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ble CE-LIF method for the
quantitative analysis of miRNA-497 in plasma and
organs and its application to a pharmacokinetic and
biodistribution study†

Eunmi Ban, Haejin Kwon and Eun Joo Song *

MicroRNAs (miRNAs) are involved in the pathogenesis of many human diseases, and various miRNAs have

been reported and developed as therapeutic candidates for treating various diseases. Various miRNA and

carrier modification systems have been investigated for effective systemic miRNA delivery to cells,

organs, and tissues of interest. Consequently, effective and reliable analytical methods of miRNAs are

required for evaluating the pharmacokinetics and biodistribution of miRNAs as therapeutic candidates.

The capillary electrophoresis with laser-induced fluorescence (CE-LIF) method has been recently

reported as a promising and relatively rapidly developing tool with the potential to provide highly

sensitive and specific analysis of biological molecules including miRNAs. Here, the CE-LIF method was

used for application in the pharmacokinetic and distribution studies of miRNA-497 as a model miRNA for

a lung target; miRNA-497 hybridized with 6-FAM-labeled DNA probes were separated using CE-LIF and

detected within 6 min without any interference. This method showed a wide calibration range of 1.0–

50 nM and 0.1–50 nM for plasma and the four organs, liver, spleen, lung, and kidney, respectively, with

acceptable precision and accuracy. Using CE-LIF, the miRNA-497 level was evaluated in rat plasma and

organs after intravenously administering 1 mg ml�1 of a miRNA-497 mimic. Hence, miRNA-497 displayed

a relatively short half-life of 1.76 h and was delivered to the lungs but mainly accumulated in the liver

and spleen. This study evaluated the pharmacokinetics and biodistribution of the miRNA-497 mimic

using CE-LIF for the first time and suggested the need for further studies to extend the half-life and

conduct lung-targeted delivery of miRNA-497.
Introduction

MicroRNAs (miRNAs) are small non-coding RNAs (18–22
nucleotides long) that interact with their target mRNAs to
regulate gene expression.1 Several miRNAs have been impli-
cated in different physiological and pathological processes,
including metabolism, proliferation, apoptosis, differentia-
tion, development, viral infection, and cancer.2,3 Therefore,
miRNAs have been widely investigated as therapeutic agents to
treat various diseases.4 Therefore, to evaluate miRNAs for
therapeutic purposes, the pharmacokinetics and distribution
of miRNAs have been investigated aer its administration.5,6

However, the delivery of miRNAs to target sites remains chal-
lenging because of poor cellular uptake and degradation by
nucleases. In particular, in systemic administration, miRNAs
broadly distribute into most organs or tissues via circulation,
f Pharmaceutical Sciences, Ewha Womans
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tion (ESI) available. See DOI:

8654
except in the central nervous system, and the amount of
miRNA that accumulates differs greatly among different tissue
types. Moreover, depending on the carrier type, the degree of
miRNA accumulation in each organ or tissue varies. Conse-
quently, various modication systems of miRNA and carriers
have been investigated for effective systemic delivery of miR-
NAs to cells, organs, and tissues of interest. Therefore, phar-
macokinetics and distribution evaluations have been
conducted focusing on targeting and prolong circulation of
miRNA. Mahato group showed prolonged the elimination half-
life and enhanced delivery to pancreatic tumor of let-7b mimic
using polymeric micelle through pharmacokinetics and
distribution evaluation.7 And Yoshioka et al. designed
heteroduplex oligonucleotide-anti-miR as a new technology
comprising an anti-miR and its complementary RNA and
demonstrated improvements of in vivo potency compared with
the parent anti-miR through pharmacokinetics and distribu-
tion study.8

MiRNA-497, a highly conserved miRNA located on chromo-
some 17p13.1, was recently found to play important inhibitory
roles in malignancies by suppressing cancer cell proliferation
This journal is © The Royal Society of Chemistry 2020
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and inducing apoptosis.9 Recent studies have shown that
miRNA-497 is correlated with lung cancer.10,11 Besides, the
studies of miRNA-497 as a therapeutic candidate have been
conducted for treating lung cancer but little is known about its
mechanism of action and the pharmacokinetics and bio-
distribution of circulating miRNA-497.

The analyses of circulating miRNA levels in plasma and
organs have been mainly conducted using quantitative real-
time PCR (qRT-PCR),12 enzyme-linked immunosorbent assay
(ELISA),5 and liquid chromatography with tandem mass spec-
trometry (LC/MS/MS).6 More recently, capillary electrophoresis-
laser induced uorescence (CE-LIF) has been actively applied to
analyze miRNA in biological samples.13–16 Krylov group showed
accurate quantitative analysis of miRNAs from cells extracts
using CE-LIF without interference by the sample matrix.13 Ban
et al. have been successfully performed simultaneous detection
of endogenous multiple miRNAs from cells using CE-LIF.15

Khan et al. showed that as low as 0.5 fM of miRNA in serum can
bemeasured in a 20 min by CE-LIF without PCR amplication.16

Although qRT-PCR, ELISA, and LC/MS/MS have been previously
used to evaluate pharmacokinetics and biodistribution, aspects
such as extraction method, accuracy, and reproducibility
remain a challenge in developing quantitative analysis methods
for studying the pharmacokinetic and biodistribution of miR-
NAs. The qRT-PCR and ELISA system are very sensitive method
for analyzing low levels of miRNAs in plasma but qRT-PCR
analysis is interfered by the sample matrix or extraction
reagents. The ELISA method has labor-and time intensive
sample preparation process and relatively high variability. The
LC/MS/MS method is a complicated sample extraction process
and has the lowest sensitivity compared to other analytical
methods. The CE-LIF method is a cost-effective and reliable tool
with the potential to provide a highly sensitive, reproducible,
and rapid analysis of miRNAs from biological samples without
interference by the sample matrix.

Here, we rst validated the CE-LIF method for its sensitivity,
rapidity, and reliability in analyzingmiRNA-497 levels in plasma
and tissues. Aer intravenously administering miRNA-497 as
a model therapeutic candidate to treat lung cancer, we also
evaluated the pharmacokinetics and distribution of miRNA-497
by quantitatively analyzing its levels in plasma and organs, such
as the liver, spleen, lung, and kidney, using the validated CE-LIF
method.
Material and methods
Chemicals and materials

Fluorescence-labeled ssDNA oligonucleotide probe with 50-car-
boxyuorescein phosphoramidite (6-FAM) was purchased from
Cosmogenetech (Seoul, Korea). Synthetic miRNA-497 (50-CAG-
CAGCACACUGUGGUUUGUA-30) and negative control mimic
was purchased from Genolution (Seoul, Korea). TRIzol LS
reagent and Cell/Tissue miRNA Purication Kit were obtained
from Invitrogen (Carlsbad, CA, USA) and Genolution (Seoul,
Korea), respectively. In vivo-jetPEI were purchased from Poly-
plus Transfection (Illkirch-Graffenstaden, France).
This journal is © The Royal Society of Chemistry 2020
Animal treatment, organ and blood collection

Sprague Dawley male rats (7 weeks old) were supplied by
DooYeol Biotech (Seoul, Korea). All experimental protocols were
approved by the Institutional Animal Care and Use Committee
of Center at Woojung Bio (Suwon, Korea, Association for
Assessment and Accreditation of Laboratory Animal Care-
accredited facility) under approval number: WJIACUC
20181102. Rats were divided into two groups. The rst group
was treated with a single dose of 1 mg kg�1 miRNA-497 mimic
loaded into in vivo-jetPEI while the second group was treated
with 1 mg kg�1 negative control mimic loaded into in vivo-jet-
PEI. The solutions containing miRNA-497 or negative control
mimic and in vivo jetPEI were mixed (N/P ¼ 7) and incubated
according to the manufacturer's protocol and intravenously
injected via the tail vein at the dose of 1 mg kg�1 for each blood
samples were collected from three rats per group per time point
at 0, 1, 7.5, 15, 45, 90, 180, 360, 720, and 1440 min post-dose by
retro-orbital puncture into EDTA tubes. Rats were also sacri-
ced on 0.25, 6, and 24 hours to collect the liver, spleen, lung,
and kidney for analysis of miRNA-497. Thereaer, plasma was
obtained from the blood sample by centrifugation at 3000 � g
for 10 minutes at 4 �C. The resulting plasma was stored at
�80 �C until ready to be used. Tissues were snap-frozen in the
liquid nitrogen stored at �80 �C before analysis.
RNA isolation

Total RNA from organs and plasma was isolated using Cell/
Tissue miRNA Purication Kit (Genolution) and TRIzol LS
Reagent (Thermo Fisher Scientic), respectively. Frozen organ
samples were cut into small pieces in lysis buffer on ice to
prevent thawing. RNA extractions from organs were performed
according to the manufacturer's instructions. Extracted RNA
was and stored at �80 �C. The total RNA concentration and
quality were assessed using NanoDrop Lite Spectrophotometer
120 V (Thermo Fischer Scientic, MA, USA) at the absorbance of
260, and 280 nm.

Plasma samples were mixed by TRIzol LS reagent (Invi-
trogen, Carlsbad, CA, USA), followed by chloroform. Each
sample was vortexed for 30 seconds and incubated at RT for 5
minutes. Phase separation was performed by centrifuging the
samples for 12 000 � g for 15 minutes at 4 �C. 400 ml of the
aqueous phase was transferred to a new tube. 500 ml of iso-
propanol was added to the aqueous phase and added 5mgml�1

glycogen (Invitrogen, San Diego, CA, USA) and 10 mg ml�1 yeast
tRNA (Sigma-Aldrich, St. Louis, MO, USA) for RNA precipitation.
Aer precipitation of RNA incubate in �80 �C for 1 hour,
centrifuge at 20 000 � g for 30 minutes at 4 �C. The RNA pellet
was dissolved with 30 ml of RNase-free water.
Quantitative real-time PCR

Isolated RNA and miRNA were used for cDNA synthesis. The
transcription was performed in a reaction mixture, containing
500 ng RNA samples using Mir-X™ miRNA rst-strand
synthesis and SYBR qRT-PCR kit from Clontech (Mountain
View, CA, USA) according to the manufacturer's protocol. cDNA
RSC Adv., 2020, 10, 18648–18654 | 18649
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synthesis was conducted for 1 h at 37 �C and then terminated by
heating at 85 �C for 5 min. cDNA was diluted 10 times and
mixed with SYBR qPCR Mix containing 0.5 ml of 10 mM miRNA-
497 specic primers and universal mRQ 30 reverse primer from
the Mir-X™ miRNA qRT-PCR SYBR kit. PCR was performed for
10 s at 95 �C; 5 s at 95 �C, 20 s at 60 �C for 40 cycles and nalized
by a melting curve 5 s for each 0.5 �C. The CFX Connect™ real-
time PCR detection system (Bio-Rad, Hercules, CA, USA) was
performed for both cDNA and real-time PCR reactions. Finally,
the samples were analyzed using the CFX Manager™ soware
(Bio-Rad).
Capillary electrophoresis

The extracted miRNA was analyzed using the PA800 plus CE
system (Beckman Coulter, Fullerton, CA, USA) with the LIF
detector. Fluorescence was detected by excitation at 488 nm
using a 3 mW argon-ion laser and emission through a 520 nm
emission lter at a rate of 4 Hz. Separations were performed
using an untreated capillary (Beckman Coulter), which had a 75
mm inner diameter and 50 cm length (40 cm effective length).
Separations were performed using a running buffer of 100 mM
Tris–borate (pH 10.0) containing 2.5 M urea at 35 �C by applying
20 kV while the sample compartment was maintained at 25 �C.
Samples were introduced hydrodynamically at 0.5 psi for 9 s.
Electropherograms were analyzed using 32 Karat soware.
Hybridization

For hybridization, 6-FAM-labeled DNA probes (1 nM) and
synthetic miRNAs (1 nM) were mixed with the hybridization
buffer (50 mM Tris–acetate, pH 8.0, containing 50 mM NaCl,
0.1 mM EDTA, and 1% Triton X-100). The labeled DNA probes
were dissolved in elution buffer (10 mM Tris–Cl buffer, pH 8.5)
from a QIAprep Spin Miniprep Kit (Qiagen, Crawley, UK). The
samples were incubated in a thermal cycler (Eppendorf) for
denaturation at 95 �C for 5 min, followed by a renaturation step
at 40 �C for 15 min prior to introduction into the capillary.
Stability test of miRNA by RNases in carrier

4 mg miRNA mimic was formulated with 0.64 ml in vivo-jet PEI
carrier reagent to a 5% nal glucose concentration,17 and then
in incubated at 37 �C for 0.25, 1, 3, 6 and 24 h. The samples were
analyzed by CE-LIF aer extraction using TRIzol LS.
Fig. 1 Electropherograms of miRNA-497 extracted from blank rat
plasma sample (a), the blank plasma spiked with miRNA-497 at
Pharmacokinetic data analysis

Pharmacokinetic parameters were estimated using non-
compartment analysis of the composite data with WinNonlin
soware version 6.0 (Pharsight, Mountain View, CA).
a concentration of 5 nM (b) and the plasma sample collected at 15 min
after iv administration of miRNA-497 mimic (1 mg kg�1) (c). Peak 1:
internal standard; peak 2: DNA probe; peak 3: miRNA-497. The ssDNA
probes and extracted miRNAs were hybridized in hybridization buffer
at 40 �C for 20 min after incubation at 95 �C for 5 min. Uncoated
capillary, 75 mm id � 40 cm; separation voltage, 20 kV; injection, 9 s at
0.5 psi; run buffer: 100mM Tris–borate buffer (pH 10) containing 2.5 M
urea. The fluorescein (1 nM) was used as an internal standard.
Statistical analysis

Results are expressed as mean � SD, unless otherwise indi-
cated. Statistically signicant difference between two groups
was determined by two-tailed Student's t-test. A P value of 0.05
was taken as statistically signicant.
18650 | RSC Adv., 2020, 10, 18648–18654
Results and discussion
Analysis of miRNA in plasma and organs using CE-LIF

Currently, qRT-PCR is mainly used for analyzing the expression
levels of miRNAs, although it has some limitations in quanti-
fying miRNAs owing to its short length. Moreover, for con-
ducting a reliable miRNA analysis, qRT-PCR demands high-
purity RNA samples, but the purity of RNA extracted from
matrices, such as plasma and tissue, depends on factors such as
extraction method or sample type. Because of these limitations,
many analytical systems such as LC/MS/MS and ELISA have
been developed for detecting miRNA in biological uids and
tissues instead of qRT-PCR. However, these analytical systems
have disadvantages such as an extensive extraction process or
a low reproducibility. Recently, the CE-LIF system was used as
an effective tool for analyzing miRNA, and many research
groups, including ours, have been continuously developing this
system for conducting miRNA analysis in biological uids and
cells. Here, we rst applied CE-LIF system to quantitatively and
reproducibly analyze miRNA levels in organs and plasma by
evaluating the pharmacokinetics and biodistribution of miRNA-
497 mimic as a therapeutic agent for treating lung cancer
because its administration had shown a desirable therapeutic
effect on a lung cancer model in our previous study.18 For vali-
dating CE-LIF-based miRNA analysis, spiked-in plasma with
miRNA-497 mimic were extracted using Trizol LS reagent, and
the extracted miRNA-497 was analyzed using CE-LIF. The
migration time for miR-497 was estimated to be 5.4 min. Fig. 1
shows CE-LIF electropherograms representing the analysis of
miRNA-497 levels in plasma. As shown in Fig. 1a and b, miRNA-
497 showed good separation, and no interfering peaks from the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Electropherograms of miRNA-497 extracted from blank rat
lung sample (a), the blank lung spiked with miRNA-497 at a concen-
tration of 5 nM (b) and the lung sample collected at 15 min after iv
administration of miRNA-497 mimic (1 mg kg�1) (c). Peak 1: internal
standard; peak 2: DNA probe; peak 3: miRNA-497. The ssDNA probes
and extracted miRNAs were hybridized in hybridization buffer at 40 �C
for 20 min after incubation at 95 �C for 5 min. Uncoated capillary, 75
mm id � 40 cm; separation voltage, 20 kV; injection, 9 s at 0.5 psi; run
buffer: 100 mM Tris–borate buffer (pH 10) containing 2.5 M urea. The
fluorescein (1 nM) was used as an internal standard.
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endogenous plasma components, which were observed at the
migration time of miRNA-497. Fig. 1c shows an electrophero-
gram for a plasma sample obtained from a rat subject 15 min
aer administration of miRNA-497 mimic. The calibration
curves for plasma miRNA-497 levels showed linearity in the
range of 1–50 nM (R2 ¼ 0.9930) and typical equations for the
calibration curves were y ¼ 0.1436x � 0.1391 (Fig. 2). The
accuracy range and precision value at the three miRNA-497
concentrations was 81.0–113.4% and 2.57%, respectively.
Likewise, homogenized mouse organ tissues, including those of
the liver, spleen, lung, and kidney, were extracted using Tissue
miRNA Purication Kit and analyzed using the CE-LIF system.
Fig. 3 shows the typical CE-LIF electropherograms obtained for
the lung samples. In Fig. 3, the peak miRNA-497 level in the
lung sample collected at 15 min aer intravenous (IV) admin-
istration of miRNA-497 mimic was 4.5-fold higher than that in
the lung sample collected before administration of miRNA-497
mimic; however, the peak height in the former was similar to
that in the lung sample spiked with 5 nM miRNA-497 mimic.
ESI Fig. S1–S3† shows CE-LIF electropherograms representing
miRNA-497 analysis in the liver, spleen, and lung. The migra-
tion time for miR-497 was estimated to range between 5.2 and
5.6 min, and on comparing its migration time according to
tissue matrix, its migration time was found to be slower in
tissues than in plasma. MiRNA-497 in four organs showed
linear (R2 > 0.9990) concentration-dependent absorbance at
concentration calibration lines (0.1–50 nM for the liver, 0.1–
25 nM for the spleen, and 0.1–10 nM for the lung and kidney).
Typical equations for the calibration curves for miRNA-497 in
the liver, lung, kidney, and spleen were y¼ 0.1494x + 0.0250, y¼
0.1564x + 0.1001, y¼ 0.1490x + 0.0476, and y¼ 0.1790x + 0.0730,
respectively (ESI Fig. S4–S7†). The accuracy and precision range
at the three miRNA-497 concentrations in the four organs was
83.5–108.9% and 0.81–4.48%, respectively.

This validation procedure indicated that a fast and reliable
analysis of miRNA-497 in plasma and organs can be conducted
using the developed CE-LIF method. This method showed a 10-
fold improvement in sensitivity over the LC/MS/MS method19

and was more precise than the ELISA method.20
Fig. 2 Linear correlation of relative peak area versus different
concentrations of miRNA-497 in plasma. Relative peak area ratio of the
miRNA-497 and the internal standard (fluorescence) was plotted
against concentration.

This journal is © The Royal Society of Chemistry 2020
Additionally, to conrm that miRNA from biological
samples, such as plasma and organs, could be accurately
determined using the CE-LIF method, the intensity of endoge-
nous miRNA-497 in the liver, spleen, lung, and kidney analyzed
using CE-LIF was compared with that analyzed using qRT-PCR.
The data obtained using CE-LIF were similar to those obtained
using qRT-PCR, suggesting that the level of endogenous
miRNA-497 was indeed the highest in the lung, as shown in
Fig. 4. Thus, these two methods were well correlated (R2 ¼
0.9942); this also indicates that the CE-LIF system for evaluating
Fig. 4 Correlation of the measurement of miRNA-497 in organs by
CE-LIF to that by qRT-PCR. Relative expression level of miRNA-497 in
organs measured by real-time PCR were plotted against the corre-
sponding relative expression level in CE-LIF data. The correlation was
calculated as R2 ¼ 0.9942, which indicated the data from the two
methods were in good correlation. The expression level is presented
as a relative value compared with the organs that had the highest
expression level in miRNA-497.

RSC Adv., 2020, 10, 18648–18654 | 18651
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miRNA-497 level is as efficient as the qRT-PCRmethod, which is
currently considered as the most common and reliable method
for evaluating miRNA expression level.
Fig. 5 Plasma concentration–time profiles of miRNA-497 in rats
following an iv injection (1 mg kg�1). Dots represent means of
measured concentrations; bars represent SD (n ¼ 3).

Table 2 Pharmacokinetics parameters of miRNA-497a

Parameters miRNA-497

AUC (last) (nM min) 9784.56 � 1561.66
Cmax (nM) 4105.57 � 1135.50
Tmax (min) 1.0

�1 �1
Pharmacokinetics and organ distribution of miRNA-497 aer
IV administration of miRNA mimic

The pharmacokinetics and biodistribution study of miRNA-497
was conducted aer administering a single IV injection of 1 mg
kg�1 of miRNA-497 mimic. For systemic in vivo delivery of the
miRNA-497mimic, a commercially available carrier, in vivo-jetPEI
(Polyplus Transfection; Illkirch-Graffenstaden, France) based on
cationic linear polyethyleneimine was used. The in vivo-jetPEI has
been previously used for gene delivery in vivo studies and clinical
trials, and many studies have demonstrated that this carrier can
effectively deliver gene-based therapeutic agents with high
stability to multiple organs without causing any toxicity.21 In the
current study, before IV intravenously administration adminis-
tering of miRNA-497 using in vivo jetPEI, the stability of miRNA-
497 stability in plasma was tested. The result showed revealed
that miRNA-497 mimic was protected from degradation by
plasma nuclease for at least 6 h at 37 �C, from degradation by
plasma nuclease as shown in Table 1.

We next analyzed the pharmacokinetics following a single
injection of 1 mg kg�1 of miRNA-497 mimic. The results indi-
cated that the blood concentrations of miRNA-497 were
�4105.6 nM at the earliest sampling time point (1 min) and
then decreased to �28.4 nM within 15 min. Approximately
95.4% of the earliest measured concentration–time was elimi-
nated from the blood during this time frame. Moreover, 3 h
aer IV injection, the plasma peak concentration of miRNA-497
was reduced to the quantication limit level and aer 6–24 h,
the miRNA was not detectable (Fig. 5). A non-compartmental t
of the blood concentration-versus-time curve produced an esti-
mated half-life of miRNA-497 of 1.76 h and an AUC value of
9784.6 min nM (Table 2).

Preclinical development of synthetic miRNAs requires
information on organ or tissue distribution, as with other small
molecular drugs. MiRNAs as therapeutic candidates are
currently delivered systemically using IV and subcutaneous
injections, and these miRNAs distribute broadly distribute into
most tissues, except the central nervous system. Among these
such organs, the major sites of accumulation of miRNA
accumulation s are the spleen and liver22 because, during blood
circulation, a signicant portion of drugs are taken up by the
reticuloendothelial system (RES), such as including the spleen,
liver, and lungs. However, the accumulation sites differ greatly
according to miRNA types and injection site. Indeed, the organ
Table 1 Stability of miRNA-497 in spiked plasma samples kept at 37 �C
over 24 hours

% Remaining from initial concentration at
a predetermined time (�SD)

miRNA-497 0.25 h 3 h 6 h 24 h
98.4 � 15.0 100.1 � 4.8 85.5 � 5.5 52.0 � 2.8

18652 | RSC Adv., 2020, 10, 18648–18654
peak concentration of miRNAs among in the treated organ
miRNAs samples differed when for the three varieties of the
injected synthetic miRNAs were injected.5 Moreover, some
reports showed revealed that the accumulation organs in which
accumulation of the tested miRNAs occurred were different by
depending on injection sites when PEI was used as a carrier for
gene delivery.23,24 The major sites of accumulation of Cel-
miRNA-39 were the spleen and liver,25 while whereas DNA
plasmids predominantly accumulated in the lungs26 when in
vivo-jetPEI was used as a carrier for gene delivery and miRNA
and DNA plasmids were administrated by IV injection intrave-
nously. Thus, to develop miRNA-based therapeutics, it is
important to check whether the administration of miRNA
results in leads to its accumulation in the target organ. There-
fore, in this study here, we analyzed the concentration of
miRNA-497 concentration in the liver, spleen, kidney, and lungs
as part of the typical RES, following aer IV dose administering
an IV dose of at 1 mg kg�1 whether miRNA-497 was accumu-
lated in the lung. The analysis of the concentration of miRNA-
497 concentration in tested organs was conducted using
CL/F (L min kg ) 0.01 � 0.0016
Vz/F (L kg�1) 1.58 � 0.59
T1/2 (min) 105.71 � 23.57
Elimination K (min�1) 3.68 � 2.40

a Data were t to a non-compartmental PK model. Values represent
means � S.D generated from three rats. AUC(last), area under the
plasma concentration–time curve from time zero to time of last
measurable concentration; CL/F, apparent clearance; Cmax, peak
plasma concentration; T1/2, plasma terminal half-life; Tmax, time to
peak plasma concentration; Vz/F, apparent volume of distribution;
Elimination K, elimination rate constant.

This journal is © The Royal Society of Chemistry 2020
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a validated CE-LIF approach. From these analyses, the an
increase of in miRNA-497 peak was detected from the collected
liver, spleen, and lung samples collected at 15 min aer IV
administration of miRNA-497 mimic compared to with the peak
observed before its administration of miRNA-497 mimic. As
shown in Fig. 6A and B, among the tested organs, the highest
concentration of miRNA-497 concentration was the highest
found in the liver followed by in the spleen and lung, and
whereas it was the lowest level was observed in the kidney. In
contrast, the highest endogenous level of miRNA-497 was found
in the lung followed by in the spleen and kidney, and while the
level of its level miRNA-497 was too low to be detected in the
liver. Their results showed revealed that the administered
injected miRNA-497 mainly accumulated in the liver, spleen,
and lung. The level of miRNA-497 level in organs was also tested
in a time-dependent manner, as shown in Fig. 6C. The
concentration of miRNA-497 in the liver was the highest among
the tested organs and was sustained maintained levels at that
level for up to 24 h, while whereas the level of miRNA-497
concentration was not detected in plasma could not be detec-
ted at 24 h. In the lung, the miRNA-497 concentration peaked at
15 min, then aer which it declined rapidly until 6 h post-
injection and subsequently dropped slowly to the basal level
thereaer for within 24 h. Based on this result, miRNA-497
could be delivered to the lung and used as a therapeutic
agents for treating lung disease although the an appropriate
formulation is needed for targeting the lungs. In the spleen, the
miRNA-497 concentration peaked at 15 min, then aer which it
declined rapidly until within 24 h post-injection, but the
concentration of miRNA-497 concentration at 24 h was higher
than the basal level concentration; but however, a high inter-
Fig. 6 The tissue of distribution of miRNA-497 in rats following an iv
injection (1 mg kg�1). The concentration of miRNA-497 in the liver,
lung, kidney, and spleen were assessed at before (A) and 15 min (B)
post-injection of miRNA-497 mimic by CE-LIF (normalized to fluo-
rescein). Individual biological replicates are shown (n ¼ 3 rats/organ)
with mean levels denoted by red horizontal lines. (C) Change in
miRNA-497 organ levels from 15 to 24 h, shown as mean� (n¼ 3 rats/
organ/time point).

This journal is © The Royal Society of Chemistry 2020
variation was observed among spleen samples was observed.
Kidney had a distinctly different time course of miRNA-497
organ concentrations had a distinctly different time course in
the kidney as opposed to the other organs: the concentrations of
miRNA-497 peaked at 6 h, followed by a slow drop until for the
next 24 h. However, the peak concentration was low, although
detectable; and eventually, this result showed revealed that
miRNA-497 is rarely delivered to the kidney. ESI Fig. S8–S11†
showed the change in concentration of miRNA-497 concentra-
tion in the tested organs as a function of time. From these
biodistribution studies, it was observed that the administered
miRNA-497 was mainly delivered to the liver, lung, and spleen,
and its level of miRNA-497 in the liver was maintained at for 6–
24 h aer the administration of miRNA-497 mimic.
Conclusion

In this study, as a candidate of a therapeutic agent for the
treatment of lung cancer, the miRNA-497 level in plasma and
organs was evaluated aer intravenously administering 1 mg
kg�1 of miRNA-497 mimic using in vivo-jetPEI as a carrier.
Moreover, a fast and effective CE-LIF method was validated to
analyze miRNA in plasma and organs. The result indicated that
the half-life of miRNA-497 was 1.76 h and that miRNA-497 was
delivered in the lung, liver, and spleen but was mainly accu-
mulated in the liver and spleen.

In conclusion, for the rst time, the CE-LIF method was
validated and applied to pharmacokinetics and biodistribution
evaluation of miRNA. This CE-LIF method showed that a fast
and reliable analysis of miRNA-497 in plasma and organs can be
conducted. However, the addition of internal standard for
reducing variation during extraction and analytical process is
required for more precise and accurate quantitative analysis of
miRNA. From the pharmacokinetics and biodistribution eval-
uation of miRNA-497, it was found that miRNA-497 was rapidly
eliminated from the circulation and distributed in all the tested
rat organs (liver, lung, kidney, and spleen); however, it was
mainly accumulated in the liver and spleen aer IV adminis-
tration of miRNA-497 mimic. Therefore, further studies are
needed to develop a formulation or chemical modication for
the long biological half-life and the lung-targeted delivery of
miRNA-497. Moreover, the pharmacodynamics and in vivo
toxicity have to be determined as a therapeutic agent for lung
cancer through further studies.
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