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Abstract

Naloxone and nalmefene were administered to seven research Beagle dogs, (mean weight 

approximately 12 kg) at a dose of 0.04 mg/kg and 0.014 mg/kg for naloxone and nalmefene, 

respectively. Each dose was administered intramuscularly (IM) with a standard IM injection and 

with a hollow microneedle device array using needles of 1 mm in length. The IM injection 

was delivered in the epaxial muscles, and the microneedle injection was delivered in the skin 

over the shoulder of each dog. Each dog received the same injections in a cross-over design. 

Following the injection, blood samples were collected for plasma analysis of naloxone and 

nalmefene by high pressure liquid chromatography with mass spectrometry detection (LCMS). 

The plasma sample concentrations were plotted for observed patterns of absorption and analyzed 

with non-compartmental pharmacokinetic methods (NCA). The results showed that the injection 

of naloxone from the microneedle device produced a higher peak concentration (CMAX) by 2.15x 

compared the IM injection of the same dose, and time to peak concentration (TMAX) was similar. 

For the nalmefene injection, the peak was not as high (lower CMAX) by 0.94x for the microneedle 

injection compared to the IM injection of the same dose. The microneedle produced an exposure, 

measured by area under the curve (AUC)) that was 0.85x and 0.58x as high for naloxone and 

nalmefene, respectively, than the injection by the IM route. We also observed that although 

the dose for naloxone was approximately 3x higher for naloxone compared to nalmefene, the 

mean peak concentration achieved from the naloxone injection was more than 12x higher than 

the nalmefene injection. These studies were designed to test the feasibility of using the hollow 
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microneedle array as an effective method of naloxone and nalmefene delivery for emergency 

treatment of opioid-induced respiratory depression (OIRD). The results of these studies will form 

the basis of future studies, using the dog as a model, for development of hollow microneedle 

microarray devices to deliver opioid antagonists for treatment of OIRD in people.
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INTRODUCTION

The non-medical use of opioids, particularly among young people, is a significant public 

health concern in the United States and other countries. According to the U. S. Centers for 

Disease Control and Prevention, 841,000 people have died since 1999 from a drug overdose; 

in 2019, 70,630 drug overdose deaths occurred in the United States [1]. Opioids, mainly 

synthetic opioids such as fentanyl and fentanyl derivatives, are the main driver of drug 

overdose deaths, with 73% of opioid-involved overdose deaths involving synthetic opioids.

The treatment of opioid overdose consists primarily of emergency administration of 

the opioid competitive mu-receptor antagonist naloxone [2]. The routes of naloxone 

administration include intramuscular (IM) injection, subcutaneous injection, intravenous 

injection, or intranasal delivery (e.g., Narcan® nasal spray). IM delivery has been previously 

demonstrated as an effective approach for the delivery of naloxone [2]; naloxone is 

considered to be safer than intravenous naloxone in terms of potential exposure to blood-

borne pathogens. Some training and comfort level are needed for bystander to use pre-filled 

hypodermic syringes for performing intravenous or IM injections. In addition, intravenous 

access may be difficult to obtain in individuals with prior intravenous drug use or in 

individuals who exhibit hypotension during an overdose. The cost is another limiting factor; 

for example, the consumer price of one 2 mg pre-filled naloxone IM injector (Evzio®) 

exceeded $2,000 in 2019 and the consumer price one 4 mg Narcan® nasal spray exceeded 

$90 [3]; it should be noted that repeated doses may be required for treatment of a single 

overdose event.

Recent research efforts have described the development of alternative approaches to 

conventional intravenous or IM delivery. Nebulizers may be used for the treatment of 
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opioid overdose in emergency settings; however, the disadvantage of this approach is 

that individuals must have spontaneous respirations for nebulizers to be effective [4]. 

Nebulizers are also relatively large devices that require electrical power for operating 

air compressors. Intranasal delivery is another alternative; however, this approach may 

be complicated by (a) variations in nasal anatomy due to trauma or nasal pathology as 

well as (b) variations in response due to mucous material, epistaxis, or upper respiratory 

infection [5]. Panchagnula et al. described successful transdermal delivery of naloxone to 

Sprague-Dawley rats via a reservoir patch; however, the slow rate of onset and the large 

variation in skin permeability among humans make transdermal administration via a patch 

unpredictable for emergent treatment [6]. Yamamoto et al. successfully utilized anodal 

iontophoresis patches for transdermal delivery of naloxone to murine dorsal skin and porcine 

ear skin [7]. They showed in vivo steady-state transdermal absorption rates of 136 and 

305 μg/h/cm2 for 90 and 180 μA/cm2, respectively; however, Sanaei-Zadehi indicated that 

this approach is inappropriate for emergent treatment because of the low delivery rate [8]. 

Rhodes noted another disadvantage of iontophoresis is that this approach requires a power 

source; concerns over reliability, cost, and lifetime of the power source may also limit the 

use of iontophoresis [9].

Treatment of opioid overdose and opioid-induced respiratory depresssion (OIRD) will be 

facilitated with devices that simplify the ease of treatment administration. Our laboratory 

has an on-going effort to develop a microneedle injection system that can deliver an opioid 

antagonist effectively, without prior training, and with minimal discomfort to the receipient. 

It is first necessary to demonstrate a proof-of-concept that microneedle delivery will be 

absorbed systemically at a rate and extent that compares to delivery by a conventional IM 

injection.

Administration of naloxone is associated with restoration of spontaneous respirations in 

under two minutes [2]. We hypothesized that similar effects can be achieved with nalmefene 

(Revex). We selected nalmefene to include in these studies because it is more potent – thus 

allowing for smaller volumes of injection – and is potentially more effective than naloxone. 

Its disposition in dogs is well-known [10]; in addition, nalmefene was 4–5 times more 

potent than naloxone for reversing fentanyl respiratory depression [11–13]. The onset of 

effect of nalmefene is as rapid as naloxone; in addition, it has a significantly longer (by 

2x) duration of fentanyl antagonism compared to naloxone. Because of high potency and 

solubility, nalmefene can be delivered in a small volume. Although nalmefene injection was 

withdrawn by the sponsor in 1995, it was for commercial (not safety) concerns [13].

Our hypothesis is that an injection of either naloxone or nalmefene administered with 

a hollow microneedle array will produce plasma drug concentrations as high, or higher, 

than conventional IM injections. Our long-term goal is to use these data to engineer a 

microdevice that can be easily administered to people experiencing an opioid overdose when 

trained bystanders are unavailable. Microneedle device technology is well-known and has 

previously been demonstrated via in vitro and in vivo studies [14–20]. Since naloxone and 

nalmefene have short half-lives, treated individuals can be brought to medical care after 1–3 

treatments from hollow microneedle arrays. Moreover, hollow microneedle arrays can be 

inexpensively produced from metal and/or polymer components.
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We selected dogs for these studies because of prior experience with canine models in our 

laboratory and ease of handling and administration. Although other studies have used pig 

skin as a model for comparison to human skin [21, 22], we have substantial evidence 

that dog skin in the shoulder area (our site of administration for these studies) will be of 

comparable thickness to the skin on the inner forearm of people. Dogs serve as a suitable 

model in these studies with hollow microneedle array injection because the thickness of 

stratum corneum inner human forearm skin is 15 μm and thickness of dog skin over the 

shoulder approximately 12 μm [23–25].

MATERIALS AND METHODS

Animals:

Seven healthy research dogs (Beagles) weighing approximately 12 kg, were obtained and 

maintained in the Laboratory Animal Resources Facility at the NC State University College 

of Veterinary Medicine. We used a cross-over design in which each animal served as its own 

control. The dogs were accurately weighed and examined to ensure that they are healthy 

before initiation of the study. After a brief period of acclimatization, the dogs were sedated 

using an IM injection of dexmedetomidine (8 μg/kg). While sedated, intravenous catheters 

were inserted in the jugular vein and secured in place to facilitate easy access to blood 

sample collection. The catheters were periodically rinsed with saline to maintain patency 

throughout the study. The dogs were allowed to fully recover from the sedation and catheter 

placement procedure for at least sixteen hours prior to the scheduled study. The study was 

approved by the college’s Institutional Animal Care and Use Committee (IACUC) prior to 

the start of the project (IACUC approval # 19–548).

Study Design:

The absorption of naloxone and nalmefene from the hollow microneedle array compared 

to an IM injection was determined using a two-period, two-treatment, cross-over design 

for each drug. This design compared the pharmacokinetics of conventional IM naloxone 

delivery (naloxone hydrochloride injection, concentration, 0.4 mg/mL) at a dose of 0.04 

mg/kg to the pharmacokinetics of naloxone delivery from the hollow microneedle array 

using the same dose and formulation. The volume administered was 0.1 mL/kg. The 

same administration was repeated with nalmefene using a dose of 0.014 mg/kg and a 

concentration of 0.15 mg/mL nalmefene, which was prepared in our laboratory using 

commercially available powder (TOCRIS, www.tocris.com). The doses selected for injection 

were derived from studies showing that this dose is adequate to reverse opioid overdose in 

dogs [11–12, 26–28].

The hollow microneedle array was applied to the skin over the shoulder (after clipping), 

pressed into the skin, and administered with a 3 mL syringe (approximately 1.2 mL per 

dog). The skin over the shoulder was selected because it is most similar in thickness to 

human forearm skin. The IM injection was administered in the epaxial muscle group over 

the back of each dog at the same dose.
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Each treatment was applied to all of the dogs in a crossover manner; a washout period was 

used to separate each study. The washout period consisted of at least ten half-lives to ensure 

elimination of each dose. After each treatment, blood samples were collected from the 

jugular catheter to characterize the pharmacokinetics. Approximately 3 mL blood samples 

were collected, prior to administration, and 5, 10, 15, and 30 minutes as well as at 1, 2, 3, 

4, and 6 hours. Blood samples were centrifuged to harvest plasma and stored in a −80°C 

freezer prior to analysis.

Microneedle Device:

The hollow microneedle array is a 3×3 microneedle array with a luer-slip female hub 

connectible to typical syringe. (Micropoint Technologies Pte Ltd., Pioneer Junction, 

Singapore) (Figure 1). The height of the needle is designed to penetrate the stratum corneum 

and epidermis, but not deep enough to penetrate the thickness of the dermis [25]. The 

surface features of the hollow microneedle array were evaluated using a VKx1100 confocal 

laser scanning microscope (Keyence, Osaka, Japan). The microstructural features of the 

microneedles in the hollow microneedle array examined using scanning electron microscopy 

(SEM) with a Model S-3200N instrument (Hitachi, Tokyo, Japan) (Figure 2).

Sample Analysis:

The plasma samples were analyzed for naloxone and nalmefene using high-performance 

liquid chromatography (HPLC) with mass spectrometry detection (LC-MS) in the Clinical 

Pharmacology Laboratory at North Carolina State University using other studies as a guide 

[28, 29].

The HPLC system (1260 series system; Agilent Technologies) consisted of a quaternary 

solvent delivery system with a flow rate of 0.8 mL/min and autosampler. Detection was 

accomplished with a mass spectrometer (LC/MSD iQ Mass Selective Detector, Agilent 

Technologies, Santa Clara, CA) in the positive mode with a mass/charge ratio (m/z) of 328 

and 340 for naloxone and nalmefene, respectively. Chromatograms were integrated with 

the Agilent software (OpenLAB software, Agilent Technologies, Santa Clara, CA). A C18 

column (Zorbax XDB Eclipse C18, 4.6 X 15-cm column, Agilent Technologies, Santa Clara, 

CA) was used and maintained at a constant temperature (35°C). The mobile phase consisted 

of 50% 0.025M ammonium acetate in water and 50% acetonitrile. The analytical reference 

standard for naloxone was obtained from the United States Pharmacopeia (Rockville, MD), 

and the analytical reference standard for nalmefene was obtained from AdooQ (AdooQ 

Bioscience LLC, Irvine, CA) These reference standards were used to make a stock solution, 

which was used to fortify blank plasma harvested from blood samples collected from 

the dogs prior to treatment (control plasma). The stock solution was sealed and stored 

in the dark in a refrigerator. The calibration curve for each drug consisted of 7 standard 

solutions with concentrations that ranged from 1 to 1,000 ng/mL and included a blank (0 

μg/mL) sample. The blank sample was used to detect interfering peaks that eluted into the 

window of the chromatographic peak of interest and to measure background interference. 

The calibration curve was accepted if the linear coefficient of determination (R2) was ≥ 0.99 

and the calibration curve concentrations could be back calculated to within ≤ 15% of the true 

concentrations of the standard solutions.
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All plasma, calibration, quality control, and blank plasma samples were prepared in an 

identical manner. Four hundred microliters of each plasma sample were added to a solid-

phase extraction cartridge (Oasis® PRiME HLB Extraction Cartridge, 30 mg) (Waters 

Corporation, Milford, MA). The sample from the cartridge was collected in a clean glass 

tube by elution with 1 mL of 100% methanol. The eluted samples were evaporated to yield 

a dry residue by heating the tubes at 40°C under airflow. The residue in each tube was 

reconstituted by addition of 200 μL of the mobile phase; the solution was briefly vortexed 

and then transferred to an HPLC injection vial. A 20-μL aliquot of each sample was used 

for injection into the HPLC system. Fresh calibration and blank samples were prepared for 

analysis each day. The limit of quantification (LOQ) for naloxone and nalmefene were based 

on the basis of the signal:noise ratio in accordance with published guidelines [30].

Pharmacokinetic Analysis:

The pharmacokinetic analysis used a simple non-compartmental analysis, with the area-

under-the-curve (AUC) estimated from the summation of trapezoids and the terminal 

rate estimated from regression of the terminal plasma concentration points after the 

peak (CMAX) concentration. The CMAX and time to peak concentration (TMAX) were 

estimated from the data. The terminal half-life was calculated from Ln 0.5/terminal rate, 

in which Ln 0.5 is the natural logarithm of one-half. All calculations were performed with 

Phoenix® pharmacokinetic modeling software (WinNonlin®, Certara Company, St. Louis, 

MO, Version 8.4). Relative bioavailability of microneedle vs IM injection was calculated 

from the AUC and CMAX ratios. Systemic clearance and volume of distribution were not 

reported because there was no accompanying intravenous dose.

RESULTS AND DISCUSSION

Figure 1 (a) shows a 3d representation of a hollow microneedle array. The component 

needles are 1 mm in length and are arranged in a 3 × 3 array; the needle pitch, the distance 

between the centers of the needles, is 3.5 mm. Figure 1 (b) shows a side view optical 

micrograph of a single microneedle within the hollow microneedle array, and Figure 1 (c) 

shows a top view optical micrograph of a single microneedle within the hollow microneedle 

array. The needle outer diameter is 250 μm, and the needle inner diameter is 150 μm. 

Figure 2 (a) shows a scanning electron micrograph of single microneedle within the hollow 

microneedle array, Figure 2 (b) shows a scanning electron micrograph of the tip of a 

single microneedle within the hollow microneedle array, and Figure 2 (c) shows a top view 

scanning electron micrograph of a single microneedle within the hollow microneedle array. 

The needle exhibits a circular bore and a sharp tip.

The plasma drug concentrations for naloxone and nalmefene from each route of 

administration to dogs are shown in Figure 3 (top and bottom panel). As observed 

in the figure, the microneedle injection produced high plasma naloxone concentrations 

rapidly that were higher than the IM injection of the same dose, but the absorption 

was more delayed and lower from the nalmefene microneedle injection. The duration of 

detectable concentrations from the nalmefene injection was much shorter, compared to the 

naloxone injection because the assay limit was reached quickly at these low nalmefene 
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concentrations. As seen by the error bars on the figures, there was considerable variability in 

the concentrations for both drugs.

The pharmacokinetic results are shown in Tables 1 and 2. For the naloxone injection, the 

peak was higher from the microneedle injection, as seen by the CMAX values, with the 

microneedle injection producing a peak that was a mean of 2.15 x higher than the IM 

injection. The extent of absorption, shown by the area under the curve (AUC) values was not 

as high from the microneedle injection, which was likely due to the shorter half-life (mean 

of 0.46 hr and 1.2 hr from the microneedle and IM injection, respectively).

For the nalmefene injection the peak (CMAX) was slightly lower from the microneedle 

injection with a mean difference of 0.94x lower, compared to the IM injection. The extent of 

absorption was considerably lower from the microneedle injection, with a mean relative 

fraction absorbed of 0.58. Compared to naloxone, the nalmefene concentrations were 

proportionally much lower for nalmefene. Although the dose of naloxone was approximately 

3x higher than the nalmefene dose, the difference in CMAX was over 12x higher for 

naloxone after the microneedle injection and approximately 5x higher after the IM injection. 

The reasons for these differences are undetermined. According to the NIH U.S. National 

Library of Medicine (https://chem.nlm.nih.gov/chemidplus/) naloxone and nalmefene have 

similar lipid solubility values (LogP) but naloxone is much more soluble than nalmefene 

by a factor of approximately 10x. For a drug to be readily absorbed into plasma after 

an injection, solubility is an important factor and it is possible that this accounts for 

the observed differences in relative plasma concentrations from the nalmefene injections 

compared to naloxone injections. In a study in people [33] after a nalmefene hydrochloride 

injection of 0.019 mg/kg (mean) IM, the CMAX was 1.53 ng/mL at a TMAX of 0.33 hours. 

Thus, the IM absorption of nalmefene we observed in dogs was actually higher than reported 

for people.

This is the first study to examine the disposition of nalmefene and naloxone in dogs 

delivered with a hollow microneedle array. The objective of this study was to characterize 

absorption, using the dog as our model, for future development of a hollow microneedle 

array that will deliver naloxone or nalmefene to humans for emergency treatment of opioid-

induced respiratory depression (OIRD).

We used the dog as our model because they will be the basis of our future assessment. The 

dog is an ideal model animal in these studies because (a) they can be easily instrumented 

and sampled for pharmacokinetic studies, (b) their heart rate, respiratory rate, blood 

oxygenation, and other parameters are easily monitored during assessment of the hollow 

microneedle arrays, (c) they have a predictable response to an overdose of fentanyl [11], 

and (d) their skin stratum corneum thickness is similar to the forearm of humans, thus 

providing an accurate assessment of intradermal delivery with these microneedles that are 1 

mm in length. Our laboratory at the College of Veterinary Medicine has extensive experience 

handling and instrumenting dogs for pharmacology studies.

We selected naloxone for our studies because it is the standard method of opioid overdose 

emergency treatment [2]. We showed that the microneedle injections of naloxone produce 
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rapid plasma drug concentrations in dogs compared to a traditional IM injection at the 

same dose with comparable rate of absorption (Figure 3, Table 1). The dose we used (0.04 

mg/kg) is the standard dose in dogs for opioid reversal [12]. We selected nalmefene because 

it had potential for future development owing to its 4–5x greater potency and 2x longer 

duration than naloxone [11–13]. The dose used in our study (0.014 mg/kg) was lower than 

the naloxone dose to account for its higher potency. However, we did not anticipate the 

lower relative absorption from the nalmefene injection, which may limit the potential for this 

application in the future.

The mean peak concentrations (CMAX) were 2.15x higher from the microneedle injection of 

naloxone compared to the IM injection, but the mean relative bioavailability (measured by 

AUC ratios) was less (by 0.85x) for the microneedle injection (Table 1). This was likely due 

to a faster half-life associated with the microneedle injection. For rapid treatment of opioid 

overdose, a rapid high peak concentration is more critical to a successful outcome than the 

AUC.

We observed substantial variation in on our data as seen by the error bars in Figure 3 as 

well as the variation in Tables 1 and 2. This result may be associated with our observation 

that some of the dogs pulled away from the microneedle injection because of a slight 

“sting” at the time of injection; this reaction may have produced an incomplete or variable 

injection volume. We attribute this response to the formulation of each drug. Both drugs 

are formulated as hydrochloride salts (HCl). It has been our observation from clinical use 

of medications in dogs that drugs formulated in hydrochloride can cause an initial sting or 

discomfort upon injection because of the low pH. We do not anticipate such a problem when 

used to treat an opioid overdose because the individual will be under the strong influence of 

a potent opioid at the time of treatment.

Pharmacokinetic data for naloxone or nalmefene in dogs is somewhat limited. Naloxone is 

characterized by a short half-life and a high hepatic clearance that exceeds hepatic blood 

flow [28]. Pace et al. studied naloxone at a high dose of 5 mg/kg IV in dogs; however, they 

used a radioimmunoassay, which has considerable cross-reactivity with other opioids and 

metabolites. In that study, they described a terminal half-life of approximately 71 minutes 

[31].

Other studies used a more specific HPLC assay with electrochemical detection or HPLC 

coupled with mass spectrometry (LCMS), as performed in this study. Garrett et al. used 

an electrochemical detection approach and showed that there was no pharmacokinetic 

dose-dependency when they compared 10-fold differences in doses in dogs of 0.47 and 

4.7 mg/kg IV [32]. The terminal half-life (mean) was 55.6 minutes with a high clearance. 

Wahler et al. showed a terminal half-life (mean) of 37 minutes from an IV injection of 0.04 

mg/kg, the same dose used in our study [28]. When they gave the same dose intranasal, 

the bioavailability was only 32%. Our study also showed that the disposition of these drugs 

in dogs was characterized by a rapid terminal half-life in most dogs (Figure 1, Table 2 

and 3) with a mean of 1.2 hr for naloxone given IM and 0.46 hr after the microneedle 

injection. Therefore, these values are in a similar range as other studies. Nalmefene also had 
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a rapid half-life of approximately 1 hr for both routes of administration. The measureable 

concentrations were also short-lived because the values quickly fell below our assay limits.

Other than the slight discomfort from the microneedle injection, as noted above, there 

were no adverse effects observed in the dogs after these injections. We observed that the 

microneedle array produced a slight imprint on the clipped skin of these dogs; this feature 

was only temporary and resolved a few hours after injection.

CONCLUSIONS

We showed that delivery of naloxone, when administered at a dose anticipated for the 

reversal of OIRD, was absorbed rapidly and with a higher peak concentration than a 

comparable injection delivered by the conventional IM route in dogs. Thus, for naloxone, 

the microneedle delivery may be a more effective initial treatment for OIRD compared to 

IM administration. However, the microneedle injection of nalmefene was not absorbed as 

well, compared to the IM injection with a lower CMAX and lower relative bioavailability. In 

addition, the proportional difference in absorption, after accounting for differences in mg/kg 

doses was much lower for nalmefene compared to naloxone. These studies establish the 

proof in principle of opioid overdose delivery treatment using a hollow microneedle array, 

and the use of dogs as a suitable model for future development of this approach.
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Figure 1. 
(a) 3d representation of a hollow microneedle array. (b) Side view optical micrograph of a 

single microneedle within the hollow microneedle array. (b) Top view optical micrograph of 

a single microneedle within the hollow microneedle array.
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Figure 2. 
(a) Scanning electron micrograph of a single microneedle within the hollow microneedle 

array. (b) Scanning electron micrograph of the tip of a single microneedle within the hollow 

microneedle array. (c) Top view scanning electron micrograph of a single microneedle 

within the hollow microneedle array.
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Figure 3. 
Plasma concentrations of naloxone (top panel) and nalmefene (bottom panel) in seven dogs 

administered a dose of 0.04 mg/kg (naloxone) or 0.014 mg/kg (nalmefene) by intramuscular 

injection (solid round symbol) or hollow microneedle array injection (solid square symbol). 

Each point represents the mean (+/− standard deviation).
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Table 1.

Pharmacokinetic parameters after injection of naloxone to seven dogs at a dose of 0.04 mg, either 

intramuscularly or by hollow microneedle array.

Intramuscular Microneedle

Parameter Units Mean Std. Dev. Mean Std. Dev.

AUC (0 to Cn) hr*ng/mL 27.01 20.38 17.36 11.65

AUC (0 to infinity) hr*ng/mL 32.11 27.07 17.76 11.70

CMAX ng/mL 23.19 6.37 48.33 51.66

Half-life (t½ ) hr 1.20 0.86 0.46 0.05

Terminal rate 1/hr 0.95 0.72 1.54 0.20

MRT hr 1.61 1.26 0.61 0.20

TMAX hr 0.17 0.07 0.18 0.08

Fraction CMAX 2.15 2.12

Fraction AUC 0.85 0.84

AUC (0 to Cn), area under the curve from time 0 to the last measured time point (Cn); AUC (0 to infinity), the area under the curve from time 
0 to infinity; CMAX, maximum (peak) plasma concentration; half-life (t½) terminal half-life; MRT, mean residence time; TMAX, time to peak 

(CMAX) concentration; Fraction CMAX, the ratio of microneedle CMAX concentration to intramuscular CMAX concentration; Fraction AUC, 

the the ratio of microneedle AUC to intramuscular AUC concentration.
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Table 2.

Pharmacokinetic parameters after injection of nalmefene to dogs at a dose of 0.014 mg, either intramuscularly 

or by hollow microneedle array.

Intramuscular Microneedle

Parameter Units Mean Std. Dev. Mean Std. Dev.

AUC (0 to Cn) hr*ng/mL 6.72 2.73 4.72 2.64

AUC (0 to infinity) hr*ng/mL 8.02 3.61 5.08 2.71

CMAX ng/mL 4.71 1.18 3.80 2.64

Half-life (t½) hr 1.39 1.18 0.85 0.59

Terminal rate 1/hr 1.01 0.80 1.09 0.56

MRT hr 2.00 1.51 1.59 0.97

TMAX hr 0.33 0.17 0.45 0.43

Fraction CMAX 0.94 0.75

Fraction AUC 0.58 0.12

AUC (0 to Cn), area under the curve from time 0 to the last measured time point (Cn); AUC (0 to infinity), the area under the curve from time 
0 to infinity; CMAX, maximum (peak) plasma concentration; half-life (t½) terminal half-life; MRT, mean residence time; TMAX, time to peak 

(CMAX) concentration; Fraction CMAX, the ratio of microneedle CMAX concentration to intramuscular CMAX concentration; Fraction AUC, 

the the ratio of microneedle AUC to intramuscular AUC concentration.
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