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ABSTRACT
Meloxicam is a common analgesic for castration in pigs. While needle-free technology is effective for swine vaccination, its 
implementation for administering meloxicam has not been fully explored. The objective of this study was to compare the phar-
macokinetics (PK) of meloxicam administered via a commercial needle-free injection device (NFID) and intramuscularly via 
needle-and-syringe (NS) in nursing piglets. Twenty-six nursing piglets were randomly assigned to one of two treatment groups 
receiving the same approved label dosage of 0.4 mg/kg of meloxicam. Plasma meloxicam concentrations were measured using 
liquid chromatography–tandem mass spectrometry, and PK profiles were measured using non-compartmental analysis. The 
results indicated Cmax, AUC0–last, AUC0–∞, AUMC0–last, AUMC0–∞, and MRT in the NFID group were all significantly lower 
compared with those of the NS group (p < 0.05). No differences in Tmax, T1/2, and λz were found between the two groups (p > 0.05). 
The study concluded that further research is needed to determine the optimal NFID setting and the clinical efficacy when using 
NFID for injecting meloxicam in piglets.

1   |   Introduction

During the first week of life, piglets in commercial swine pro-
duction undergo several common management procedures that 
are collectively termed ‘piglet processing’. These management 
procedures promote health and productivity and include teeth 
clipping, supplemental iron administration, and castration. 
Castration is a routine husbandry practice in piglet processing 
aimed at preventing boar-related odor in the meat. However, 
without anesthetics or analgesics, piglet castration causes both 
acute and chronic pain, resulting in physiological and behav-
ioral changes (Hay et  al.  2003; Dzikamunhenga et  al.  2014). 

According to Canadian Code of Practice for the Care and 
Handling of Pigs (2014), castration and tail docking, regardless 
of age, must be performed with analgesics for pain control after 
processing. In Canada, while meloxicam, flunixin meglumine, 
and ketoprofen are approved nonsteroidal anti-inflammatory 
drugs (NSAIDs) for pigs, only meloxicam is currently approved 
to control pain from castration.

To administer drugs, needle-and-syringe (NS) injection is com-
monly used in the swine industry. Recent studies showed the 
puncture force gradually increases after each injection due to 
the loss of needle sharpness, which can lead to more painful 
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experiences for the pig, particularly during the last use (Owen 
et al. 2022). Reused needles have also been shown to transmit 
infectious diseases among pens and rooms after being used on 
infected pigs (Madapong et al. 2021; Salman et al. 2023). Needle-
free injection devices (NFIDs) have become broadly applied 
both in human (Mitragotri  2006; Shergold et  al.  2006) and in 
veterinary medicine (van den Drunen Littel Harke et al. 2006; 
Chase et al. 2008; Rey et al. 2013) for administering vaccines, 
drugs, proteins, growth hormones, and DNA.

The advantages of using NFIDs are not limited to improving 
animal welfare, reducing the risk of disease transmission, and 
minimizing carcass lesions; they also reduce operating costs for 
long-term use and risks of self-stick injuries to the workers (Ko et al.  
2018; Temple et al. 2020; Imeah et al. 2020; Madapong et al. 2021; 
Salman et al. 2023). Moreover, the NFIDs also potentially contrib-
ute to reducing the biohazard waste of used needles disposal.

In swine, previous studies have shown that NFIDs are effective 
for vaccine administration, and several commercial NFIDs are 
currently available (Chase et al. 2008; Madapong et al. 2021; Cho 
et al. 2022; Renson et al. 2024). However, there are few studies 
on the use of NFIDs for drugs in swine. To the authors' knowl-
edge, no studies have investigated the application of NFIDs for 
meloxicam administration in nursing piglets; therefore, the 
efficacy of meloxicam delivered via NFIDs remains unclear. 
Establishing a pharmacokinetic (PK) profile with drugs of in-
terest is the first step in providing empirical evidence to support 
the use of NFIDs in swine husbandry practices. The objective 
of this study was to compare the pharmacokinetics and relative 
bioavailability of meloxicam administered via a commercial 
NFID and intramuscularly (IM) via NS in nursing piglets using 
the same approved label dose.

2   |   Material and Methods

This project followed the guidelines of the Canadian Council 
on Animal Care. The Animal Utilization Protocol (AUP #5021) 
was reviewed and approved by the University of Guelph Animal 
Care Committee.

2.1   |   Animals and Husbandry

Twenty-eight piglets (Landrace × Duroc × Yorkshire; 13 
males, 15 females) were recruited by purposive selection from 

a commercial operation. Two piglets per litter (1 male and 1 
female) that were clinically healthy and non-processed were 
selected. Gilt litters were excluded. The study was conducted 
in three batches from November 24, 2023 to January 10, 2024 
(Nbatch 1 = 6, Nbatch 2 = 10, Nbatch 3 = 12).

The study timeline is outlined in Figure  1. Five days before 
the trial began, the piglets arrived at the research facility 
(Department of Animal Biosciences, University of Guelph). The 
mean weight and age at arrival were 3.1 kg (range: 2.6–3.5 kg) 
and 6.2 days (range: 5–7 days), respectively. During the acclima-
tization period following arrival at the research facility, two pigs 
from the same litter were housed together in the same pen, with 
two heat lamps per pen in a temperature-controlled room. After 
jugular catheterization, piglets were housed individually in pens 
side by side with slotted partitions, allowing nose-to-nose con-
tact. To protect the jugular catheters from accidental removal, 
piglets were fitted with a body wrap (Vetrap, 3 M Company, MN, 
USA) and a second body covering made from cast sleeve ma-
terial (Stockinette Tubular Protouch; BSN Medical, NC, USA).

Health monitoring and feeding were performed four times daily 
by members of the research team. The general health appear-
ance, body weight, body temperature, catheter site reaction, and 
feed intake were recorded. The piglets were trained to feed in 
a size-appropriate trough with milk replacer (Supp-Le-Milk; 
Soppe Systems, IA, USA). All pigs were administered ceftiofur 
hydrochloride (3 mg/kg; Excenel RTU EZ; Zoetis Canada Inc., 
QC, Canada) into the hamstring muscles once daily for 4 days 
(day 1–4, Figure  1) to prevent diarrhea associated with trans-
port and adjustment to a new research housing environment. 
The authors acknowledged that using ceftiofur in this manner 
is prohibited in the US and other countries, while it is acceptable 
in Canada and some other countries. This project was a research 
PK trial conducted under controlled conditions with piglets not 
entering the human food chain.

2.2   |   Jugular Vein Catheterization

After acclimatization, surgical placement of catheters in the 
right jugular veins of piglets was performed under general an-
esthesia to support repeated blood sampling. The catheter was a 
made with Micro-Renathane Implantation Tubing (MRE) 0.80″ 
(Braintree Scientific Inc., Montreal, QC, Canada) with a custom 
configuration for piglet specifically for this trial. The catheter 
was gas sterilized before use. Piglets were administered IM a 

FIGURE 1    |    Study timeline.
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sedative (0.2 mL/kg; compounded by Ontario Veterinary College 
Pharmacy, University of Guelph, Guelph, ON, Canada) of ket-
amine (50 mg/mL; Narketan Vetoquinol N.-A. Inc., QC, Canada), 
xylazine (10 mg/mL; XylaMed Bimeda-MTC Animal Health 
Inc., ON, Canada), and butorphanol (1 mg/mL; Torphadine 
Dechra Regulatory BV, AD, Netherlands), and then maintained 
under general anesthesia with 2.5% isoflurane (AErrane Baxter 
Corporation, ON, Canada) via face mask. Lidocaine HCl 2% 
(Hikma Pharmaceuticals USA Inc., OH, USA) was adminis-
tered subcutaneously (SQ) at the catheter exit site before the 
surgery, and buprenorphine (0.02 mg/kg; Vetergesic Multidose, 
Ceva Animal Health Inc., ON, Canada) was given IM upon re-
covery for post-operative pain management. A 2-day washout 
period was observed following surgery to allow for all previous 
medications to be eliminated. Catheters were monitored and 
flushed with heparinized physiological saline (10 IU/mL; com-
pounded by Ontario Veterinary College Pharmacy) once daily 
during the washout period. No additional drugs were adminis-
tered following the completion of the catheterization.

2.3   |   Treatment Groups

2.3.1   |   NFID Setting and Calibration

The NFID used in this study is commercially available (Pulse 
50; Pulse NeedleFree Systems Inc., KS, USA) for veterinary 
medicine use only, and can administer dose volumes from 0.1 
to 0.5 mL. According to the manufacturer's guidelines and the 
literature available at the time of the study, no specific injection 
pressure (pounds per square inch—psi) was recommended for 
administering meloxicam in piglets. As a general approach, the 
manufacturer recommended using a pressure of 70 psi for pigs 
weighing < 4.54 kg, and 75 psi for those ≥ 4.54 kg up to wean-
ing. The NFID setting was calibrated in a separate cohort of two 
piglets: one pig with 70 psi and another with 75 psi. Meloxicam 
plasma concentration (data not shown) indicated the 75-psi 
pressure was optimal for meloxicam administration and was se-
lected for this pharmacokinetic study.

2.3.2   |   Pharmacokinetic Study

At the time of meloxicam administration, the piglet mean 
weight and age were 3.4 kg (range: 3.0–4.0 kg) and 11.5 days 
(range: 10–13 days), respectively. The authors acknowledged 
that castration in piglets is recommended within the first week 
of life. However, the piglets' health and welfare must be en-
sured throughout the entire study. At the time this study was 
conducted, there were no reports in the literature showing that 
being a few days older would significantly affect the PK results 
when injecting meloxicam. One pig in the needle-and-syringe 
group was excluded from the study because the catheter was ac-
cidentally removed by the pig and could not be replaced. Piglets 
were randomly assigned to one of 2 treatment groups using a 
parallel study design: needle-free injection (NFID; 7 females, 7 
males) and needle-and-syringe injection (NS; 7 females, 6 males). 
The approved label dose of 0.4 mg/kg of meloxicam (Metacam 
20 mg/mL; Boehringer Ingelheim Animal Health Canada Inc., 
ON, Canada) was administered once to both treatment groups. 
In order to accommodate the injection volume requirements of 

the NFID, the stock formulation of meloxicam (20 mg/mL) was 
diluted 1:3 with sterile water for injection (Pfizer Canada ULC, 
QC, Canada) resulting in a 5 mg/mL final formulation. The NS 
group was administered IM by 20G × 1″ needles with 1 mL sy-
ringes, while the NFID group was administered with the set-
ting described in the calibration section. The injection site for 
both treatment groups was the left side of the neck to simu-
late on-farm practices of injecting meloxicam using NFID and 
needle-and-syringe.

2.3.3   |   Potency of Meloxicam Compounded With Sterile 
Water for Injection

In order to verify meloxicam potency in the final formulation 
following dilution with sterile water, a series of in  vitro tests 
were conducted with Metacam 20 mg/mL diluted 1:1 (10 mg/
mL) and 1:3 (5 mg/mL) with sterile water for injection. Samples 
were collected in triplicate for five consecutive days (day 0–5) 
from a group of two conditions: maintained in ambient light and 
another protected from ambient light. Collected samples were 
divided into equal aliquots and transferred into 1.2 mL cryo-
genic vials and stored at −80°C until liquid chromatography–
tandem mass spectrometry (LC–MS/MS) performance.

2.4   |   Blood Collection

Blood samples were collected pre-dose, and at 5, 10, 20, 30, and 
45 min, and 1, 2, 4, 8, 12, 24, 36, 48, and 72 h after treatment. 
During each sample time point, the pre-measured 0.6 mL of 
dead space inside the catheter was removed and discarded be-
fore 1.5 mL of fresh whole blood was collected and placed in 
heparinized tubes. The catheter was flushed with heparinized 
physiological saline (10 IU/mL) after each blood draw. Blood 
samples were placed on ice immediately following collection 
and centrifuged at 368 × g at 4°C for 20 min within approxi-
mately an hour of collection. Collected plasma was divided 
into equal aliquots where possible and transferred into 1.2 mL 
cryogenic vials and stored at −80°C until liquid chromatogra-
phy–tandem mass spectrometry (LC–MS/MS) performance. 
After collecting the final sample, all piglets were humanely eu-
thanized intravenously with a lethal dose of pentobarbital so-
dium (Euthanyl Forte; Bimeda-MTC Animal Health Inc., ON, 
Canada).

2.5   |   Quantitation of Meloxicam in Piglet Plasma 
Using LC MS/MS

2.5.1   |   Chemicals and Reagents

USP reference standard of meloxicam, anhydrous dimethylfor-
mamide, and ammonium formate were purchased from Sigma 
(St. Louis, MO, USA). Meloxicam-d3 (internal standard) was 
purchased from Toronto Research Chemicals (Toronto, ON, 
Canada). LC/MS grade of formic acid, acetonitrile, methanol, 
and water were purchased from Fisher Scientific Inc. (MA, 
USA). Stock solutions of meloxicam (1 mg/mL) and meloxi-
cam-d3 (1 mg/mL) were prepared by dissolving standards in di-
methylformamide and stored at −80°C.
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2.5.2   |   Sample Preparation

Meloxicam was extracted from pig plasma using simple protein 
precipitation. A 200 μL sample of piglet plasma was mixed with 
10 μL of internal standard, followed by adding 800 μL of chilled 
acetonitrile acidified with 1% formic acid. The sample mixture 
was vortexed thoroughly and then centrifuged at 17,000 × g at 
4°C for 10 min. The supernatant was evaporated under a gentle 
stream of nitrogen, and the residue from fortified samples was 
reconstituted with 100 μL of the mobile phase for LC–MS anal-
ysis. Calibration standards, ranging from 2 to1000 ng/mL, and 
quality controls (3 and 800 ng/mL) were prepared on the day of 
analysis by spiking working solutions in blank piglet plasma.

2.5.3   |   Instruments and Conditions

A Q Exactive Focus Orbitrap mass spectrometer (ThermoFisher 
Scientific, Bremen, Germany) coupled with a Thermo Vanquish 
Flex Binary UHPLC system was used for LC MS/MS determina-
tion of plasma drug concentrations.

Meloxicam was separated using a Waters ACQUITY Premier 
BEH C18 Column (1.7 μm, 2.1 mm × 50 mm) with a Premier 
BEH C18 VanGuard FIT Cartridge (1.7 μm, 2.1 mm × 5 mm). The 
mobile phase consisted of ammonium formate buffer (10 mM) as 
phase A, and acetonitrile with 0.1% formic acid as phase B. The 
initial mobile phase composition was 65% A and 35% B (v/v). The 
flow rate was 300 μL/min with a linear gradient: 0–0.5 min, 35% 
B; 0.5–2.5 min, 35%–95% B; held at 95% B from 2.5–3.0 min; then 
changed to 35% B at 3.1 min and maintained until the end of the 
4-min run. A 2 μL sample was injected onto the column, and 
meloxicam and its internal standard meloxicam-d3 were eluted 
at 2.1 min.

The Q Exactive Focus Orbitrap Mass Spectrometer was equipped 
with a heated electrospray (HESI) source. Meloxicam was mea-
sured in the ESI-negative mode with the Ion source parameters 
optimized as: Spray voltage 2.8 kV, Capillary temp 280°C, S-lens 
RF level 50.0, Aux gas heater temp 425°C. For MS/MS analy-
sis, the collision energy was set at 12 eV for both meloxicam and 
meloxicam-d3. Data were acquired in parallel-reaction monitor-
ing (PRM) negative ion mode, and the resulting chromatograms 
were extracted with a mass accuracy of 5 ppm. Deprotonated 
[M-H]− precursor ions were 350.0 m/z for meloxicam and 
353.0 m/z for its internal standard meloxicam-d3. The product 
ions 286.1 m/z and 289.1 m/z were selected as quantifying ions, 
and 146.1 m/z and 149.1 m/z were selected as a confirming ions 
for meloxicam and meloxicam-d3, respectively.

2.5.4   |   Method Validation

The LC MS/MS assay was validated following the FDA 
Bioanalytical Validation guidelines for specificity, selectivity, 
linearity, accuracy, intra- and inter-day precision (U.S. Food 
and Drug Administration  2018). Specificity and selectivity 
were evaluated by extracting six different piglet blank plasma 
samples and comparing the peak area at the retention time 
of meloxicam with the peak area found in the lower limit of 

quantitation (LLOQ; 2 ng/mL). No interfering peaks were ob-
served in the blanks. The LLOQ was established at 2 ng/mL, 
representing the lowest concentration of calibration standard 
with a coefficient of variation (CV) ≤ 20%. Nine-point calibra-
tion curves (2–1000 ng/mL) were prepared and assayed over 
15 separate days. All curves were linear and reproducible with 
a correlation coefficient (R2) > 0.99 using weighted (1/×) least 
squares linear regression. To determine precision, triplicates of 
calibration standards and QCs were run on three different days. 
The assay demonstrated repeatability and reproducibility with 
both intra- and inter-day precision within ±15% CV for all stan-
dards and QCs. Accuracy was calculated as the percentage of 
deviation from the nominal concentrations. For all calibration 
standards and QCs, accuracy was within ±15%, except at the 
LLOQ, where it was within ±20%.

2.6   |   Pharmacokinetics and Statistical Analysis

Meloxicam plasma concentration-time profiles were generated 
and PK parameters determined using noncompartmental analy-
sis for each pig using Phoenix WinNonlin (Version 8.3; Certara 
USA Inc., New Jersey, USA). Relative bioavailability was calcu-
lated by Phoenix WinNonlin with natural log transformation of 
Cmax, AUC0–last, and AUC0–∞ of the NFID group by those of the 
NS group as a reference.

Statistical analyses were conducted with Stata 18.0 (College 
Station, TX: StataCorp LLC, USA), and a two-sample Student's 
t-test was utilized to compare the PK parameters between the 
treatment groups with 95% confidence intervals (CI). The as-
sumptions of normality were evaluated using the Shapiro–Wilk 
test, and the assumption of equal variances was tested using 
Levene's test. If the data failed to meet both assumptions, a log 
or reciprocal transformation was applied, followed by selecting 
the one that satisfied the assumptions. The Wilcoxon rank-sum 
test was utilized for non-parametric covariates when transfor-
mations did not satisfy the necessary assumptions. The differ-
ence in relative bioavailability from 100% was determined using 
a one-sample Student's t-test with a 90% CI. The potency of 
meloxicam was analyzed using mixed linear regression compar-
ing across days and conditions. p < 0.05 was considered signifi-
cant for all analyses.

3   |   Results

General health and physiological parameters remained within 
clinically acceptable ranges in both treatment groups throughout 
the trial: during and after treatment administration and sample 
collection. One male pig given meloxicam through NFID showed 
no detectable presence of the meloxicam in all collected blood 
samples when using the methods described above, which was hy-
pothesized to be due to a technical issue during injection. Some 
blood samples were unable to be obtained at their nominal time, 
owing to catheter malfunction: two samples at the 5-min time 
point in the NFID group, and three samples at the 30-min, 12-h, 
and 36-h time points in the NS group. These animals were still 
used in the final PK analysis that included 26 meloxicam plasma 
concentration-time (C-T) profiles (13 in each treatment group).
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The plasma C-T profiles of the two treatment groups were plot-
ted on the log scale and presented in Figure 2. Pharmacokinetic 
parameters are reported in Table  1. Cmax, AUC0–last, AUC0–∞, 
AUMC0–last, AUMC0–∞, and MRT in the NFID group were all 
significantly lower compared with those of the NS group. All pa-
rameter comparisons were analyzed using a standard 2-sample 
t-test, except for Tmax, which was analyzed non-parametrically 
using the Wilcoxon rank-sum test. Differences of the NFID/
NS ratio from 100% were detected in both Cmax (p < 0.001; 90% 
CI: 34.75–45.24), AUC0–last (p < 0.001; 90% CI: 23.55–39.69), and 
AUC0–∞ (p < 0.001; 90% CI: 23.31–39.42). The relative bioavail-
ability of meloxicam in the NFID group was significantly lower 
than that of the NS group.

Results of potency testing of meloxicam diluted in sterile water 
showed no differences for actual versus. theoretical meloxi-
cam levels for either dilution (data not shown). All calibration 
curves were linear and reproducible with the correlation coef-
ficient (R2) > 0.99. The intra-day and inter-day assay precision 
was 2.07% and 5.17%, respectively. Accuracy was within ±10% 
of nominal concentrations for all calibration standards and con-
trols. There is no difference found between the two conditions 
among five days in linear regression models neither for 1:1 or 1:3 
ratio (p > 0.05).

4   |   Discussion

In the current study, significantly lower PK parameters and rel-
ative bioavailability of meloxicam in the NFID treatment group 
were observed compared with the NS group. Bioavailability is 
generally defined as the rate and the extent to which the active 
pharmaceutical ingredient (API) is absorbed from a pharma-
ceutical form and becomes available to the systemic circulation 
(Toutain and Bousquet-Mélou 2004). The rate and the extent of 
API availability are reflected by Cmax and AUC, respectively. 
The other PK parameters including Tmax, λz, T1/2, and MRT are 

hybrid parameters which are influenced by the elimination of 
the drug (Toutain and Bousquet-Mélou 2004). Among the men-
tioned parameters, only MRT differed significantly (p = 0.021), 
but the difference might not be clinically significant (7.38 h in 
NFID group vs. 6.16 h in NS group).

At the time this study was conducted, no PK data on meloxi-
cam administered via NFID was available. Several studies have 
investigated the PKs of meloxicam in pigs of similar age using 
needle-and-syringe and the same dosing regimen and found 
comparable results to the NS group in the current study (Nixon 
et  al.  2020; Enouri et  al.  2022). The decreased PK parameter 
values observed in the NFID group were consistent with find-
ings from a previous study on antibiotic administration in pigs 
comparing NFID to NS delivery. Apley et al. (2007) conducted a 
study of ampicillin in pigs and found Cmax, AUC, and bioavail-
ability were lower when administered by NFID, although the 
differences were not statistically significant. The inconsistencies 
between our study and Apley's may be attributed to differences 
in the physicochemical properties of the tested drugs (final for-
mulation, viscosity, etc.), study design (parallel vs. crossover), 
study sample sizes, and NFID settings (same manufacturer as 
the current study, but different injectors: micro-dose injector 
[0.1 mL—0.5 mL] vs. standard-dose injector [0.5 mL—2.5 mL]).

The lower plasma meloxicam concentrations, relative bioavail-
ability, Cmax, and AUC values for the NFID group compared to 
the NS group suggest reduced meloxicam absorption from the in-
jection site into the systemic circulation. The NFID used in this 
study is a commercial gas-powered jet injector that propels mol-
ecules of interest at high velocity through a small orifice using 
compressed air to penetrate the skin. Most NFIDs can deliver 
medication intradermally, subcutaneously, or intramuscularly 
by adjusting the exit force generated at the orifice and depending 
on the physicochemical characteristics of the drug formulation 
of interest (Aguiar et al. 2001; Mitragotri 2006). However, pene-
tration and dispersion can vary based on injection pressure, drug 

FIGURE 2    |    Plasma drug concentration (± standard error) versus time curve for meloxicam administered by NS and NFID to piglets.
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viscosity, and differences in skin elasticity at various pig growth 
stages (Schramm-Baxter and Mitragotri 2004; Mitragotri 2006; 
Chase et  al.  2008; Mohizin and Kim  2018). In this study, the 
penetration depth and pattern of meloxicam dispersion at the 
injection site were not evaluated following NFID injection.

Even when the penetration depth reached IM, it remains un-
clear whether the majority of the meloxicam delivered in the 
NFID group accumulated in the dermis, SC, or IM. Drug ab-
sorption and bioavailability can vary among different routes of 
administration due to factors such as blood flow, lipophilicity, 
molecule size, and other physiochemical properties of the API. 
To the authors' knowledge, no literature is available comparing 
the PK profiles of meloxicam in pigs when given SC and IM. In 
sheep, the SC administration of meloxicam resulted in a signifi-
cantly lower AUC0–∞ value compared to IM when administer-
ing the same dose of 1 mg/kg (Woodland et al. 2019). Thus, the 

lower AUC in the NFID group in our study could be explained 
by differences in the ratio of meloxicam accumulated in each 
tissue layer between the two treatment groups.

Additionally, it is possible that a certain proportion of the meloxi-
cam dose in the NFID group was trapped in the dermis or SC 
and could not be absorbed into systemic circulation. Miranda-
Muñoz et al.  (2024) conducted two trials using meloxicam ap-
plied by a microneedle patch (2.5 mg/kg) on 1-week-old nursing 
pigs' ears compared to oral delivery (0.5 mg/kg). At 24 h post-
dosing, the systemic blood concentration of meloxicam achieved 
in the patch group was significantly lower, approximately 4% of 
that in the oral group. At the same time, meloxicam from the 
patch was successfully diffused into the ear tissues. The au-
thors concluded that meloxicam in the patch remained largely 
trapped within the tissue and was poorly absorbed into plasma. 
Furthermore, the physiochemical properties of meloxicam 

TABLE 1    |    Pharmacokinetic parameters following noncompartmental analysis for meloxicam administered using needle-and-syringe (NS, 
n = 13) and needle-free injection (NFID, n = 13) in piglets.

Parameter Units Treatment Average

90% conf. interval

paLL UL

Cmax μg/mL NS 1.90c 1.77 2.02 < 0.001

NFID 0.77c 0.68 0.85

AUC0–last h x μg/mL NS 12.62d 11.09 14.37 < 0.001

NFID 3.83d 3.01 4.87

AUC0–∞ h x μg/mL NS 12.67d 11.13 14.42 < 0.001

NFID 3.87d 3.05 4.92

AUC%extrap % NS 0.32c R: 0.11 0.66 0.003

NFID 1.17c R: 0.22 4.18

AUMC0–last h x h x μg/mL NS 89.96d 72.48 111.65 < 0.001

NFID 21.16d 14.57 30.72

AUMC0–∞ h x h x μg/mL NS 92.13d 74.46 114.00 < 0.001

NFID 23.10d 16.19 32.96

Tmax h NS 0.17e R: 0.08 0.33 0.858b

NFID 0.17e R: 0.08 0.17

λz 1/h NS 0.12c 0.11 0.14 0.155

NFID 0.14c 0.12 0.16

T1/2 h NS 5.64f 5.10 6.31 0.155

NFID 4.83f 4.20 5.68

MRT0–∞ h NS 7.38c 6.75 8.01 0.021

NFID 6.16c 5.37 6.95

Note: Bold indicates significant differences and reports exact p-values.
Abbreviations: AUC, area under the curve; AUMC, area under the moment curve; Cmax, maximum concentration; LL, lower limit; MRT, mean residence time; R, 
range; T1/2, elimination half-life; Tmax, maximum time; UL, upper limit; λz, elimination rate constant.
aStandard two-sample Student's t-test.
bWilcoxon rank-sum test.
cArithmetic mean.
dGeometric mean.
eMedian.
fHarmonic mean.
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may not support absorption from the dermis to plasma. Chen 
and Gao (2016) reported that meloxicam has poor solubility in 
water, moderate lipophilicity, and a high melting point, which 
can strongly affect the delivery of the drug through the skin to 
the systemic circulation. To the authors' knowledge, no research 
in the literature has examined meloxicam concentrations at the 
injection site and in plasma following NFID administration to 
determine the amount absorbed into systemic circulation versus 
the portion retained at the injection site.

The lower bioavailability of meloxicam in the NFID group could 
also be due, in part, to potential loss of the drug during the NFID 
delivery procedure. Theoretically, being propelled from a nozzle 
at high velocity could compromise the structural integrity of the 
API. Another possibility is the physical loss of drug splashing 
out at the injection site surface during drug delivery. Previous 
studies have documented a “wetness” on the injection surface 
following NFID vaccine administration due to residual vaccine 
loss (Jones et  al.  2005; Chase et  al.  2008). Finally, the consis-
tency of drug volume injected by the NFID during the reloading 
phase with each use could vary. Trimzi and Ham  (2021) con-
ducted a trial measuring the drug volume per injection, over 10 
repeated injections, using different NFID devices but the same 
air-powered technology. The authors concluded that the drug 
delivery efficiency averaged 96.7% for 0.2 mL per injection and 
97.8% for 0.5 mL per injection.

The reduced bioavailability of meloxicam and plasma drug lev-
els in the NFID group could result in reduced therapeutic effi-
cacy. However, NSAID efficacy is primarily determined by the 
concentration of drug at the site of inflammation (i.e., target 
site), and that NSAID plasma concentrations are not well cor-
related to the NSAID concentration at the site of inflammation 
(Lees, Giraudel, et al. 2004; Lees, Landoni, et al. 2004; Brune 
and Furst 2007; Messenger et al. 2016). Enouri et al. (2022) doc-
umented a significantly lower relative bioavailability, AUC0–∞, 
and Cmax when meloxicam compounded with iron dextran 
(M + D) was compared to meloxicam alone (M) in non-processed 
piglets. Using the same compounded meloxicam formulation on 
a similar age group of piglets, Reynolds et  al.  (2020) reported 
no significant differences in chute navigation times and corti-
sol levels one hour post-castration between the M + ID and M 
treatment groups. It was concluded in Reynolds's study that effi-
cacy was not different in the two groups despite showing lower 
plasma meloxicam levels in the M + ID group compared to the M 
group in Enouri's study.

In order to reduce the development of significant diarrhea, 
all piglets were administered ceftiofur hydrochloride daily 
for 4 days. It is important to note that the 48-h washout pe-
riod observed would not be sufficient to eliminate all the 
ceftiofur administered prior to the administration of meloxi-
cam. Ceftiofur hydrochloride has an elimination half-life of 
approximately 20 h in pigs (Excenel RTU EZ; Zoetis Canada 
Inc., QC, Canada). At the time, other antimicrobial choices 
were deemed not to be as effective as ceftiofur. Based on the 
following, we do not believe there is concern for a significant 
drug–drug interaction. A review of the literature and ceftiofur 
and meloxicam drug labels revealed no mention of drug in-
teractions. All piglets received ceftiofur versus one treatment 
group and not the other. Our results of the NS treatment group 

are similar to previous work with meloxicam in piglets (Nixon 
et al. 2020; Enouri et al. 2022).

In summary, this study offers a comparison of the PK of meloxi-
cam administered by NFID compared to NS, providing a pre-
liminary assessment of NFID's for meloxicam administration in 
piglets. The PK profiles in this study reveal significantly reduced 
relative bioavailability of meloxicam administered via NFID 
compared to NS. Since there is no recommended standard NFID 
setting for each medication category, including meloxicam, fur-
ther research is needed to determine the optimal injection set-
ting for each drug of interest, and regarding NSAIDs, efficacy 
as a clinical response when using NFID for injecting meloxicam 
in piglets. Additionally, the assessment of the penetration depth 
achieved by meloxicam when administered by NFID will pro-
vide possible insight explaining differences in PKs compared to 
NS administration.
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