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ABSTRACT: Microdialysis coupled to an analytical system can be used to continuously
monitor unbound protein analytes in any biological fluid, tissue, or organ of animals. To
date, no application of microdialysis has been performed to simultaneously monitor
unbound morphine and its metabolites in the placenta and fetus of pregnant rats. Our
hypothesis is that morphine and its metabolite penetrate the blood−placental barrier to
reach the fetus during pregnancy. To investigate this hypothesis, this study aimed to
develop a microdialysis experimental animal model coupled with an analytical system to
monitor morphine and morphine-3-glucuronide (M3G) in the maternal blood, placenta,
fetus, and amniotic fluid of pregnant rats. To determine the analytes in dialysates, a
validated ultra-high-performance liquid chromatography−tandem mass spectrometry (UHPLC-MS/MS) method was developed.
The pharmacokinetic results indicated that morphine fit well to a two-compartment model and exhibited nonlinear pharmacokinetic
behavior within the dosage regimen. The M3G-to-morphine metabolite ratio, determined by the area under the concentration curve
(AUC) ratio (AUCM3G/AUCmorphine), was approximately 5.40 in the maternal blood. In terms of tissue distribution, the mother-to-
fetus transfer ratio (AUCfetus/AUCblood) of morphine and M3G was about 0.34 and 0.18, respectively. In conclusion, the high
metabolite ratio suggests that morphine has the characteristics of rapid biotransformation, and the mother-to-fetus transfer ratio
indicates that morphine and M3G partially transfer the blood−placental barrier in pregnant rats. This newly developed multiple
microdialysis coupled to UHPLC-MS/MS system can be applied to the studies of maternal pharmacokinetics and blood−placental
transfer in pregnant rats.

KEYWORDS: morphine, microdialysis, blood−placental barrier, transplacental transfer, pharmacokinetics

Morphine is a strong opioid analgesic that is widely used
to relieve acute or chronic pain, such as that caused by

myocardial infarction,1 labor,2 cancer,3 and surgery.4 In
humans, morphine undergoes glucuronidation in the liver by
UDP-glucuronosyltransferase-2B7 (UGT2B7).5 The predom-
inant metabolites are morphine-3-glucuronide (M3G) and
morphine-6-glucuronide (M6G). Among the metabolites,
M3G is the most abundant and, compared with the others,
has fewer analgesic actions,6 likely attributed to its poor affinity
to opioid receptors.7 Additionally, M3G is partly related to
tolerance and hyperalgesia induced by opioids.8 By contrast,
M6G has an obvious analgesic effect that is more powerful
than morphine.9 However, because of the species differences in
morphine glucuronidase, morphine is metabolized to M3G via
UGT2B1 in rats without forming M6G.10 Due to the concern
of chemical analysis and morphine metabolism in various
species, the method validation for the analytes of morphine,
M3G, and M6G was proposed in this study.
Despite the effective clinical use of morphine, morphine

abuse is increasing worldwide because of its characteristics of
tolerance, dependence, and addiction. The harmful side effects
of morphine and its metabolites may cause serious and
irreversible consequences to drug users, particularly pregnant

women. The reason is that when morphine is used in
pregnancy for either analgesia during labor or by an addicted
person, it influences not only the mother11 but also the fetus
directly or indirectly.12 Various animal studies have been used
to explore the severe adverse effects of morphine on offspring
and placental developmental processes during pregnancy. For
example, morphine-exposed fetuses not only show decreased
birth weight but also morphine withdrawal syndrome after
birth in guinea pigs.13 Others have demonstrated that prenatal
morphine administration decreases fetal weight and affects
neural tube development14 and the cerebrum15 in rats.
Additionally, the prenatal use of morphine leads to defects in
placenta formation, which subsequently induces abnormalities
in the growth of the embryo.16
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In conventional plasma or tissue sampling methods for the
pharmacokinetics of morphine in mothers and fetuses, blood
sampling and tissue and organ homogenization methods are
often used to determine the drug concentration. One of the
studies showed that after administration of morphine, the
concentration in fetal and placental tissues was relatively high
compared to maternal plasma in rats.17 However, such
conventional biological sampling methods collect the overall
drug concentration including protein-bound and protein-
unbound forms in the sampling site. Moreover, this requires
the use of more animals for experiments. In contrast, the
present study uses the microdialysis technique for in vivo
sampling, which measures protein-unbound drugs or endog-
enous substances in the extracellular fluid of almost all tissues
in the body.18 Compared with commonly used sampling
methods, the microdialysis does not require sample cleanup
processing before analysis. Furthermore, sampling by micro-
dialysis can continuously monitor drug concentrations in
multiple tissue fluids for a long time without excessive tissue
irritation or biological fluid loss from the body.19 This
technique has been currently applied to various animal
experiments, such as blood sampling20 and brain sampling.21

Because of these advantages, the microdialysis has made a
substantial contribution to the study of drug metabolism and
pharmacokinetics.
Based on the search above, we hypothesized that morphine

and M3G penetrate the blood−placental barrier to reach the
fetus during pregnancy. However, the PubMed database
contains less relevant research on the simultaneous application
of microdialysis and morphine to the placenta and fetus of
pregnant rats. To investigate this hypothesis, this study aimed
to develop a novel multiple microdialysis experimental animal
model. Our animal model is the first to simultaneously monitor
the concentrations of morphine and M3G in the maternal
blood, placenta, fetus, and amniotic fluid of pregnant rats using
a microdialysis system. To determine the biotransformation
and tissue distribution of morphine and M3G in several tissue
fluids, a validated ultra-high-performance liquid chromatog-
raphy−tandem mass spectrometry (UHPLC-MS/MS) system
was developed. To elucidate the pharmacokinetics of
morphine, a dose-dependent regimen of morphine (10 and
30 mg/kg, i.v.) was applied to experimental pregnant rats.

■ METHODS
Chemicals and Reagents. Morphine hydrochloride

injection was obtained from the Taiwan Food and Drug
Administration (Ministry of Health and Welfare, Taiwan).
M3G, M6G, urethane, heparin sodium, and formic acid were
obtained from Sigma-Aldrich Chemicals (St. Louis, MO,
USA). Dextrose, sodium citrate, citric acid, and dimethyl
sulfoxide (DMSO) were purchased from E. Merck (Darmstadt,
Germany). Methanol was obtained from Macron (Hamilton,
PA, USA). Acetonitrile and ammonium hydroxide (NH4OH)
were purchased from J.T. Baker (Phillipsburg, NJ, USA).
Triple deionized water (Millipore, Bedford, MA, USA) was
used for UHPLC-MS/MS analysis.
UHPLC-MS/MS Conditions. The UHPLC-MS/MS system

comprised an LC system (Shimadzu LC-20AD) and a triple-
quadrupole mass spectrometer (LCMS-8030 system; Shimad-
zu, Kyoto, Japan) fitted with an electrospray ionization
interface. A Purospher STAR RP-18 end-capped column
(100 mm × 2.1 mm; 2 μm; Merck KGaA, Darmstadt,
Germany), which was maintained at 40 °C, was used for

chromatographic separation. Isocratic elution was performed
using a mobile phase composition of methanol/acetonitrile
(1:4, v/v)−0.1% aqueous formic acid (adjusted to pH 4.0
using NH4OH) (5:95, v/v) with a flow rate of 0.3 mL/min.
The compounds were measured by multiple reaction
monitoring (MRM) analysis operating in the positive
ionization mode with an injection volume of 5 μL. The
following apparatus conditions were used in the analysis
process: interface voltage, 3.5 kV; nebulizing gas flow, 3.0 L/
min; drying gas flow, 15.0 L/min; desolvation line temper-
ature, 250 °C; heat temperature, 400 °C; collision-induced
dissociation, 230 kPa.

Method Validation. Based on the current US Food and
Drug Administration (FDA) bioanalytical method validation
guidelines, method validation tests for morphine, M3G, and
M6G quantification were executed and included calibration
curves, precision, accuracy, and stability.22 Standard stock
solutions of morphine, M3G, and M6G were prepared in
methanol at concentrations of 10, 10, and 50 μg/mL. Before
the analysis procedure, the solutions were frozen at −20 °C.
The calibration curves were generated by spiking blank rat

maternal blood, placenta, amniotic fluid, and fetal dialysates
with stock solutions of morphine and M3G at a final
concentration range of 1−500 ng/mL and M6G at a range
of 5−1000 ng/mL. All the calibration curves had a correlation
coefficient (r2) of at least 0.995.
The precision and accuracy were estimated by analyzing five

replicates at the lower limit of quantification (LLOQ): low,
medium, and high concentrations on the same day (intraday);
and concentrations over five consecutive days (interday). The
accuracy (% bias) was defined as the difference between the
nominal concentration (Cnom) and observed concentration
(Cobs) and was calculated as follows: accuracy (% bias) =
[(Cobs − Cnom)/Cnom] × 100%. The precision, calculated as the
relative standard deviation (RSD), referred to the average
difference between individual measurements and was obtained
using the following formula (% RSD) = [standard deviation
(SD)/Cobs] × 100%. The acceptable criteria for both precision
and accuracy were within ±15%, except that the LLOQ was
within ±20%.
The stability of morphine, M3G, and M6G at low and high

concentrations was determined under four conditions:
autosampler storage, short-term storage, long-term storage,
and three freeze−thaw cycles. The autosampler stability was
determined by storing the samples in an autosampler for 4 h at
10 °C. Short-term stability was assessed by placing the samples
at room temperature for 4 h, while long-term stability was
assessed by storing samples at −20 °C for 4 weeks. For the
freeze−thaw cycle stability assay, the samples were frozen at
−20 °C for 12 h and then thawed at room temperature for 12
h, repeating the cycle three times. The stability (%) was
assessed by comparing the concentration of processed samples
with that of freshly prepared samples, which was the following
equation: stability (%) = (Cobs/Cnom) × 100%; and the value at
each level was required to be within ±15%.
In vitro recovery was evaluated by measuring the increase in

compound in the perfusate after passing through the
microdialysis probe. The probe, perfused with anticoagulant
citrate dextrose solution (ACD solution) without drug, was
immersed into a sample solution containing different
predetermined drug concentrations (Cs) of morphine (100,
500, and 1000 ng/mL) and M3G (100, 500, and 1000 ng/
mL). The concentrations of morphine and M3G in the
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dialysates (Cout) were analyzed by UHPLC-MS/MS. The in
vitro recovery by dialysis (Rdial) was calculated based on the
formula Rdial (%) = (Cout/Cs) × 100%.
Experimental Animals. Female Sprague−Dawley rats

(320 ± 20 g), on the 16th day of gestation, were obtained
from the Laboratory Animal Center at National Yang Ming
Chiao Tung University (Taipei, Taiwan). All the animal
experimental procedures were approved by the Institutional
Animal Care and Use Committee of National Yang Ming
Chiao Tung University (IACUC no. 1090111) and were
conducted under the guidance of the National Research
Council. The animals were housed in a 12 h light/dark cycle-
controlled quarter, and they were free to have food
(Laboratory rodent diet 5001, PMI Feeds, Richmond, IN,
USA) and water.
Microdialysis Experiments. The microdialysis equipment

included a syringe pump (CMA 400; Solna, Sweden), a
microfraction collector (CMA 142), and a microdialysis probe.
The probe was made in the laboratory19 and comprised a
concentric-shaped silica capillary covered with an 11 or 6 mm
dialysis membrane at the tip for blood and transplacental
dialysis sampling, respectively.
The pregnant rats were anesthetized with urethane (1 g/kg,

i.p.) throughout the experiment. A blood microdialysis probe
was inserted into the right jugular vein toward the heart for
maternal blood dialysis sampling, according to our previous
study.19 Multiple microdialysis probes were catheterized in the
placenta, fetus, and amniotic fluid for transplacental dialysis
sampling. The relative positions of the placenta, fetus, and
amniotic fluid in the embryo were mainly based on two
studies.23,24 The placenta was located on one side of the
embryo and appeared dark red, while the fetus was on the
other side and had a slight rat fetal shape. The amniotic fluid
was transparent fluid around the fetus. When the probes were
implanted into the placenta and fetus, a small amount of blood
flowed out. Additionally, moving the probe in the fetus slightly
moved the fetus in the direction of the probe. When the probe
was implanted into the amniotic fluid, clear liquid leaked out.
Polyethylene tubing (PE50) was catheterized in the left
femoral vein for morphine administration. The animal model
of blood and transplacental dialysis sampling is shown in
Figure 1. After the surgical procedure, the probes were
perfused with ACD solution, containing 13.6 mM dextrose, 7.5
mM sodium citrate, and 3.5 mM citric acid, by a syringe pump
with a flow rate of 2 μL/min. Following stabilization of the

dialysate levels for 1 h, morphine (dissolved in 5% DMSO and
normal saline) was administered by intravenous injection
through the femoral vein cannula at doses of 10 and 30 mg/kg
(n = 6 for each group). Aliquots of 40 μL of blood, placenta,
amniotic fluid, and fetal dialysates were collected every 20 min
for a total of 6 h, and 5 μL of dialysates were analyzed by
UHPLC-MS/MS without sample preparation. Before the
analysis procedure, the dialysates were frozen at −20 °C.

Pharmacokinetic Analysis and Statistics. WinNonlin
Standard Edition (ver. 5.3; Pharsight Corp., Mountain View,
CA, USA) was adopted to calculate the pharmacokinetic
parameters. The Akaike information criterion (AIC) value was
used to determine the degree of agreement between the
pharmacokinetic data and different compartment models; thus,
the appropriate model could be selected for proper data
presentation.25 The equation is AIC = N ln Re + 2p, where N is
the number of experimental data, p is the number of
parameters in an estimated model, and Re is the residual
sum of squares. When the AIC value of the model is smaller, it
means that the data fit the model better, which is the more
suitable pharmacokinetic model. Based on the AIC value, a
two-compartment model was selected to determine the
pharmacokinetic parameters of morphine in maternal blood
using the following equation: CP = A e−αt + B e−βt, where CP is
the drug concentration at time t, A and B are zero-time plasma
concentration intercepts of the biphasic disposition curve, e is
the base of the natural logarithm, and α and β are rate
constants related to distribution and elimination phases,
respectively. Another way to analyze pharmacokinetic data is
to use the noncompartment model. This simple and fast model
evaluates the degree of exposure of a drug because it requires
fewer assumptions about body compartments. It could easily
determine and calculate the main pharmacokinetic parameters
directly from the experimental data of a concentration versus
time plot, such as the maximum concentration (Cmax), time of
maximum concentration (Tmax), area under the concentra-
tion−time curve (AUC), clearance (CL), elimination half-life
(t1/2), and mean residence time (MRT). Here, the mean
residence time (MRT) is the average time a molecule stays in
the body. When the drug enters the body, it will be distributed
to various tissues and organs, but the residence time in
different parts is not the same. Therefore, MRT is used to
describe the average time that all drug molecules stay in the
body, which is calculated by the equation MRT = AUMC/
AUC, where AUMC is the area under the first moment curve.
A noncompartment model was used to describe the
pharmacokinetic parameters of the blood−placental transfer
of morphine and M3G in this study. The concentration−time
curves were processed using SigmaPlot (ver. 10.0; Systat
Software, London, UK). The statistics were calculated by SPSS
Statistics (ver. 22.0; IBM Corp., Armonk, NY, USA). The data
between blood, placenta, fetus, and amniotic fluid were
compared by one-way ANOVA followed by posthoc Tukey
test and the data between the two dose groups at the same
position were compared by the Mann−Whitney U test, with a
p value <0.05 regarded as statistically significant. All data are
expressed as the mean ± standard deviation (SD).

■ RESULTS
Optimization of UHPLC-MS/MS Conditions. A

UHPLC-MS/MS method to detect morphine, M3G, and
M6G in dialysates was established. Regarding the analytical
conditions, the measurements were conducted in the positive

Figure 1. Diagram of the animal model for blood and transplacental
microdialysis sampling.
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ionization mode, which provided higher sensitivity than the
negative ionization mode. After optimization and modification,
the monitored ion transition was m/z 286.2 to 165.0, and the
collision energy was −44 V for morphine, while the monitored
ion transition was m/z 462.1 to 286.1, and the collision energy
was −30 V for M3G and M6G. The mass spectra are illustrated
in Figure 2.

To optimize the separation of analytes, an RP-18 end-
capped column coupled to the mobile phase of methanol/
acetonitrile (1:4, v/v)-0.1% aqueous formic acid adjusted to
pH 4.0 (5:95, v/v) was developed. When using only one
organic solvent, acetonitrile produced a higher intensity than
methanol. Additionally, the retention time of each compound
was shorter in the mobile phase of acetonitrile and 0.1% formic
acid; however, peak tailing of M3G was observed. After adding
methanol to acetonitrile, the peak became symmetric.
Additionally, by using NH4OH to adjust the pH value of
aqueous formic acid to 4.0, improved peak shapes for the three
analytes were obtained. Under these optimized chromato-
graphic conditions, the retention times of M3G, M6G, and
morphine were 1.73, 3.51, and 5.04 min, respectively, revealing
good sensitivity, selectivity, symmetry, and peak intensity.
Representative chromatograms of the maternal blood, placenta,
fetus, and amniotic fluid dialysates are shown in Supporting
Information Figure S1 and S2.
Analytical Method Validation. All the analytes within the

calibration curve range presented good linearity, and the

correlation coefficients (r2) were greater than 0.995. The lower
limit of quantification (LLOQ) and limit of detection (LOD)
were defined as the analyte concentrations detected in a signal-
to-noise ratio (S/N ratio) of 10 and 3, respectively. The LLOQ
and LOD of morphine and M3G were 1 and 0.5 ng/mL, and
those of M6G were 5 and 1 ng/mL, respectively, in all the
biological dialysates.
The precision (% RSD) and accuracy (% bias) were

estimated by intra- and interday analyses. To conduct the
assays, blank maternal blood, placenta, fetus, or amniotic fluid
dialysates were spiked with varying concentrations of
morphine, M3G, and M6G. The LLOQ and low, medium,
and high concentrations of morphine and M3G were 1, 5, 100,
and 500 ng/mL, and those of M6G were 5, 10, 500, and 1000
ng/mL, respectively. The data are presented in Supporting
Information Tables S1−S3, and the RSD and bias values were
all within acceptable limits of ±15% (±20% for LLOQ). The
intra- and interday precision and accuracy values of the three
compounds at different concentrations were within the scope
of the guidelines, revealing that the experimental method was
considered reproducible and reliable.
The stabilities of the compounds were examined at low and

high concentrations after exposure to various conditions. The
low and high concentrations of morphine and M3G were 5 and
500 ng/mL, and those of M6G were 10 and 1000 ng/mL,
respectively. The data are summarized in Supporting
Information Tables S4−S6. For M3G, no significant
degradation was observed under the four different conditions.
For morphine and M6G, no significant degradation was found
in the autosampler and freeze−thaw cycle conditions, but
degradation occurred in both short- and long-term conditions.
Storage at room temperature for a short period or at −20 °C
for a long time should be avoided when preparing samples of
morphine and M6G.
Morphine and M3G at three different concentrations were

used to assess the in vitro recovery of the blood and placental
probes. The values are presented in Supporting Information
Table S7. The mean in vitro recovery percentages of morphine
and M3G were 25.36 ± 0.48% and 7.16 ± 0.25%, respectively,
with the blood probe and 14.31 ± 0.50% and 4.07 ± 0.17%,
respectively, with the placental probe. No significant differ-
ences were found in the recovery percentages of the blood and
placental probes at the three investigated concentrations for
each compound. The results of the in vitro recovery
experiments demonstrated that the homemade blood and
placental probes were stable and that the recovery was
independent of the analyte concentration.

Blood Pharmacokinetics of Morphine and M3G. Based
on the above validated UHPLC-MS/MS system, all the
biological dialysate samples collected from the maternal blood,
placenta, amniotic fluids, and fetus of the pregnant rats were
detected (Supporting Information Figures S1 and S2). The
pharmacokinetics and transplacental transfers of morphine and
M3G were assessed following two doses of morphine (10 and
30 mg/kg, i.v.).
The concentration−time profiles of morphine and M3G in

the rat maternal blood, placenta, fetus, and amniotic fluid
dialysates are illustrated in Figures 3 and 4. Following the
administration of morphine, it quickly distributed to the
placenta, amniotic fluid, and fetus. The concentration of
morphine in maternal blood was the highest among the four
sampling tissues at first and decreased gradually. After 180 min,
the morphine concentration in maternal blood became lower

Figure 2. Representative product ion mass spectra of (A) morphine,
(B) M3G, and (C) M6G.
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than that in the placenta, fetus, and amniotic fluid, and this
trend remained unchanged within 360 min (Figure 3). On the
other hand, after the administration of morphine, M3G
appeared within 20 min in maternal blood, demonstrating a
rapid conversion from morphine to M3G after dosing. M3G
was also found in the placenta, amniotic fluid, and fetus at the
second sampling point (40 min). Additionally, compared with
those of morphine, the blood, placenta, amniotic fluid, and
fetal concentrations of M3G were all higher. Furthermore,
similar to the trend of the morphine concentration, the M3G
concentration in maternal blood was the highest and declined
gradually, while the M3G concentration in the placenta, fetus,
and amniotic fluid increased steadily and then declined slowly
during the sampling time (Figure 4).
Based on the concentrations at several sampling time points,

the pharmacokinetic parameters are presented in Tables 1 and
2. Before the analysis, the one- or two-compartment
pharmacokinetic model was compared to select the fittest
model. The comparison was performed according to the
Akaike information criterion (AIC) values. Smaller AIC model
values correlate with more appropriate pharmacokinetic
parameters being presented, thus best representing the
concentration−time curve.25 The mean AIC values of the
one-compartment model at two doses were 205.4 and 239.8,
respectively, and those of the two-compartment model were
195.6 and 223.7, respectively. Therefore, a two-compartment
model was more adequate than a one-compartment model to
describe the pharmacokinetics of morphine in maternal blood
dialysate, and the equations were CP = 5.29 e−0.03t + 0.34 e−0.01t

and CP = 27.58 e−0.03t + 5.49 e−0.01t for the dosage regimens of
morphine at 10 and 30 mg/kg, i.v., respectively.
The morphine concentration in maternal blood reached

maximum concentrations (Cmax) of 5.63 ± 2.74 and 33.0 ±
12.9 μg/mL in the two dose groups, respectively, and the ratio
was 1:6. The area under the curve (AUC) of morphine in
blood at a dose of 30 mg/kg was five times higher than that of
10 mg/kg, with values of 1231 ± 171 and 239 ± 93.1 min μg/
mL, respectively. The clearance (CL) decreased from 46.3 ±
14.7 mL/min/kg in the low-dose group to 24.7 ± 3.22 mL/
min/kg in the high-dose group. Significant differences were
found in the Cmax, AUC, and CL of morphine in blood
between the two dose groups. Furthermore, the Cmax and AUC
values were not proportional to the increasing doses from 10 to
30 mg/kg, reflecting a nonlinear pharmacokinetic relationship
for the morphine concentration within the dosage regimen
(Table 1).
An extremely rapid metabolism of morphine to M3G

proceeded within 20 min after dosing. The blood concen-

Figure 3. Concentration−time curves of unbound morphine in the rat
maternal blood, placenta, fetus, and amniotic fluid after morphine
administration at doses of (A) 10 mg/kg, i.v. and (B) 30 mg/kg, i.v.
The data are expressed as the means ± SD (n = 6).

Figure 4. Concentration−time curves of unbound M3G in the rat
maternal blood, placenta, fetus, and amniotic fluid after morphine
administration at doses of (A) 10 mg/kg, i.v. and (B) 30 mg/kg, i.v.
The data are expressed as the means ± SD (n = 6).
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tration of M3G then exceeded that of morphine after 40 min
and remained higher than that of morphine at the sampling
time point, suggesting an easy biotransformation of morphine
to M3G at the maternal site. The Cmax for M3G was 9.30 ±
1.31 μg/mL in maternal blood in the low-dose group, and the
time required to reach Cmax (Tmax) was approximately 1 h. At a
dosage of 30 mg/kg, the Cmax for M3G was 39.4 ± 11.2 μg/mL
at a Tmax of approximately 1 h in blood. The AUC of M3G in
blood was 6996 ± 1963 min μg/mL at 30 mg/kg, which was 5-
fold higher than that at 10 mg/kg (1292 ± 191 min μg/mL).
The CL was 7.89 ± 1.23 and 4.58 ± 1.29 mL/min/kg in the
low-dose and high-dose groups, respectively. Similar to
morphine in blood, the Cmax and AUC of M3G were all
significantly different between the two dose groups. The ratio
of AUCM3G/AUCmorphine (defined as the metabolite-to-parent
drug ratio) in maternal blood was approximately 5.5. The
relationship between morphine and M3G remained similar to
increasing doses from 10 to 30 mg/kg (Table 2).
Blood−Placental Barrier Transfers of Morphine and

M3G. A noncompartment model was used to calculate the
pharmacokinetic parameters of morphine in the placenta,
amniotic fluid, and fetal dialysates and M3G in all the
dialysates. The pharmacokinetic parameters are presented in
Tables 1 and 2. With morphine at 10 mg/kg, the Cmax value for
morphine in the placenta, fetus, and amniotic fluid was
approximately 0.36 μg/mL, and the AUC was approximately
75 min μg/mL, values that were lower than those in the blood.
Additionally, compared with that of morphine in the maternal
blood, the mean residence time (MRT) values were increased
in the placenta, fetus, and amniotic fluid, indicating that
morphine lasted longer in these three distributed tissues than
in maternal blood. When the dose increased to 30 mg/kg, the
Cmax values became nearly 0.90 μg/mL in the placenta, fetus,
and amniotic fluid, and the AUCs were higher than those in
the low-dose group. The MRT in the placenta, amniotic fluid,
and fetus was also higher than that in the blood in the high-
dose group. Additionally, the Tmax of morphine increased with
the dose.
Regarding M3G, the concentrations in the placenta, fetus,

and amniotic fluid all exceeded those of morphine, with Cmax
values of 0.7−1.2 μg/mL in the low-dose group and 1.6−2.8
μg/mL in the high-dose group. Additionally, the AUCs in the
placenta, fetus, and amniotic fluid were significantly lower than
those in the blood. The time to reach the maximum
concentration (Tmax), elimination half-life (t1/2), and MRT of
M3G were all longer in the placenta, amniotic fluid, and fetus
than in the blood at both doses, demonstrating a longer
persistence of M3G in these three distributed tissues than in
maternal blood.
The mother-to-fetus transfer ratio, AUCfetus/AUCblood, of

morphine was 0.34 ± 0.07 and 0.19 ± 0.08 at two doses, while
the ratios for M3G were 0.18 ± 0.11 and 0.08 ± 0.02,
respectively. The results revealed that morphine and M3G
could pass through the placenta to the fetus (Tables 1 and 2).

■ DISCUSSION
In the present study, a microdialysis system was developed and
combined with a validated UHPLC-MS/MS method to
simultaneously monitor morphine and M3G at multiple sites
in pregnant rats. In vitro recovery was used to estimate the drug
concentration in the body. Some studies have pointed out no
significant difference in the recoveries obtained by the two
assays in vivo and in vitro for some compounds.26,27

Additionally, in a microdialysis study of morphine, no
significant difference was found in the recovery measured in
vivo and in vitro.28 Furthermore, the in vitro recoveries of
morphine and M3G in our study were quite low. We expected
that the deviation between in vivo and in vitro recovery would
not be too great. Based on the above points, we used in vitro
recovery to evaluate the recovery of the probe and anticipated
that the in vitro recovery of morphine and metabolites could be
used to assess the in vivo drug concentration.
Since M3G is a metabolite of morphine, and considering the

limited distribution by the barrier, M3G presented a biphasic
concentration, which slowly appeared in the placenta, fetus,
and amniotic fluid in the initial stage of administration. In
addition, due to poor clearance in embryos,29 the concen-
tration of M3G decreased at a very slow rate during the
sampling time. When detecting the concentration of morphine
and M3G in pregnant rats, the relationship between morphine
and M3G remained similar to increasing doses (Table 2), a
finding that also matched Saẅe’s study findings.30 The reason
may be that the metabolic pathway of morphine was not
subject to saturation or autoinduction even after increasing
doses in this dose range, and it may have a high
glucuronidation capacity in rats.
The mother-to-fetus transfer ratios suggested that morphine

and M3G partially penetrated the blood−placental barrier and
reached the fetus (Tables 1 and 2). However, concerning the
blood−placental barrier between the mother and fetus, higher
concentrations of morphine and M3G are found in maternal
blood than in fetal blood, indicating an incomplete transfer.31

The main maternal−fetal exchange of drugs occurs in an
uninterrupted syncytiotrophoblast layer of the placenta. These
cells mediate the transport role of the barrier. Four potential
mechanisms of drug transfer can occur across the placenta:
passive diffusion, active transport, facilitated diffusion, and
pinocytosis.32 The first two mechanisms represent the primary
method that drugs pass through the placenta; thus, they have
received more research attention. According to previous
studies, most drugs penetrate the placental barrier through
passive diffusion with concentration gradients.33 Various
factors, such as the pharmacological characteristics of the
compound and physical characteristics of the barrier,
contribute to different rates and extents of diffusion of
compound into the placenta. In general, molecules with a
low molecular weight, a low degree of ionization, poor protein
binding, and high lipophilicity readily spread through the
placenta.34 Among opioids, morphine is relatively insoluble in
lipids (pKa = 7.9). However, because of its low molecular
weight (285 Da) and low extent of protein binding (35%),
morphine crosses the placenta with relative ease. Additionally,
a decrease in plasma protein-bound drugs in the gestation
period, resulting from the reduction in albumin,35 could lead to
higher concentrations of the free-form drug and facilitate more
distribution to tissues. Furthermore, the transfer of morphine is
affected by the difference in pH between maternal and fetal
circulations due to its weak base property. When transferred to
a relatively low pH environment, morphine becomes ionized in
fetal circulation and cannot return to the maternal circulation,
leading to the accumulation of drugs in the fetus, termed ion
trapping.34 In our study, the slowly decreased concentration
and long MRT of morphine in the fetus might have been
affected by this phenomenon.
Although simple diffusion is a main pathway for the

transplacental transfer of drugs, several active transporters in
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the placenta are involved in drug translocation, including the
ATP-binding cassette transporters (ABC transporters) of P-
glycoprotein (P-gp), breast cancer resistance protein (BCRP),
and multidrug resistance proteins (MRPs).36 These efflux
transporters are abundantly present in the syncytiotrophoblast
cells of the placenta and fetus during gestation.37 Several
studies have investigated morphine as well as M3G and active
transporters. Morphine is considered the substrate of P-gp, and
various morphine blood-brain barrier studies have been
conducted in vitro38 and in vivo.39 However, morphine is not
a substrate of mouse mrp3.40 Less is known about the
association between morphine and BCRP. In terms of
morphine metabolite, mrp2 and mrp3, a family that effluxes
glucuronides,36 have affinity toward glucuronides in mice,40,41

and BCRP participates in the extrusion of other glucur-
onides.42 However, no evidence to date supports whether
active transport participates in the transport of morphine and
M3G across the placenta.
Additionally, our data revealed that the transfer ratios of

M3G from the mother to the placenta, fetus, and amniotic fluid
were relatively lower than those of morphine (Tables 1 and 2).
We speculate that the discrepancy in the transfer ratios of
morphine and M3G is attributed to the different lipid
solubilities of the two compounds. As mentioned previously,
highly lipophilic molecules have a greater ability to pass
through the placental barrier. Because M3G is a highly polar
metabolite of morphine, it has difficulty crossing lipid
membranes. Additionally, another reason may account for
the low maternal−fetal transfer ratio of M3Gthe low activity
of glucuronidation in the placenta and fetus. In rats, the mRNA
expression level of UGT2B1, which is the main enzyme
catalyzing glucuronidation of morphine in rats,10 in fetal tissues
is much lower than that in maternal liver.43 In humans, the
liver microsomes of fetuses have a low content of UGT2B7
transcripts,44 leading to a decrease in the glucuronidation
activity of the fetus. However, whether most of the M3G in the
fetus is attributed to its passage from the mother or formation
in the fetus remains unclear.
For decades, the maternal and fetal pharmacokinetics of

various drugs have been investigated. Those studies used
traditional biological sampling methods to conduct animal
experiments. In our study, instead of conventional sampling
methods, we used microdialysis as a sampling technique in
animal experiments to monitor free-form drugs in the
extracellular fluid of tissues in the body. Traditional sampling
methods have difficulty distinguishing the unbound portion of
a drug; however, this challenge can be overcome by
microdialysis.18 Additionally, minimal loss of biological fluid,
minimal invasion, and long-term continuous sampling are also
strengths of microdialysis.19 Furthermore, microdialysis can
measure the drug concentration in multiple sites of a rat at a
time and simultaneously discuss the pharmacokinetics of the
drug in only one animal, providing the use of a relatively small
number of animals. Considering the above advantages, the
application of microdialysis makes it ideal to study the
transplacental transfer and pharmacokinetics of drugs in
pregnant rats. However, the limitation of the microdialysis
technique is that the recovery of the compound should be
considered when using it. If the drug does not easily penetrate
the membrane of the probe, the recovery will be too low to
detect the analyte. Therefore, a highly sensitive analytical
instrument is required for accurate analysis, such as UHPLC-
MS/MS.

In conclusion, a novel transplacental microdialysis animal
model was successfully developed for the simultaneous
collection of dialysates from multiple sites. This is the first
report on the application of microdialysis in morphine,
placental sampling, and fetal sampling in pregnant rats.
Additionally, a validated UHPLC-MS/MS analytical method
was established to analyze compounds in several tissue fluids
and was applied to evaluate the pharmacokinetics and
transplacental transfers of morphine and M3G. The results
revealed that morphine was rapidly metabolized to M3G in
pregnant rats. Furthermore, morphine and M3G quickly
transferred through the blood−placental barrier and remained
in the placenta, amniotic fluid, and fetus. The development of
the animal model in present study opens up a new dimension
to the simultaneous detection of compounds in the mother and
fetus. This model can be further applied to the drug
development commonly used in the gestation period, and it
will bring great potential for the study of maternal−fetal
pharmacokinetics and toxicology.
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