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A B S T R A C T   

Background: Ritonavir is one of the most potent CYP3A4 inhibitor currently on the market, and is 
often used together with other antiviral drugs to increase their bioavailability and efficacy. 
Paxlovid, consisting of nirmatrelvir and ritonavir, was approved for the treatment of COVID-19. 
As previous studies regarding the use of ritonavir during pregnancy were limited to ex-vivo ex
periments and systemic safety data, to fully explore the detailed pharmacokinetics of ritonavir in 
pregnant rats’ blood and conceptus, an analytical method consisted of multi-microdialysis 
coupled with UHPLC-MS/MS were developed to analyze the pharmacokinetics of ritonavir, 
both as a component of Paxlovid and by itself. 17 days pregnant female Sprague-Dawley rats were 
randomly split into three experimental group: normal dosage of ritonavir alone (7 mg kg− 1), 
normal dosage of Paxlovid (ritonavir 7 mg kg− 1 + nirmatrelvir 15 mg kg− 1), and 3× dosage of 
ritonavir (21 mg kg− 1). 
Results: 3× dosage of ritonavir produced a more than 3× increase in rats’ blood and placenta. 
Transfer rate of ritonavir to the placenta, amniotic fluid, and fetus were determined to be 20.7%, 
13.8%, and 4.7% respectively. Concentration of ritonavir in the placenta, amniotic fluid, and 
fetus did not significantly go down after 8 h. 
Significance: Overall, ritonavir’s metabolism was not influenced by the presence of nirmatrelvir in 
pregnant rats. A 3× increase in dosage produced a concentration of roughly 4×, most likely a 
result of ritonavir’s auto-inhibition effect on cytochrome P450 proteins. Accumulation of rito
navir is possible in placenta, amniotic fluid, and fetus.   

1. Introduction 

Ritonavir, a potent protease inhibitor, was originally developed for the treatment of HIV, and approved by the US Food and Drug 
administration between 1995 and 1997 [1,2]. As one of the most potent cytochrome P450 (CYP) 3A4 inhibitor currently in clinical use, 
ritonavir is commonly combined with other antiviral drugs involved in CYP3A4 metabolism pathway to boost their bioavailability and 
efficacy [3], for the treatment of HIV, hepatitis C, and more recently COVID-19 [4–7]. At the start of the pandemic efforts were made to 
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find suitable treatment, including the use of well-known antiviral combination lopinavir/ritonavir in a limited clinical trial, where 
both drugs’ pharmacokinetic parameters were carefully analyzed [8]. In order to contain the severity of COVID-19 symptoms, Pfizer 
combined ritonavir with second generation protease inhibitor, nirmatrelvir, forming the co-package anti-viral drug Paxlovid, origi
nally approved by the U.S. Food and Drug Administration (FDA) under Emergency Use Authorization in December 2021, and fully 
approved for adult patients in May 2023 [9,10]. Aside from CYP3A4, ritonavir also exhibits inhibitory effect on P-glycoprotein, as 
shown by randomized placebo-controlled crossover study involving pre-treatment of ritonavir while monitoring digoxin distribution 
and elimination [11]. 

Previous studies regarding the use of ritonavir during pregnancy were limited to ex-vivo transplacental transfer rate [12] and 
systemic safety [4]. These techniques are somewhat limiting as ex-vivo transplacental transfer rate could not measure the transfer ratio 
into the fetus, and systemic safety can only be conducted after a sizable population had already taken the medication; while it was 
determined that ritonavir can passes the blood-placenta barrier and was systemically safe, conflicting information exists regarding the 
use of Paxlovid during pregnancy and breastfeeding. Clinical case review involving forty-seven pregnant patients revealed that no 
significant increase in serious adverse effect was observed through Paxlovid’s treatment, but resulted in unexpectedly high rate of 
caesarean birth [13]; while the European Medicines Agency advised against using Paxlovid during pregnancy and breastfeeding [14]. 

In order to determine the transplacental transfer ratio into the conceptus, our laboratory has made efforts in conventional sampling 
techniques [15,16], as well as microdialysis [17–20]. Microdialysis is a technique that uses probes with semipermeable membrane to 
sample endogenous and exogenous substances [21–23]. It allows for the continuous monitoring of drugs in its protein unbound, 
pharmacologically active form, and can be utilized for the study of drug absorption, distribution, metabolism, and elimination (ADME) 
[24]. In addition, the technique of microdialysis has the advantage of measuring drugs at specific sites, with detailed time profiles 
within a single experimental animal or human [25]. The ability to monitor different sites simultaneously on the same experimental 
animal, makes microdialysis an ideal technique to study the pharmacokinetics of transplacental transfer of drug into the conceptus. 

Different analytical methods have been developed to analyze ritonavir, including liquid chromatography coupled with photodiode 
array [26] or mass spectrometry [27–29]; thin layer chromatography [30], and spectrofluorometric detection [31]. For this experi
ment, ultra-high-performance liquid chromatography (UHPLC) coupled with tandem mass spectrometry (MS/MS) was chosen for its 
good specificity and sensitivity, ease of new method development, and high throughput [32], at the same time allowing for less sample 
input compared to high performance liquid chromatography (HPLC). Gas chromatography is more suitable for small, thermally stable, 
and volatile molecules [33], neither applies to ritonavir [34]. In terms of detection method, MS/MS allows for the structural identi
fication of compounds, allowing for excellent sensitivity and specificity [32]. One disadvantage of MS/MS is that the analytical method 
requires the irreversible destruction of analytes, making recovery impossible; however, this does not affect our experiment. 

We hypothesized that ritonavir’s distribution is hindered by the blood-placenta barrier, and its concentration would decrease as 
blood travel past the barrier. In this study, a multiple microdialysis model coupled with UHPLC-MS/MS was developed to fully explore 
the detailed pharmacokinetics of ritonavir into the conceptus, both administered alone and as a component of Paxlovid. 

2. Materials, method, and instrumentations 

2.1. Chemicals and reagents 

Components of Paxlovid were sourced separately: ritonavir from Cayman Chemical (Ann Arbor, MI, USA) and nirmatrelvir from 
MedChemExpress (Monmouth Junction, NJ, USA). Citric acid, sodium citrate, D-(+)-glucose, and sodium chloride were purchased 
from Sigma-Aldrich Chemicals (St. Louis, MO, USA). LCMS grade acetonitrile was supplied by J.T. Baker (Avantor Performance 
Materials, LLC, Radnor, PA, USA). LC grade methanol was made by Macron Fine Chemicals (Avantor Performance Materials, LLC, 
Radnor, PA, USA). Type I water (Millipore, Bedford, MA, USA) was used throughout the experiment, including UHPLC-MS/MS 
analysis. Ritonavir was dissolved in 100% methanol to prepare a standard solution (1 mg mL− 1), and subsequently diluted to 
generate a gradient series for standard curves. The anticoagulant citrate dextrose (ACD) solution utilized in this experiment composed 
of 3.5 mM citric acid, 7.5 mM sodium citrate, and 13.6 mM D-(+)-glucose. 

2.2. Analytical instruments and method validation 

Samples were analyzed using Ultra-High-Performance Liquid Chromatography – tandem Mass Spectrometry (UHPLC-MS/MS, 
8030, Shimadzu, Kyoto Japan). The UHPLC system consisted of UHPLC pump (LC-20AD XR), autosampler (SIL-20AC XR), online 
degasser (DGU-20A3), communication bus module (CBM-20A), column oven (CTO-20A), and triple quadruple mass spectrometer 
(LCMS-8030). UHPLC analysis of ritonavir was validated according to Bioanalytical Method Validation Guidance for Industry released 
by the U.S Food and Drug Administration in May 2018 [35]. Namely, the stability of short-term benchtop, autosampler, repeated 
freeze-thaw, and long-term freezing, as well as intra and inter-day accuracy and precision were verified. Matrix effect of our exper
imental procedures were analyzed. For the microdialysis experiment, probe recoveries for different probe types were also determined. 

2.3. Experimental animals 

Pregnant female Sprague-Dawley rats (17 ± 2 days pregnant, 300 ± 50 g) were obtained from National Yang Ming Chiao Tung 
University Animal Center, Taipei, Taiwan. Rats were housed in 12 h light/dark cycle; laboratory rodent diet 5001 (PMI Feeds, 
Richmond, IN, USA) and water were given ad libitum up until 12 h before surgery, at which point food was removed while water 
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remained. The animal study protocol was approved by the Institutional Animal Care and Use Committee of National Yang Ming Chiao 
Tung University (IACUC No. 1110605, June 20th, 2022) and performed according to the National Research Council guidelines. 

2.4. Microdialysis instruments and probe design 

The microdialysis system consisted of a microinjection pump (CMA/100, CMA, Stockholm, Sweden), 2.5 mL micro-syringes (Ito 
Corporation, Fuji, Japan), sample collectors (CMA/142 and CMA/470, CMA, Stockholm, Sweden), and self-made microdialysis probe 
of varying design to best suit the sampling environments. Both rigid and flexible microdialysis probes were developed based on 
previous reports [36]. Namely, a semi-permeable membrane (outer diameter 150 μm, molecular weight cut-off 13,000 Da; Spectrum, 
Laguna Hills, CA, USA) was chosen to construct the active length of the probe. The blood probes had 1 cm of membrane serving as its 
active length, and the probes for conceptus (fetus, placenta, and amniotic fluid) had an active length of 0.5 cm. All tubing connections, 
as well as the tip of the membrane were sealed with epoxy glue at least 24 h before experiment to allow for drying. 

2.5. Animal grouping and surgical procedures 

Experimental animals were divided into 3 groups: human-equivalent dosage ritonavir 7 mg kg− 1, human-equivalent dosage 
Paxlovid consisting of ritonavir 7 mg kg− 1 and nirmatrelvir 15 mg kg− 1, and 3× ritonavir dosage 21 mg kg− 1 to examine dosage 
dependent pharmacokinetics relations. The experimental rats were anesthetized using urethane (1 g kg− 1, i. p.). After anesthesia, the 
fur around the surgical sites were shaved off, and disinfected with 75% alcohol before proceeding with the surgical procedures as 
follows. First, an incision was made on the inner-left thigh of the rat to expose left femoral vein. A catheter tube made with poly
ethylene tube – 50 (PE-50) was implanted for intravenous (i.v.) drug administration. Following that, an incision was made on the right 
side of the neck to expose right jugular vein. A custom-made blood microdialysis probe was implanted toward the heart to collect 
dialysate from venous blood. Following the jugular vein, a roughly 3 cm long incision was made on the midline of the abdomen to 
expose the embryonic vesicles. Vesicles were pulled out and carefully laid on gauze, and a 23-gauge needle was used to puncture holes 
in the embryonic vesicles for probes insertion of the conceptus (fetus, placenta, and amniotic fluid). Gauze were used to cover the 
exposed embryonic vesicles and kept moist with normal saline throughout the experiment to prevent drying. 

Fig. 1. Molecular structure and UHPLC-MS/MS single ion monitoring (SIM) chromatogram of ritonavir, showing the peaks of precursor ion and 
major product ion at m/z 721 → 296. 
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2.6. Drug administration and sample collection 

Following surgical procedures and probe implantations, the probes were perfused for 1 h with perfusate at a flow rate of 2 μL min− 1. 
Anticoagulant citrate dextrose (ACD) solution was used as perfusate for all sampling sites. Drug (ritonavir 7 or 21 mg kg− 1, i.v.; and 
Paxlovid consisting of ritonavir 7 mg kg− 1 and nirmatrelvir 15 mg kg− 1, i.v.) was administered through the femoral vein catheter after 
the hour-long perfusion period, depicting time 0; at which point sample collection also began. Samples were continuously collected 
and stored at 20 min intervals for a total period of 8 h, 20 μL of methanol was added to each sample vials to increase ritonavir’s 
solubility, and subsequently stored at − 20 ◦C until further analysis. 

2.7. Statistical analysis 

Pharmacokinetic related parameters of the target drug were analyzed using WinNonlin software (version 1.1; Scientific Consulting 
Inc., Apex, NC, USA). Curve fitting comparison of compartmental models was performed using Akaike’s information criterion (AIC) 
[37]. SigmaPlot (version 11.0; Systat Software, London, UK) was used to plot the concentration-time curves. SPSS Statistics (version 
22.0; IBM Corp., Armonk, NY, USA) was utilized to process statistics. Data were analyzed by one-way ANOVA with post-hoc Tukey 
HSD. A p value < 0.05 indicated statistically significant difference. All data are expressed as mean ± standard deviation (SD). 

3. Results 

3.1. UHPLC-MS/MS optimization 

Trials were conducted to optimize the UHPLC-MS/MS analytical parameters. Tandem Quadrupole Mass Spectrometer settings were 
optimized for ES + mode, with a collision energy of − 20 eV, interface voltage at 3.5 kV, nebulizing gas flow of 3.0 L min− 1, the 
parameters resulted in parent to product ion transition of 721 → 296 m/z for ritonavir, as seen in Fig. 1. 

Maximum peak area was obtained with a mobile phase consisted of (A) 0.1% formic acid in water and (B) acetonitrile. In order to 
sufficiently separate of ritonavir within the microdialysis samples, 20 mL of methanol was added for each 40 mL samples, and a 4-min 
gradient profile was developed as follows: starting with B at 30%, maintain for 0.5 min, then raise B to 85% by 1.0 min, drop B to 75% 
by 2.0 min, and maintain 75% to 3.0 min, finally drop B to 30% by 3.5 min and maintain until 4.0 min. The retention time of ritonavir 
was 2.5 min, and the lower limit of quantitation was determined to be 0.1 ng mL− 1. 

3.2. Method validation 

Method validation was performed to ensure the accuracy and repeatability of our experimental procedure. Sample stability for 
benchtop, auto-sampler, long-term freezing, and repeated freeze-thaw were validated, and confirmed to be within the acceptable value 
(Table 1). 

Intraday and interday accuracy and precision validation of our analytical methods were also performed and confirmed to be within 
acceptable range, detail can be seen in Table 2. Matrix effect was determined to be roughly 20% across all sample sites, details pre
sented in Table 3. The recovery rate of the self-made blood and conceptus probes were determined to be 5.01% and 2.65% respectively 
(Table 4). 

3.3. Pharmacokinetics of ritonavir 

Samples of typical UHPLC-MS/MS chromatograms of the experiment, including a blank dialysate, blank spiked with known 

Table 1 
Stability validation of ritonavir in dialysates of pregnant rat blood, placenta, fetus, and amniotic fluid.  

Concentration (ng mL− 1) Auto-Sampler (%) Benchtop (%) 3× Freeze-Thaw Cycle (%) Long-term Storage (%) 

Blood 
1 94.21 ± 3.69 102.73 ± 5.47 95.58 ± 1.38 97.62 ± 3.05 
10 96.61 ± 0.87 101.12 ± 5.00 98.56 ± 0.97 97.21 ± 0.71 
Placenta 
1 97.17 ± 2.29 97.66 ± 1.89 99.18 ± 2.34 94.42 ± 0.92 
10 96.13 ± 2.25 96.46 ± 2.55 97.31 ± 1.32 97.66 ± 0.28 
Fetus 
1 95.80 ± 4.14 97.38 ± 9.39 94.93 ± 1.84 95.91 ± 0.62 
10 92.13 ± 3.21 95.45 ± 1.62 98.85 ± 0.53 98.95 ± 0.73 
Amniotic fluid 
1 95.55 ± 7.82 91.73 ± 3.62 97.55 ± 1.67 96.69 ± 2.59 
10 95.87 ± 2.59 86.94 ± 7.37 94.76 ± 1.43 98.42 ± 2.72 

Auto-sampler and benchtop samples were left at respective area for 6 h before testing. Freeze-thaw cycles were repeated 3 times, with each freezing 
cycle at − 20 ◦C lasting for at least 12 h before testing. In Long-term storage the samples were frozen at − 20 ◦C for 30 days before thawing and testing. 
Data expressed as mean ± standard deviation. n = 3. 
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concentration, and sample collected after drug administration for each probed organ (blood, placenta, amniotic fluid, and fetus) are 
shown in Fig. 2. 

Fig. 3 displays the concentration vs. time graph of the four tested locations. In blood, the concentration-over-time of ritonavir 
doesn’t follow typical pharmacokinetic models, as the concentration didn’t reached maximum until 1 h after drug administration, as 
seen on Fig. 3a; this behavior was observed for all 3 experimental groups (Fig. 3a). Ritonavir could be observed in the placenta at 7 mg 
kg− 1 (Fig. 3b); it was only observable in amniotic fluid and fetus at 21 mg kg− 1 dosage level (Fig. 3c and d). 

Pharmacokinetic (PK) parameters of the experiment are compiled in Table 5, and a column graph comparison compiled in Fig. 4. 
Overall, no significant difference was observed for any parameters between normal dosage of ritonavir (7 mg kg− 1) and Paxlovid 
(ritonavir 7 mg kg− 1 + nirmatrelvir 15 mg kg− 1). 

Non-compartment model was used to calculate the PK parameters of blood. Area under curve (AUC) for normal dosage of ritonavir 
and Paxlovid group were 58.9 ± 23.3 min μg mL− 1 and 56.0 ± 15.7 min μg mL− 1 respectively, while 3× dosage of ritonavir produced 
an over 4× increase to 235.8 ± 39.1 min μg mL− 1. The same trend was observed in maximum concentration (Cmax), from normal 
ritonavir dosage and Paxlovid’s 0.224 ± 0.083 μg mL− 1 and 0.240 ± 0.081 respectively, to 0.996 ± 0.029 μg mL− 1 at 3× ritonavir 

Table 2 
Intraday and interday accuracy and precision validation of ritonavir in dialysates of pregnant rat blood, placenta, fetus, and amniotic fluid.  

Nominal Concentration (ng 
mL− 1) 

Intraday Interday 

Observed Concentration (ng 
mL− 1) 

Accuracy 
(%) 

Precision 
(%) 

Observed Concentration (ng 
mL− 1) 

Accuracy 
(%) 

Precision 
(%) 

Blood 
0.1 0.105 ± 0.004 5.02 3.52 0.093 ± 0.010 − 6.71 10.22 
0.5 0.480 ± 0.140 − 4.05 2.91 0.497 ± 0.001 − 0.67 0.29 
5 4.88 ± 0.30 − 2.46 6.07 5.10 ± 0.10 2.05 1.97 
50 50.12 ± 1.12 0.24 2.23 50.00 ± 0.00 − 0.0003 0.002 
Placenta 
0.1 0.114 ± 0.015 13.51 13.31 0.097 ± 0.007 − 2.85 7.47 
0.5 0.517 ± 0.029 3.45 5.57 0.496 ± 0.012 − 0.80 2.32 
5 5.04 ± 0.10 0.89 2.05 4.97 ± 0.04 − 0.53 0.75 
50 49.91 ± 0.65 − 0.19 1.29 50.00 ± 0.01 0.01 0.01 
Fetus 
0.1 0.109 ± 0.004 9.49 3.53 0.100 ± 0.010 − 0.33 9.84 
0.5 0.526 ± 0.015 5.27 2.88 0.496 ± 0.013 − 0.77 2.72 
5 4.91 ± 0.10 − 1.80 2.03 5.02 ± 0.03 0.36 0.56 
50 49.10 ± 0.79 − 1.80 1.62 50.00 ± 0.002 − 0.003 0.004 
Amniotic fluid 
0.1 0.117 ± 0.005 16.95 4.62 0.973 ± 0.013 − 2.75 13.78 
0.5 0.545 ± 0.016 8.97 2.95 0.501 ± 0.017 0.11 3.49 
5 5.13 ± 0.08 2.62 1.59 5.00 ± 0.03 − 0.06 2.86 
50 50.14 ± 0.88 0.28 1.76 49.99 ± 0.02 − 0.01 0.05 

Precision = S.D./Cobs, and accuracy = (Cobs − Cnom)/Cnom. Observed concentration expressed as average ± standard deviation. n = 3. 

Table 3 
Matrix effect of ritonavir UHPLC-MS/MS analytical method of different rat analytes.  

Nominal Concentration (ng mL− 1) Matrix effect (%) 

Blood Placenta Fetus Amniotic Fluid 

0.5 20.95 ± 3.33 20.53 ± 3.13 18.80 ± 2.41 20.03 ± 2.79 
10. 18.69 ± 2.28 20.09 ± 3.87 19.78 ± 1.75 19.82 ± 2.21 

Matrix effect is calculated by Csample/CACD. A positive number indicates ion-enhancement effect. Anticoagulant citrate dextrose (ACD) consisted of 
citric acid 3.5 mM, sodium citrate 7.5 mM, and D-(+)-glucose 13.6 mM in water. Data expressed as mean ± standard deviation. n = 3. 

Table 4 
Recovery of ritonavir for self-made blood and conceptus probes.  

Nominal Concentration (μg mL− 1) Recovery (%) 

Blood Conceptus 

0.1 4.44 ± 1.19 2.47 ± 0.89 
1.0 5.58 ± 1.28 2.82 ± 1.00 
average 5.01 ± 1.28 2.65 ± 0.94 

Anticoagulant citrate dextrose (ACD) solution was used as perfusate for the probes, it consisted of citric acid 
3.5 mM, sodium citrate 7.5 mM, and D-(+)-glucose 13.6 mM in water. Data expressed as mean ± standard 
deviation. n = 6. 
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Fig. 2. Typical UHPLC-MS/MS chromatogram of dialysate from (A) blank blood; (B) blank blood spiked with ritonavir 10 ng mL− 1; (C) blood 
sample collected 360 min after ritonavir administration (21 mg kg− 1, i.v.), containing ritonavir 14.10 ng mL− 1; (D) blank placenta; (E) blank 
placenta spiked with ritonavir 0.5 ng mL− 1; (F) placenta sample collected 120 min after Paxlovid administration (ritonavir 7 mg kg− 1 with nir
matrelvir 15 mg kg− 1, i.v.), containing ritonavir 0.76 ng mL− 1; (G) blank amniotic fluid (AF); (H) blank AF spiked with ritonavir 1.0 ng mL− 1; (I) AF 
sample collected 120 min after ritonavir administration (21 mg kg− 1, i.v.), containing ritonavir 1.15 ng mL− 1; (J) blank fetus; (K) blank fetus spiked 
with ritonavir 0.5 ng mL− 1; (L) fetus sample collected 120 min after ritonavir administration (21 mg kg− 1, i.v.). Peak 1 depicts ritonavir signal with 
2.5 min retention time. 
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dosage. No significant differences were observed between the PK parameters of normal dosage ritonavir group and Paxlovid group. 
In placenta, significant increase in AUC and Cmax was again observed in 3× ritonavir group compared to both normal dosage and 

Paxlovid group. AUC was 5.99 ± 0.91 min μg mL− 1 at normal dosage, 6.13 ± 1.77 min μg mL− 1 for Paxlovid group, and 48.13 ± 13.97 
min μg mL− 1 at 3× ritonavir dosage. Cmax went from 0.021 ± 0.004 μg mL− 1 of normal dosage ritonavir, 0.027 ± 0.009 μg mL− 1 for 
Paxlovid, to 0.189 ± 0.076 μg mL− 1 observed in the 3× ritonavir dosage group. Significant difference for mean retention time was 
observed between 3× dosage group compared to Paxlovid group, at 305 ± 30 min and 230 ± 52 min respectively; and significant 
difference for AUC ratio between placenta and blood, i.e. the placenta transfer rate, was observed between normal ritonavir dosage and 
3× dosage group, being 0.116 ± 0.049 and 0.207 ± 0.074 respectively. When comparing 3× dosage to Paxlovid group, the p value fell 
just outside the significance range at 0.051. 

At 7 mg kg− 1 dosage level, ritonavir could not be detected with our experimental method in amniotic fluid and fetus, and at 3×
dosage level, transfer rate to amniotic fluid was 0.138 ± 0.064, and fetus at 0.047 ± 0.023. 

4. Discussion 

Ritonavir, a protease inhibitor originally developed for the treatment of HIV, is now frequently used as a booster in combination 
with other antiviral drugs due to its prominent inhibitory effect on CYP3A4. 

While samples collected from microdialysis typically required no pre-treatment for UHPLC-MS/MS analyzation, we found that 
ritonavir’s water solubility to be too poor to remain stable, and the introduction of methanol to the perfusate successfully resolved this 
issue. This allowed for accurate quantification of ritonavir in pregnant rats’ blood and conceptus simultaneously, making the deter
mination of transfer ratio of ritonavir from blood into fetus and amniotic fluid possible, allowing for further pharmacokinetic studies. 

The dosage of ritonavir (7 mg kg− 1) and Paxlovid (ritonavir 7 mg kg− 1 + nirmatrelvir 15 mg kg− 1) for the experiment was 
calculated by combining dosage conversion based on the body surface area method [38] of the clinical recommended dosage of 

Fig. 3. Ritonavir concentration vs time graph sampled from pregnant rats’ (A) blood, (B) placenta, (C) amniotic fluid, and (D) fetus, after ritonavir 
(7 mg kg− 1, i.v.; 21 mg kg− 1, i.v.) and Paxlovid administration (ritonavir 7 mg kg− 1 + nirmatrelvir 15 mg kg− 1, i.v.). n = 6. 
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Paxlovid (ritonavir 150 mg kg− 1 + nirmatrelvir 300 mg kg− 1) [39], and the oral bioavailability of ritonavir (70% [40]) and nirma
trelvir (50% [41]). 

Method validation was performed to ensure the stability and reproducibility of the experiment. Ritonavir has been found to be 
stable throughout the analytical procedure, both low and high concentrations changed minimally while under typical experimental 
environments (Table 1); and that our experiment was highly reproducible (Table 2). 

The concentration vs time graph for ritonavir in blood followed an atypical curve, the concentration did not reach maximum until 1 
h after drug administration (Fig. 3a), likely due to the auto-inhibition effect of ritonavir and CYP3A4 [42]. Our results showed that 
ritonavir’s PK parameters isn’t significantly influenced by the presence of nirmatrelvir in pregnant rats (Table 5, Figs. 3 and 4A), 
indicating that ritonavir’s metabolism isn’t influenced by nirmatrelvir’s presence. As ritonavir’s primary function in Paxlovid is to 
boost the efficacy of nirmatrelvir [43], this makes regulating nirmatrelvir’s effective concentration in blood simpler. 

On the other hand, when the dosage of ritonavir (7 mg kg− 1) was increased by 3× (21 mg kg− 1), a 4× increase for AUC in blood was 
observed, from 58.9 ± 23.3 min μg mL− 1 to 235.8 ± 39.1 min μg mL− 1, and a 4.4× increase was observed for Cmax, from 0.224 ±
0.083 μg mL− 1 to 0.996 ± 0.029 μg mL− 1 (Table 5, Fig. 4A). This non-linear increase suggests a positive feedback in the auto-inhibition 
effect, specifically the increased inhibition of CYP3A4 leading to even higher concentration of ritonavir available in the bloodstream. 

Previously reported transplacental transfer rate of ritonavir at therapeutic dosage was 18.7% [12], more than that of normal dosage 
of ritonavir and Paxlovid, at 0.116 ± 0.049 and 0.118 ± 0.054 respectively (Table 5, Fig. 4B). This discrepancy could be attributed to 
the difference in transporter expression between species [44,45]. The placental transfer rate significantly increased to 0.207 ± 0.074 
for the 3× ritonavir dosage group when compared to normal dosage group, and fall just short of significance when compared to 
Paxlovid group (Table 5, Fig. 4B). Previous study examining ritonavir and placental transfer protein concluded that it only exhibit 
weak interaction with multidrug resistance-associated proteins 2 (ABCC2) [46], it is possible the increased concentration over
whelmed the transport protein, leading to an increased transfer ratio. 

The transfer ratio into the amniotic and fetus at normal dosage level of ritonavir was undetectable for our analytical method, and 
for the 3× ritonavir dosage group was 13.8% and 4.7% respectively (Table 5, Fig. 4B). This trend is consistent with similar study into 
drug transfer ratio of placenta, amniotic fluid, and fetus [47–49]. Comparing transfer ratio of the three conceptus organs suggests that 
placenta does provide a barrier effect and hinders ritonavir transfer into the conceptus. 

However, closer inspection of the concentration vs time graph seems to suggest a cumulative effect of ritonavir in the conceptus of 
pregnant rats, more prominent in the amniotic fluid and fetus (Fig. 3b, c, d). However, the low hydrophilic characteristics of ritonavir 
resulted in a probe recovery rate on the lower side, which potentially prevented closer study of the transfer ratio into the conceptus 
without raising drug dosage. Further studies would be required to evaluate the extent of ritonavir cumulation and its effect on 
newborns. 

5. Conclusion 

Due to the recent Covid-19 pandemic, ritonavir combined with nirmatrelvir was approved by the FDA for emergency use. While 

Table 5 
Pharmacokinetic parameters of ritonavir as a component of Paxlovid in pregnant rat blood and conceptus, administered as normal Paxlovid dosage of 
ritonavir (7 mg kg− 1) with or without nirmatrelvir (15 mg kg− 1); and 3× ritonavir dosage (21 mg kg− 1).  

Parameters Ritonavir (7 mg kg− 1, i.v.) Ritonavir (21 mg kg− 1, i.v.) Paxlovid (Ritonavir 7 mg kg− 1 + Nirmatrelvir 15 mg kg− 1, i.v.) 

blood 
AUC (min μg mL− 1) 58.9 ± 23.3 235.8 ± 39.1** 56.0 ± 15.7 
Cmax (μg mL− 1) 0.224 ± 0.083 0.996 ± 0.029** 0.240 ± 0.081 
t1/2 (min) 236 ± 42 253 ± 60*1 175 ± 38 
Cl (mL min− 1 kg− 1) 104 ± 56 64 ± 16 108 ± 31 
MRT (min) 200 ± 46 219 ± 21 195 ± 37 
placenta 
AUC (min μg mL− 1) 5.99 ± 0.91 48.13 ± 13.97** 6.13 ± 1.77 
Cmax (μg mL− 1) 0.021 ± 0.004 0.189 ± 0.076** 0.027 ± 0.009 
MRT (min) 285 ± 33 305 ± 30*a 230 ± 52 
AUCplacenta/AUCblood 0.116 ± 0.049 0.207 ± 0.074*b 0.118 ± 0.054 
amniotic fluid 
AUC (min μg mL− 1)  32.22 ± 15.23  
Cmax (μg mL− 1)  0.174 ± 0.079  
MRT (min)  307 ± 27  
AUCamniotic fluid/AUCblood  0.138 ± 0.064  
fetus 
AUC (min μg mL− 1)  10.84 ± 5.74  
Cmax (μg mL− 1)  0.042 ± 0.025  
MRT (min)  263 ± 46  
AUCfetus/AUCblood  0.047 ± 0.023  

Data expressed as mean ± standard deviation. Statistical significant differences were determined by one-way ANOVA with post-hoc Tukey HSD (n =
6). *p < 0.05, **p < 0.01. 

a Compared to Paxlovid group. 
b Compared to ritonavir 7 mg kg− 1 group. 
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previous studies explored ex-vivo transplacental transfer and systemic safety of ritonavir, this study explored the details of in-vivo 
transplacental transfer rate of ritonavir into the conceptus of rats. Blood-placenta barrier is effective at reducing ritonavir transfer into 
the womb, but not completely. Moreover, concentration vs. time graph suggests that ritonavir can accumulate in placenta, amniotic 
fluid, and fetus. Further study will be required to evaluate the extend of this cumulation effect. 

Additional information 

No additional information is available for this paper. 

Fig. 4. Column graph comparison of pharmacokinetic parameters between different experimental groups for (A) blood, and (B) placenta. *p < 0.05.  
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