcitonin gene-related peptide, and prostaglandin 
that bind to receptors on nociceptive fibers, resulting in depolar-
ization. There is evidence that keratinocytes have both analgesic 
and algesic properties involving sensory transduction and modu-
lation of epidermal sensory endings [18]. The analgesic property 
of keratinocytes express β-endorphins, which are released by the 
activation of endothelin-1 receptor B and cannabinoid 2 recep-
tors, both expressed in the upper stratum of keratinocytes [19]. 
The algesic mechanism of keratinocytes involves the production 
of adenosine triphosphate and the calcitonin gene-related peptide 
β that are released by the activation of voltage-gated Na+ channels 
expressed on the keratinocytes [20]. 

The unmyelinated C and Aδ-fiber, which convey the feeling of 
pain, are stimulated by noxious stimuli of mechanical, chemical, 
and thermal inputs. Topical analgesics, such as capsaicin, ket-
amine, and lidocaine, act mainly on the free nerve endings of the 
unmyelinated C-fibers. The superficial stratum corneum contains 
free endings of horizontal distribution, also known as the sub-epi-
dermal nerve net [21]. These endings originate from unmyelinat-
ed nerve fibers and are poor in axoplasmic organelles. Their main 
characteristic is the extensive neural network in the skin, distrib-
uted in the stratum corneum next to and inside the epidermis. 
This arrangement secures its efficacy in collecting the appropriate 
stimuli. 

Topical agents 

The oldest topical drugs may have been counterirritants to sup-
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Fig. 1. Schematic structure of the skin. The stratum corneum is the outermost layer of the epidermis, formed with dense, flattened keratinocytes. 
Topical medication must pass through the stratum corneum of the epidermis to show an effect.
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press the perception of pain. Counterirritants (e.g., menthol, cam-
phor, peppermint oil, and garlic) have long been used throughout 
history. However, it was only recently that their molecular mecha-
nism of action was revealed. Currently, various medications are 
applied topically (e.g., NSAIDs, local anesthetics, capsaicin, ket-
amine, and nitroglycerin) to reduce pain. 

NSAIDs 

NSAIDs are the most widely used commercially available topi-
cal agent and have diverse formulation. Among the topical agents, 
NSAIDS have the largest amount of clinical experience and accu-
mulated evidence regarding their effect. Since the total systemic 
absorption from the topical application is only 3–5% of the oral 
administration, systemic toxicity from topical NSAIDs is conse-
quently rare [22]. Previous studies have demonstrated that topical 
NSAIDs could reach sufficient therapeutic concentration; When 
applied topically, the concentration of ketoprofen was 30-fold 
higher in the adjacent cartilage than in the plasma. Furthermore, 
the Cmax values of ketoprofen of the intra-articular tissue were 6.8-
fold higher in the topical route compared to oral administration 
[23]. Topical NSAIDs can be used in various painful conditions, 
including ophthalmic surgery, mucosal lesions, skin ulcers, 
strains/sprains, and venous cannulation [24–26]. Current guide-
lines in the United Kingdom recommend the use of topical 
NSAIDs ahead of oral administration for hand or knee osteoar-
thritis in consideration of the risk and benefits of pharmacological 
treatments [27]. 

Local anesthetics 

Lidocaine inhibits the voltage-gated Na+ channels and reduces 
the excitability of cutaneous sensory neurons. In the 1990s, a 
patch formulation of lidocaine 5% was developed and approved 
by the United States FDA for the treatment of PHN. Many guide-
lines recommend LP as first-line therapy for PHN [28,29]. More-
over, it has been increasingly used in other neuropathic conditions 
[30,31] and many pain-related conditions due to its ease of use 
and low systemic adverse effects [32,33]. Several studies have sup-
ported that LP provide adequate postoperative pain relief after 
various surgeries, including laparoscopic appendectomy [34], gy-
necological surgery with midline incision [35], radical prostatec-
tomy [36], and endoscopic discectomy [37]. LP are 10 ×  14 cm 
sized hydrogel adhesive patches containing 700 mg of lidocaine at 
a 5% concentration. A maximum of three patches per day is al-
lowed on intact skin, with an on-off interval of 12 hours. On ap-
plication, lidocaine is continuously released from the patch with 3 

±  2% being absorbed systemically and more than 95% of the li-
docaine remaining within the applied patch. Pharmacokinetic 
studies have demonstrated that the application of 5% LP resulted 
in systemic absorption of only 63 mg for a single 12-hour period 
application [38], with a peak plasma concentration of 0.13 μg/ml, 
which is only approximately 10% of the anti-arrhythmic dose [39]. 
This limited systemic absorption implies both minimal systemic 
side effects and minimal systemic analgesic effects, as intravenous 
lidocaine administration does possess an analgesic effect. Recent 
advances in patch technology have led to the development of 1.8% 
LP (ZTlido®, Scilex pharmaceuticals, Inc., USA) and a heat-acti-
vated topical lidocaine/tetracaine mixture patch (Synera®, Galen 
Ltd., UK). The former delivers the same amount of lidocaine as a 
conventional 5% LP and produces a similar analgesic effect, 
alongside the advantage of better skin attachment [40]. The latter 
enhances the delivery of local anesthetics through the skin trig-
gered by local warming and can provide analgesia during superfi-
cial skin procedures such as venipuncture [41]. Recently a novel 
formulation of adhesive compounds for topical anesthetics, the 
film-forming system, has been developed to solve the problem of 
poor adherence in conventional patches. This system can also 
provide a metered-dose application. The film-forming system 
contains a mixture of the medication, film-forming polymer, and 
solvent system that, once applied, evaporates, and transforms to a 
thin film on the application site [42]. More effective topical lido-
caine delivery technologies are anticipated in the near future. 

Capsaicin 

Substances for counter-irritation, which stimulate and subse-
quently desensitize nociceptive sensory neurons, have long been 
used. Although many of the substances in this group, such as 
camphor, menthol, and garlic, have a long history of general med-
ical use, they have not been used as widely more recently. Capsa-
icin is considered to have the best evidence in pain treatment 
among the agents for counter-irritation. The effect of capsaicin on 
sensory fibers was first recognized in the early 19th century [43]. 
Topical capsaicin is currently used for alleviating PHN, painful 
diabetic polyneuropathy, chronic neck pain, HIV-peripheral neu-
ropathy, post-traumatic, and postoperative chronic neuropathy 
[44]. This substance is an active ingredient in chili peppers be-
longing to the genus Capsicum. It is an irritant to mammals and 
causes a burning sensation in any tissue that comes into contact 
with it [45]. Capsaicin, as a member of the vanilloid family, binds 
to receptors and activates transient receptor potential vanilloid-1 
(TRPV1), which opens transiently and initiates a depolarization 
mediated by an influx of Na+ and Ca2+. TRPV1 plays an important 
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role in pain transmission, especially pain during inflammation. It 
is expressed mainly in the primary sensory neurons with unmy-
elinated C-fibers. Various molecules and stimuli activate TRPV1, 
such as acidic or basic pH, high temperature above 42°C, trans-
membrane voltage, lipids, and protein kinases [46,47]. Once  acti-
vated, TRPV1 leads to the perception of nociceptive stimuli. A 
previous study reported that TRPV1 undergoes up-regulation in 
certain disease processes, explaining the exacerbated pain associ-
ated with these conditions [48]. Topically applied capsaicin acti-
vates the TRPV1 channels and initiates a depolarization mediated 
by an influx of Na+ and Ca2+, followed by prolonged desensitiza-
tion of the local pain nerves through TRPV1 expressing pain 
nerve fibers [49]. Capsaicin induces depolarization of the noci-
ceptive free nerve endings, mainly the unmyelinated C-fibers with 
the generation of a resultant action potential that is propagated to 
the spinal cord and brain, ultimately perceived as a burning, 
warming sensation [50]. Additionally, capsaicin can lead to mito-
chondrial dysfunction by overloading the Ca2+ sequestration ca-
pabilities of mitochondria. Applying capsaicin in a higher concen-
tration than that needed to activate the TRPV1 receptors leads to 
direct inhibition of the electron transport chain, eventually lead-
ing to mitochondrial destruction [51]. The half-life of capsaicin in 
the skin is estimated to be 24 hours [52]. When capsaicin is topi-
cally applied, it is hard to predict the resulting concentration due 
to much of it being stored in the stratum corneum. The systemic 
absorption of the capsaicin 8% patch has been previously report-
ed. A one-hour exposure to capsaicin led to a systemic level of 
1.75 ng/ml in a subject who had a treatment area of 924 cm2, a 
value equivalent to dietary ingestion from chili peppers [53]. In-
gesting 5 g of chili pepper contains approximately 27 mg of capsa-
icin, which results in an average Cmax of 2.5/ml [53]. Consequently, 
capsaicin 8% patch treatment is safe with low systemic absorption 
at a similar level to ingesting chili peppers in a standard meal. The 
major limitation of capsaicin use is its pungent effect on the area 
of application. This limitation may cause early discontinuation of 
the drug or reduced patient compliance. Distraction techniques 
appear to be efficient in alleviating the discomfort, and local cool-
ing after capsaicin patch removal was found to be beneficial in re-
lieving the burning sensation [54]. The most recent capsaicin ap-
proved by FDA was an 8% capsaicin patch, indicated for PHN. 
Low dose formulations in forms of patches, creams, and lotions 
containing 0.025–0.375% capsaicin for treating neuropathic or 
musculoskeletal pain are also available. 

Ketamine 

Ketamine, in sub-anesthetic doses, produces a systemic analge-

sic effect in chronic pain, mainly due to the blockade of N-meth-
yl-D-aspartate (NMDA) receptors in the central nervous system 
and inhibition of central sensitization processes [55]. NMDA re-
ceptors are also located in peripheral sensory afferent nerve end-
ings and can contribute to pain signaling [56]. Ketamine reduces 
the amplification of the responses to repeated stimuli. Topically 
applied ketamine may produce its peripheral anti-nociceptive ef-
fect by activating neuronal nitric oxide synthase [57]. Topical ket-
amine is available in a cream or gel formulation. There have been 
clinical trials on the effect of topical ketamine in postoperative 
pain [58] and complex regional pain syndrome [59]. The results 
of these studies were favorable for the use of ketamine without 
significant adverse effects. Unfortunately, there are no positive re-
sults from double-blind clinical trials for the topical analgesic ef-
fect in chronic neuropathic conditions. The major problem of 
topical ketamine is the risk of improper recreational use. As ket-
amine can be administered by many routes, there are concerns re-
garding the illegal recreational use of topical ketamine rectally, 
leading to undesirable effect [60,61]. Physicians should be cau-
tious and aware of recreational use when prescribing topical ket-
amine. 

Nitroglycerin (NG) 

NG can be converted to nitric oxide (NO), an anti-inflammato-
ry substance that is endogenously released by activated macro-
phages [62]. The generated NO can modulate the inflammatory 
process and produce an analgesic effect similar to the action of 
cholinergic drugs, via a mechanism directed at nociceptors. Cho-
linergic agents, such as acetylcholine, can induce analgesia by 
stimulating the release of NO. In a randomized, placebo-con-
trolled trial, the effect of a 5 mg NG patch was evaluated for three 
days in relieving shoulder pain. After 48 hours, the NG group had 
significant pain reduction compared to the unchanged control 
group [62]. Another randomized, placebo-controlled study 
demonstrated that topical nitroglycerin was effective for reducing 
pain from chronic extensor tendinosis [63]. Compared to the pla-
cebo group, the topical nitroglycerin group showed significant 
pain reduction and increased strength of the wrist extensor. 

Other topical agents 

A great variety of other drugs are being developed or are cur-
rently used topically. Topical formulations containing various 
components, such as antidepressants, gabapentin, phenytoin, opi-
oids, cannabinoids, and baclofen, are at various developmental 
stages [64]. An online survey reported that many clinicians use up 
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to 36 different agents for topical use [4]. However, no absolute 
standardization has been observed for the majority of compound-
ing substances until now. Moreover, since there are only a few 
clinical trials available that examine topical agents, it is difficult to 
confirm the effectiveness of these drugs. Further clinical studies 
using standardized formulations are needed to demonstrate the 
effectiveness of these drugs for topical use. 

Gabapentin is an anticonvulsant that inhibits the α2δ1 subunit 
of voltage-gated Ca2+ channels resulting in the reduction of neu-
ropathic pain. Although there are only animal experiments, topi-
cal gabapentin gel at a 10% concentration showed similar out-
comes to systemic gabapentin in reversing streptozotocin-induced 
vulvodynia and relieving allodynia in a streptozotocin-induced 
diabetes mellitus rat model [65]. Topical gabapentin alleviated se-
vere pain from PHN and other neuropathic conditions [66]. A 
randomized controlled trial reported that topical 6% gabapentin 
was effective for reducing chronic kidney disease-associated pru-
ritus [67]. Currently, a gel formulation containing gabapentin 6% 
and lidocaine 5% is commercially available in some countries. 

Baclofen, a gamma-aminobutyric acid (GABA)B receptor ago-
nist, reduces Ca2+ membrane conductance and increases K+ con-
ductance to reduce pain [68]. In the peripheral nervous system, 
GABAB receptors are located in the cutaneous layers on keratino-
cytes and nerve endings. There have been some reports on the ef-
fectiveness of topical baclofen. Patients with vulvodynia treated 
with a topical baclofen 2% cream, reported significant pain reduc-
tion (>  50% improvement) compared to baseline [69]. A formula 
with a combination of ketamine 1.5%, baclofen 0.8%, and ami-
triptyline 3% showed promising results and improved symptoms 
of burning, tingling, and cramping pain in chemotherapy-induced 
neuropathy [70]. 

Phenytoin cream, a nonselective voltage-gated Na+ channel sta-
bilizer, and GABAA receptor agonist showed promising results in 
allodynia reduction. Phenytoin 5% cream decreased allodynia for 
8 hours in patients with diabetic neuropathy, while the 10% cream 
completely relieved symptoms for over 12 hours [71]. This agent 
was effective in reducing the pain at the episiotomy site [72] and 
reduced burning pain in patients with small fiber neuropathy in 
sarcoidosis [73]. 

Although there is much evidence supporting the use of system-
ic opioids for various painful conditions, topical opioids have 
been comparatively poorly investigated. The most common pain 
relief was achieved in patients with a pressure and malignant 
wound. However, patients with arterial leg ulcers did not benefit 
from topical opioids [74]. Preliminary results suggested that a 
combination of topical morphine and topical cannabinoid could 
have a synergistic effect [75]. 

Limitation of topical drugs 

Although topical agents are related to a lower risk of systemic 
adverse effects than oral/intravenous medications, precautions are 
still required since the prevalence of hepatic and renal impairment 
is high in the elderly population. Reduction of renal and hepatic 
function, and the presence of various comorbidities controlled 
with multidrug therapy, leads to the use of topical drugs due to 
safety concerns with systemic drugs. Some topical agents have not 
been tested in patients with impaired renal or hepatic function, 
subsequently limiting their use for a broader patient population. 
The lack of evidence regarding topical medications in this popula-
tion demands large-scaled safety trials. The use of topical agents 
has certain drawbacks. Topical analgesics should first be used on a 
small area of skin and thus not be used in conditions such as loss 
of skin integrity to minimize the risk of toxicity. Another signifi-
cant limitation is the pungency of counterirritants such as capsa-
icin. It can lead to lowered patient compliance or other side effects 
when improperly applied. Additionally, off-label use of topical 
agents requires special precautions due to the high prevalence of 
renal and hepatic impairments in the elderly. 

Also, the desired concentration of a drug remains a limitation 
despite the availability of various medications for topical use. It is 
necessary to improve the methods of drug delivery to penetrate 
the skin barrier efficiently while providing an effective therapeutic 
dose to reduce pain. 

Future perspectives 

Topical medications can be used alone or in combination with 
two or more agents. The combinations of different drug classes 
can be combined to create topical formulations that can target dif-
ferent mechanisms of action and possibly result in a synergistic 
analgesic effect. Previous studies have reported that a combina-
tion of topical morphine and topical cannabinoid can enhance the 
anti-allodynic effects while reducing the central effect of the opi-
oids [75]. This result could lead to the development of newer 
combination agents. Further studies are needed to assess the effi-
cacy and feasibility of topical compound formulations. 

Besides, new agents should be trialed for use as topical formula-
tions. For example, although it has not been used as a topical 
agent due to insufficient transdermal absorption, resiniferatoxin 
(RTX) could potentially be an efficacious topical drug. RTX is a 
potent capsaicin analog, which is extracted from the resin of the 
Euphorbia cactus [76]. RTX slows down depolarization and re-
duces Ca2+ influx into C-fibers [77]. RTX induces extremely pro-
longed channel opening and Ca2+ influx, resulting in cytotoxicity 
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in TRPV1-positive pain fibers [78]. The sustained Ca2+ influx in-
duced by RTX selectively destroys the peripheral nerve endings or 
the entire sensory neurons containing TRPV1 while sparing the 
motor, proprioceptive, and other somatosensory functions [79]. 
This selective neuro-ablation effect has been labeled as "molecular 
neurosurgery" [80]. There are promising results of RTX in the 
treatment of osteoarthritis [81]. However, permeation of RTX 
into the skin is inadequate, and research on enhancing its dermal 
absorbability is needed. If this research is successful, topical RTX 
could play an important role in topical analgesia. 

Conclusion 

Recent studies have broadened our understanding of the vari-
ous mechanism through which topical medications result in pain 
relief. Due to the complex nature of pain, topical analgesia should 
be recruited as part of multimodal pain treatment. Enhancing the 
understanding of topical medications would be important to en-
sure optimal pain practice for patients requiring diverse, multi-
modal analgesic treatment options. 

In summary, topical agents are a simple but effective method 
for treating pain and can play a crucial role in multimodal pain 
management. Further research is needed to elucidate the role and 
effectiveness of topical analgesics, especially when combined with 
other treatment modalities. 
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