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Abstract. L-Carnitine has attracted much more attention especially in the treatment of
crucial diseases such as diabetes, regional slimming, and obesity because of its metabolic
activities. However, because of its short half-life, low bioavailability, and inability to be stored
in the body, frequent dosing is required. In this study, L-carnitine-loaded liposome (lipo-
carnitine) and PLGA nanoparticle (nano-carnitine) formulations were prepared and
characterized. For lipo-carnitine and nano-carnitine formulations, particle size values were
97.88 ± 2.96 nm and 250.90 ± 6.15 nm; polydispersity index values were 0.35 ± 0.01 and 0.22 ±
0.03; zeta potential values were 6.36 ± 0.54 mV and − 32.80 ± 2.26 mV; and encapsulation
efficiency percentage values were 14.26 ± 3.52% and 21.93 ± 4.17%, respectively. Compara-
tive in vitro release studies of novel formulations and solution of L-carnitine revealed that L-
carnitine released 90% of its content at the end of 1st hour. On the other hand, lipo-carnitine
and nano-carnitine formulations maintained a controlled-release profile for 12 h. The in vitro
efficacy of the formulations on cardiac fibroblasts (CFs) was evaluated by metabolomic
studies and pathway analysis. Besides the prolonged release, lipo-carnitine/nano-carnitine
formulations were also found to be effective on amino acid, carbohydrate, and lipid
metabolisms. As a result, innovative nano-formulations were successfully developed as an
alternative to conventional preparations which are available on the market.

KEY WORDS: nanoparticle(s); liposome(s); polyglycolic acid (PLGA); controlled release; drug delivery
system(s).

INTRODUCTION

L-Carnitine is a naturally occurring compound in the
human body and also a critical co-factor in fatty acid
metabolism; it facilitates the entrance of long-chain fatty
acids into mitochondria, where it is metabolized for energy
production. Although it is both endogenously and

exogenously supplied in the body, dietary ingestion is the
main source of L-carnitine (1,2). L-Carnitine is also available
as a dietary supplement for the promotion of weight loss (3),
athletic performance improvement (4,5), anti-aging process
(6,7), and treatment of some diseases such as cardiovascular
disorders (8), cancer (9,10), type 2 diabetes (11,12), HIV
infection (13,14), and male infertility (15,16). The bioavail-
ability of L-carnitine after oral administration is 5–18%
(17,18); but on the other hand, bioavailability depending on
dietary intake from food was found to be higher (18). L-
Carnitine is abundant in red meat and dairy products, even
though these sources are falling short of L-carnitine levels due
to artificial feeding and mass production of meat in the
market. In addition, there is a relationship between high-level
cardiovascular diseases and high-level meat consumption
(19). Several formulations of L-carnitine including oral
solution, capsule, tablet, and intravenous forms are available
on the market and continue to increase remarkably. There-
fore, this commercial supplement is a promising product for
athletes and those who aim to lose weight. Since it cannot be
stored in the body and it has poor bioavailability together
with short half-life span (30–60 min), frequent dosing over a
long period of time is required to achieve an effective impact
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(18,20). The increasing tendency to consume L-carnitine
supplements also results in potential health risks. Based on
this, novel drug delivery systems that will enhance the
therapeutic strength and efficiency of this supplement while
at the same time avoiding undesirable toxic effects may be
required.

Over the past decades, serious developments have been
recorded in the application of nanotechnology (liposomes,
polymeric nanoparticles, microcapsules, etc.) for drug deliv-
ery, targeting, controlled release, and enhancement of drug
solubility. These systems are capable of elaborating the
bioavailability and half-life of the active molecules while
decreasing side effects by controlling the release mechanisms.
Among these nano-drug delivery systems, liposomes are one
of the most rewarding ones due to the compositional and
structural similarity between their lipid bi-layered structures
and cellular membranes; thus, they maintain enhanced
penetration of the active molecules (21–25). As conferred in
many researches, liposomes are self-assembled concentric
lipid-bilayer vesicles enclosing packages of water and are
originally considered for their amphiphilic nature: polar head
groups covalently linked to hydrophobic hydrocarbon tails. All
hydrocarbon tails are being preserved from water molecules
while the hydrophilic phospholipid head parts contact with
the surrounding aqueous medium (26–29). From another
perspective, polymeric nanoparticles are widely used in the
field of drug delivery because of their biocompatible,
biodegradable, non-immunogenic characteristics in addition
to excellent controlled-release properties (30–33). The most
commonly used polymers for the formation of nanoparticles
are chitosan, polylactide, polycaprolactones, and poly(lactic-
co-glycolic acid). Many formulation parameters like prepara-
tion method, molecular weight and copolymer ratio, homog-
enization speed, and time as well as drug-polymer ratio might
significantly affect the particle size distribution, surface
morphology, release characteristics, and stability of the
nanoparticles (34,35).

For years, several studies have been conducted in the
field of biochemistry, biotechnology, and cell physiology to
investigate cellular metabolism (36). The monitorization of
the changes in cellular metabolisms plays a crucial role in the
identification of underlying mechanisms of diseases like
cancer, metabolic syndromes, and neurodegenerative disor-
ders. Therefore, improvement of a suitable analytical method
is very prudent for quantification of intercellular metabolism
(37). Omic technologies are generally defined as analytical
methods utilized for the quantification of intracellular metab-
olism. Cellular metabolism is characterized by intracellular
metabolite levels, nutrient uptake rate, intracellular metabolic
rates (pathways), and metabolite secretion rates as well as the
activities on these cellular cycles (38). Metabolomics is
characterized as the process of identification, detection, and
also quantification of metabolites. Metabolite levels enable us
to know the status of intracellular events, thus reflecting the
phenotype of cells or tissues depending on the environmental/
genetic changes. On the other hand, metabolomic analysis
does not reveal the whole metabolic story; thus, additional
complemental factors are required for the clarification of
reaction pathways (39–41). Intracellular biochemical pro-
cesses and changes in the cellular functions at the molecular
level are investigated by pathway analysis. Therefore, there is

a chance of gathering information regarding the molar flow of
a reaction happening in the network via this analysis (38).
Metabolomic studies have a great potential when it comes to
pharmacological sciences particularly in the area of drug
discovery, drug development, drug interaction mechanisms,
and drug effectiveness as well as drug release/response
systems.

In this study, we have focused on the formulation of L-
carnitine-loaded liposomes (lipo-carnitine) and PLGA nano-
particles (nano-carnitine) for oral use, in order to maintain an
enhanced metabolomic profile with respect to free L-carnitine
and overcome challenges encountered in the delivery of L-
carnitine, for example, low bioavailability, necessity of
frequent dosing (due to short half-life), and maintenance of
a therapeutic plasma level with reduced toxicity. The effect of
formulation parameters on the zeta potential (ZP), particle
size (PS), polydispersity index (PDI), encapsulation efficiency
(EE%), and in vitro release characteristics was investigated in
detail. Metabolites, which are the compounds of intracellular
metabolism, have been detected and quantified by snapshots
in the metabolomic studies. In accordance with cell culture
studies of the intracellular metabolomic and pathway analysis,
different metabolite groups were screened and the impacts of
free L-carnitine and L-carnitine contained in nano-carrier
systems at the cellular level were compared. Benefitting from
the metabolomic studies, a detailed comparison of the
impacts of L-carnitine-loaded nano-systems and free L-carni-
tine on amino acid, carbohydrate, and lipid metabolisms was
carried out.

MATERIALS AND METHODS

Materials

L-Carnitine hydrochloride (≥ 98.0%) standard, choles-
terol, Resomer RG502H, poly(D,L-lactide-co-glycolide),
Pluronic F68, methoxyamine hydrochloride (~ 98%), aceto-
nitrile, and dialysis tubing cellulose membrane were pur-
chased from Sigma-Aldrich (USA). Soybean phospholipid
(Lipoid S100) and phosphatidylcholine (Phospholipon 90G)
were purchased from Lipoid GmbH (Germany). Chloroform,
ethanol, methanol, sodium dihydrogen phosphate, Tween 80,
pyridine, phosphoric acid, sodium 1-heptanesulfonate, tetra-
hydrofuran, and ethyl acetate were purchased from Merck
(Germany). Human cardiac fibroblasts and DMEM
(Dulbecco’s modified Eagle medium) were provided from
Lonza (Sweden). A bicinchoninic acid (BCA) assay kit was
obtained from Boster (USA). Ultrapure water was obtained
through a Milli-Q system (USA), and all other chemicals
were extra pure or of chromatographic grade.

Quantification of l-Carnitine by Chromatography

The high-performance liquid chromatography (HPLC
HP1200, Hewlett Packard GmbH, Germany) system was
equipped with a vacuum degasser, a quaternary pump, a
column oven, an UV detector, and an injector with a loop of
100 μL. Peak areas were integrated by OpenLab software
system automatically. The elution was carried out by using a
C18 column (300 mm × 4.6 mm, 5 μm particle size). All
analyses were performed at ambient temperature under
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isocratic conditions with mobile phase comprising 0.05 M
phosphate buffer (pH 2.4):methanol (450:50 (v,v)), including
0.56 mg/mL of sodium 1-heptanesulfonate. The mobile phase
was pumped at a flow rate of 1.0 mL/min. Signal detection
was finalized at a wavelength of 200 nm after the injection of
60 μL of the sample. Two different sets of L-carnitine
reference solutions were prepared at 2 mg/mL concentration
in water. Reference solution 1 was injected in 6 and reference
solution 2 was injected in 2 consecutive lines. The analysis
was continued by checking the compatibility between refer-
ence solution 1 and reference solution 2 (98–102%). L-
Carnitine HCl stock standard solution was prepared in the
concentration 20 mg/mL using ultra-pure water. Standard
solutions were diluted at concentration levels of 50, 100, 200,
500, 1000, 2000, and 2500 μg/mL over 6 replicates.

Method Validation

The abovementioned analytical method has been vali-
dated through parameters such as linearity, specificity,
precision, accuracy, robustness, limit of detection (LOD),
limit of quantification (LOQ), and stability according to the
ICH guideline (42). For this purpose, linearity was evaluated
by determining seven different standard solutions within a
concentration range of 50–2500 μg/mL. The solution concen-
trations versus absorbance units were plotted on a calibration
curve. The intercept, slope, and coefficient of determination
(r2) were determined and simple linear regression statistics
was performed by applying the least squares method. The
regression coefficient and intercept’s significance were tested
using t tests.

The specificity tests of the analytical method were
applied to investigate the capability of this analytical method
to selectively separate L-carnitine HCl from other substances
existing in the medium. Dilution solution, placebo solution,
reference solution, test solution, and phosphate buffer
solution (PBS, pH 7.4) as well as in vitro release medium
solution were prepared, and the chromatograms were com-
pared. For recovery studies, 3 different standard concentra-
tions of L-carnitine HCl (50, 500, and 2500 μg/mL) were
analyzed in triplicate by spiking their own placebo. Accuracy
test solutions were prepared in 3 different days as done in the
recovery test. For the repeatability studies, reference solu-
tions (2 mg/mL) were prepared in double and 6 consecutive
injections were carried out for the first one and 2 consecutive
injections for the second one in the same day (intraday). To
check the reproducibility, freshly prepared reference solu-
tions were analyzed at 3 different days (intraday); all results
were compared in terms of RSD%.

Conditions of robustness analysis were set as follows:
flow rate (± 0.1 mL/min), mobile phase methanol volume %
(± 2%), UV detection wavelength (± 5 nm), and sodium 1-
heptanesulfonate concentration in buffer (± 0.25 mM). The
parameters were compared with the standard method’s peak
area and retention time measurements by the calculation of
standard deviation and RSD%.

The sensitivity of the analytical method was determined
by the calculation of the LOD and LOQ parameters. LOD
and LOQ were defined over the signal/noise (S/N) ratio.
LOQ solution was prepared at 5 μg/mL concentration and
injected for 6 replicates. The consecutiveness of the injections

was evaluated in terms of RSD% and S/N was ensured it is ≥
10. LOD solution was prepared in 1.5 μg/mL concentration
and checked if S/N is < 3.

Last but not the least, the stability parameter was
investigated after the preparation of 500 μg/mL concentration
solution, which was kept at ambient temperature for 48 h.
Finally, peak areas were compared using assay analysis.

Preparation of Nano-carnitine and Lipo-carnitine
Formulations

Preparation of PLGA Nanoparticles

L-Carnitine HCl–loaded PLGA nanoparticles were pre-
pared by water-in-oil-in-water (W/O/W) double emulsion
method. Different proportions of PLGA polymer (0.25,
0.50, 0.75 mg/mL) were used to prepare nanoparticle
formulations in order to examine the effect on encapsulation
efficiencies (Table I). Two hundred microliters L-carnitine
HCl stock solution (20.000 mg/mL) was added dropwise into
three different concentrations (5 mg/mL, 10 mg/mL, 15 mg/
mL) of polymer solutions dissolved in ethyl acetate (EtAc)
and the mixture homogenized with ultra-turrax (Pro200
Homogenizer, ProScientific, USA) at 10,000 rpm for 1.5 min
to prepare primary emulsion. The primary emulsion was
added dropwise to 2% (w/v) Pluronic F68 aqueous solution
(5 mL) by means of a syringe followed by mixing with the
help of the ultra-turrax at 20,000 rpm for 2 min to obtain a
secondary emulsion. Finally, secondary emulsion was added
to the 0.5% (w/v) Pluronic F68 solution (15 mL) and stirred
(100 rpm, 30 min) to fabricate the nanoparticles. In order to
remove residual solvent, the emulsion was additionally stirred
overnight at + 4°C. Nanoparticle suspension was initially
centrifuged at 5000 rpm at + 4°C for 5 min in order to
remove macro residues. At the second step, the remaining
suspension was centrifuged at 50,000g at + 4°C for a period of
45 min to obtain precipitated nanoparticles.

Preparation of Liposomes

Liposome formulations were prepared by thin film
hydration method (43,44) using two different lipids (Lipoid
S100, Phospholipon 90G) having different lipid ratios (2 mg/
mL, 4 mg/mL, 20 mg/mL) as presented in Table II. Briefly, a
selected amount (50, 100, 500 mg) of specific lipid and
cholesterol as stabilizer (0.6 mg/mL, 1.2 mg/mL, 6 mg/mL,
respectively) were dissolved in 25 mL of chloroform:Tween
80 (1:1 M ratio) solution in a round-bottomed 100-mL flask.
The organic solvent was evaporated by a rotary evaporator
(Buchi R-114, Marshall Scientific, NH, USA) in a 40°C water
bath, 100 rpm for 1 h under vacuum. Thin lipid film was
obtained (45) then hydrated with API (2 mg/mL) that has
been previously dissolved in 25 mL distilled water for 30 min
with the help of a magnetic stirrer (200 rpm) to achieve a
crude dispersion of liposomes. Liposomal suspension was
sonicated (Bandelin Sonopuls HD 2070, Berlin, Germany) for
15 min and 35 min/2 cycles at 50% of amplitude (46).
Liposomes were centrifuged at 20,000g rotation speed and
+ 4°C for 1 h.
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Characterization of PLGA Nanoparticles and Liposomes

Particle Size Distribution, Zeta Potential, and Polydispersity
Index

The particle size distribution, polydispersity index, and
zeta potential of liposomes of the nanoparticle formulations
were figured out at 25°C using the dynamic light scattering
method with the aid of Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd., UK). The formulations’ zeta potential
values were achieved by measurement of either the surface
ionization on the nanoparticles in a water-based dispersion
medium or the surface charge organized by the surface-
adsorbed ions. In order to obtain this, an electrical field was
performed to the nanoparticles and the movement speeds of
these particles (depending on this electrical field) were
determined using the Malvern Nano-ZS device.

TGA/DSC and FTIR/ATR Analysis

For understanding the thermal and polymorphologic
characteristics of nanoparticles and liposomes, thermal
gravimetric/differential scanning calorimetric analysis (TGA/
DSC) was conducted (TA Instruments, Q600 SDT, USA).
Derivative thermal gravimetry (DTG) thermograms were
drawn by taking the first derivatives of the data obtained
from TGA analysis. DTG curves were obtained under this
condition: temperature ranging from 25 to 500°C and a
heating rate of 20 mL/min under 1.5 bar N2 atmosphere.
Fourier transform infrared spectroscopy/attenuated total
reflectance (FTIR/ATR) (Thermo Fisher, Nicolet is50,
USA) was used to confirm the encapsulation of L-carnitine
HCl inside nanoparticles and liposomes. Freeze-dried sam-
ples in contact with the ATR crystal were scanned in the IR
range from 650 to 4000 cm−1.

Morphological Evaluations

Morphological analyses of liposomes and nanoparticles
were performed by using a scanning electron microscope
(SEM) (Tescan, GAIA 3, Czech Republic). Nanoparticles
and liposomes were coated with a thin gold-palladium alloy
layer (~ 2 nm thickness) by spraying method prior to SEM
analysis.

Encapsulation Efficiency

After the separation of the supernatant phase as
mentioned in the “Preparation of PLGA Nanoparticles” and
“Preparation of Liposomes” sections, solutions were analyzed
for the quantification of active pharmaceutical ingredient
(API) by HPLC. The encapsulation efficiency (EE%) was
evaluated with the ratio of quantified drug amount to initial
drug amount.

Formulation Stability

The stability of the nanoparticles and liposomes was
investigated for 3 months at temperatures + 4°C and 25°C, by
means of characterization of particle size, zeta potential, and
polydispersity index as well as encapsulation efficiency
analysis. Samples were analyzed in each month, and the
results were statistically compared using the significance level
of p = 0.05.

In Vitro Release Studies

L-Carnitine HCl–loaded nanoparticles, L-carnitine HCl–
loaded liposomes (n = 6), and the control group of the two
samples that contains the same concentration of L-carnitine
HCl aqueous solution (2 mg/mL) were packed (2 mL) into
cellulose acetate dialysis membranes (Sigma-Aldrich, 33 mm,
MW cut-off 14,000; USA). The membranes were placed in
6 mL of PBS (pH 7.4) in flasks. These flasks were positioned
in a water bath over a magnetic stirrer (37 ± 0.5°C) that
rotates at 100 rpm. Since these formulations are intended for
oral use and taking the gastrointestinal transit time into
consideration, at predetermined time intervals (0, 1, 2, 4, 6, 8,
and 12 h), 0.5 mL of samples was withdrawn and then
replaced with a fresh medium immediately in order to sustain
sink conditions. The amount of L-carnitine HCl in the samples
was analyzed by validated HPLC method. The cumulative
released amount of L-carnitine HCl was plotted against time,
and the release profiles were determined.

Cell Culture Studies

Cardiac fibroblasts (CFs) were cultured in DMEM
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 mg/mL streptomycin (complete medium).
Then, the cells were incubated at 37°C in a humidified
incubator and 5% CO2. After the cells reached approximately
80% confluency, the groups were arranged and stimulated as
follows: (i) control (no treatment), (ii) 2 mg/mL free L-
carnitine HCl in aqueous solution, (iii) L-carnitine HCl loaded
in PLGA nanoparticles (nano-carnitine) with 17% encapsu-
lation efficiency at a concentration of 2 mg/mL, and (iv) L-

Table I. Polymeric Nanoparticle Compositions

Formulation Amount
of PLGA (mg)

Volume (mL)
(EtAc)

Volume (mL)
(aqueous phase)

NP-1 5 1 20
NP-2 10 1 20
NP-3 15 1 20

NP polymeric nanoparticle formulations

Table II. Liposome Compositions Prepared Using Different Lipid
Concentrations

Formulation Lipid name Lipid concentration

Lipo-1 Phospholipon 90G 2 mg/mL
Lipo-2 4 mg/mL
Lipo-3 20 mg/mL
Lipo-4 Lipoid S100 2 mg/mL
Lipo-5 4 mg/mL
Lipo-6 20 mg/mL

Lipo liposomal formulations
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carnitine HCl loaded in liposomes (lipo-carnitine) with 17%
encapsulation efficiency at a concentration of 2 mg/mL. Each
group had three repeated samples and stimulated for 6 days.

Metabolomic Evaluation

Metabolomic analysis has been investigated in order to
evaluate the efficacy of this new treatment option at cellular
level. Metabolites are the intermediates produced during
biochemical reactions and converted to other compounds
without any accumulations in living cells. In this study, the
metabolomic analysis has been performed by gas
chromatography-mass spectroscopy (GC-MS) (Shimadzu
GC/MS QP2010, Japan) technique and examined in two
parts: the first part involved the identification/quantification
of the metabolites, and the second part involved the
evaluation of the functionality of the metabolites via pathway
analysis of substrates that were metabolized to sub-products
through various metabolic ways. For metabolomic analysis,
the cells were extracted using 1 mL of methanol:water (9: 1,
v/v) solution and stored in Eppendorf tubes. Afterwards,
500 μL of this solution was evaporated to dryness at + 4°C
using a vacuum centr i fuge. The residuals were
methoxyaminated using 20 μL of methoxamine hydrochloride
in pyridine (10 mg/0.5 mL) for 90 min at 30°C and derivatized
using 80 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) at 37°C for 30 min. At the end of this period, the
solutions were transferred to GS-MS vials for analysis. This
method was carried out using ultra-split/splitless injector that
has been equipped with a N2 carrier gas system. The elution
was obtained by an Agilent 122-5532G DB5-MS (30 m,
0.25 mm, 0.25 μm, 95% dimethyl/5% dimethylpolysiloxane)
column at 290°C MSD transition temperature with a flow rate
of 0.99 mL/min, 1 μL injection volume, and 5.90 min solvent
delay time. Analysis time was set as 37.5 min.

Statistical Analysis

Statistical data analysis was conducted using a one-way
ANOVA followed by a multi-parametric Tukey’s post hoc test
with p < 0.05 as the minimal level of significance.

RESULTS AND DISCUSSION

Analytical Method Validation for l-Carnitine HCl

Linearity of the analytical method was evaluated by
simple linear regression. The developed HPLC method was
found to be linear within a concentration range of 50–
2500 μg/mL with an r2 value of 1. Using t test, the intercept
was found to be statistically not different from zero
(pintercept = 0.097); however, the slope happened to be
statistically different from zero (pslope = 5.53 × 10−12). The
calibration curve used in the quantification of L-carnitine
HCl was calculated as y = 0.8526x − 6.9401. The sensitivity
parameter of the analytical method was investigated through
the calculation of the signal-to-noise ratio (S/N) for the limit
of detection (LOD) and limit of quantification (LOQ). LOD
and LOQ solutions were prepared at 1.5 μg/mL and 5 μg/mL,
respectively. The S/N of the L-carnitine HCl peak obtained
from the LOD solution was found to be < 3, and the mean S/

N of the L-carnitine HCl peak of the LOQ solution was
calculated at 10.7 with RSD% being 3.74 after 6 consecutive
injections. These results might be classified as compatible
with the approach specified in the European Pharmacopoeia
(EP) and International Conference on Harmonization (ICH)
(47,48).

The selectivity of the method was tested with comparison
of standard, placebo, and L-carnitine HCl–loaded product
chromatograms. No interfering peaks were observed in
chromatograms originating from either the chemicals, the
reagents used in the analytical method, or the excipients
added in formulations. The chromatographic conditions were
detected to be specific for the detection and the quantification
of L-carnitine HCl (Supplemental 1).

The accuracy and precision of the analytical method
were investigated at three concentrations of L-carnitine HCl
determined as low, medium, and high (50, 500, and 2500 μg/
mL). The accuracy of the method was evaluated by recovery
capability. For all the abovementioned concentration points
(low, medium, and high concentrations), recovery of L-
carnitine HCl varied within the range of 98.8–100.8%
(Supplemental 2). Precision of the method was evaluated
over the repeatability and intermediate precision at three
concentrations and lower RSD% (< 2%) values with intra-
and inter-day studies (Supplemental 3). The low RSD%
values proved that the method precision was sufficient for the
quantification of L-carnitine.

The robustness of the method was evaluated with RSD%
values of L-carnitine HCl peak areas obtained with a
combination of 6 consecutive injections at optimum condi-
tions and 6 consecutive injections at altered chromatographic
conditions. The lower RSD% (< 2%) values showed that
there is no difference between optimum conditions and
altered conditions except for flow rate which has high
RSD% compared to the others. Therefore, the flow rate
must be set carefully to prevent any variation in the analysis
(Supplemental 4).

Finally, as for the investigation of stability of the
analytical method, 500 μg/mL standard solution was prepared
and allowed to stand at room temperature for 48 h. After the
analysis, the consistency between peak area values was found
to be 98.5%.

Characterization of Formulations

Particle Size/Zeta Potential/Polydispersity Index

Measurements of nano- and lipo-carnitine formulations
were carried out over 3 replicates, and the results were
expressed as mean PS, ZP, and PDI with the RSD values
(Table III). PS of the L-carnitine HCl–loaded PLGA nano-
particles increased significantly with increasing concentration
(p < 0.05) of lipid/polymer. ZPs varied between − 2.43 and −
32.86 depending on polymer concentration. ZP is a critical
parameter with regard to quality as well as an important
indicator of the stability of the suspensions. Nanoparticle
formulations that were prepared by Pluronic F68 yielded
negatively charged nanoparticles, and this was in accordance
with the findings in the literature (49,50).

The size of the drug-loaded liposomes varied between 50
and 100 nm, and PDI values ranged from 0.27 to 0.42. As

AAPS PharmSciTech (2020) 21: 308 Page 5 of 16 308



expected, PS increased depending on the increasing amount
of lipid; meanwhile, PDI was found to be higher. One of the
main reasons for the low stability of drug-loaded liposomes is
the increment in lipid surface oxidation and loss of polarity
over time (51). ZPs range between 6 and 10 mV, and this
value correlated with the slightly positive values found in the
literature (52,53). Not only Phospholipon 90G and Lipoid
S100 but also Tween 80, which is a surface-active reagent, was
in neutral form in our formulations. Cholesterol was used as
stability enhancer in the formulations (with a molar ratio of
10/1 in the liposome samples). Positive ZP results are
expected in liposomes prepared with neutral lipids that have
low cholesterol contents (lipid:cholesterol, 9:1 M ratio) (54).

Encapsulation Efficiency

To determine the encapsulation efficiency of L-carnitine,
centrifugation was performed following the preparation of
liposomes and nanoparticles; the amount of free L-carnitine in
the aqueous outer phase was determined by HPLC
(Table III).

In PLGA-based nanoparticles, L-carnitine loading was
achieved in NP-1 and NP-2 formulations. As the amount of
polymer increased, the nanoparticle size increased excessively
out of control. Therefore, the NP-1 (nano-carnitine) formula-
tion with moderate PS (250.9 ± 6.15 nm) and the highest ZP
(− 30.80 ± 2.26 mV) as well as the highest encapsulation
efficiency (21.93%± 4.17) was selected for further studies.

According to previous literature data, encapsulation
values of hydrophilic molecules entrapped in PLGA NP’s
were similar to our results (55), but lower. In addition to that,
although the molecule is small, it is hydrophilic in nature, thus
limiting the encapsulation into hydrophobic polymers (55). In
order to overcome this, we enhanced the encapsulation by the
incorporation of Tween 80 in liposome formulations and of
Pluronic F68 in nanoparticle formulations.

L-Carnitine was not encapsulated in any liposome
formulation except Lipo-3 and Lipo-6. Encapsulation effi-
ciency increased with increasing lipid amount in the formu-
lation. Phospholipon 90G–based liposomes contained ~ 90%
phosphatidylcholine while Lipoid S100-Soy phosphatidylcho-
line contained ~ 100% phosphatidylcholine. Phosphatidylcho-
line consists of long saturated fat chains.

As the phosphatidylcholine content increases, the lipo-
some becomes more stable. In fact, it becomes much difficult

for L-carnitine to move out of the liposomal structure; hence,
the more active ingredient remained trapped inside the
structure. In the light of the information above, the experi-
mental studies were continued using Lipo-6 (lipo-carnitine)
with the highest encapsulation efficiency (14.26 ± 3.52%).

FTIR/ATR Results

Figure 1 a illustrates the IR spectra of L-carnitine HCl,
nano-carnitine, and PLGA samples. L-Carnitine and nano-
carnitine exhibited OH stretching at 3429.76 cm−1. C–O
stretching at the 1145.13 cm−1 band was observed intensely
in unloaded PLGA NP and nano-carnitine. The high peak at
2878.83 cm−1 observed in nano-carnitine and unloaded
PLGA NP spectra was due to the CH3 stretching.

The peak observed at the 1728.77 cm−1 band (C=O
stretching) was strongly evident in the spectra of L-carnitine
and PLGA polymer; however, the peak was found to be
decreased and moderate in the spectra of unloaded PLGA
NP and nano-carnitine, respectively. Since the PLGA
polymer chains were converted to spherical form during
nanoparticle synthesis, it is assumed that only C=O stretching
in the outer shell structure could be detected. Information on
the electron absorbed from the spherical structure cannot be
obtained, because the FTIR/ATR technique saves IR data
directly from the microsphere surface. The intensity of this
peak in the loaded nano-carnitine spectrum was increased
compared to that in the unloaded one. With respect to this, it
can be concluded that L-carnitine did not just partially enter
into the structure, but it also formed structures bound/
absorbed to nanoparticles during synthesis. On the other
hand, the characteristic N (CH3) stretching (moderate
intensity) was observed in the L-carnitine spectrum at
928.90, 879.15 cm−1, and because it is less obvious in the
nano-carnitine spectrum, it was concluded that L-carnitine
was partially encapsulated in PLGA NPs.

Figure 1 b presents the IR spectra of L-carnitine HCl,
lipo-carnitine, unloaded liposome, and lipidic samples. Spe-
cific ethylene structure (2930.75, 2852.04 cm−1) was observed
in the spectrum of lipo-carnitine, unloaded liposome, lipoid
S100 + L-carnitine HCl physical mixture, and Lipoid S100. In
all spectra, intense ester carbonyl group C=O stretching at the
1730 cm−1 band was changed depending on the number of
repeating groups in the substance. The spectra of the loaded
and unloaded liposomal structures were almost identical. One

Table III. PS, ZP, PDI, and EE% Values of Formulations

Formulation Lipid/polymer name Lipid/polymer concentration PS (nm) ZP (mV) PDI EE%

Lipo-1 Phospholipon 90G 2 mg/mL 60.82 ± 1.31 9.93 ± 0.14 0.27 ± 0.02 –
Lipo-2 4 mg/mL 84.52 ± 3.13 7.16 ± 0.29 0.42 ± 0.01 –
Lipo-3 20 mg/mL 93.58 ± 1.44 5.94 ± 0.22 0.36 ± 0.02 8.94 ± 2.40
Lipo-4 Lipoid S100 2 mg/mL 58.59 ± 2.72 8.11 ± 0.62 0.27 ± 0.02 –
Lipo-5 4 mg/mL 76.23 ± 2.25 6.18 ± 0.56 0.33 ± 0.01 –
Lipo-6 20 mg/mL 97.88 ± 2.96 6.36 ± 0.54 0.35 ± 0.01 14.26 ± 3.52
NP-1 PLGA 0.25 mg/mL 250.90 ± 6.15 − 30.80 ± 2.26 0.22 ± 0.03 21.93 ± 4.17
NP-2 0.50 mg/mL 379.86 ± 6.50 − 17.84 ± 3.38 0.38 ± 0.01 5.28 ± 2.09
NP-3 0.75 mg/mL 1152.75 ± 4.27 − 15.31 ± 3.20 0.60 ± 0.02 –

PS particle size, ZP zeta potential, PDI polydispersity index, EE% encapsulation efficiency percentage
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can say that L-carnitine was encapsulated within the inner
layer of the liposomal structure due to its hydrophilic
structure. Consequently, the fingerprint region vibrations of
L-carnitine could not be detected. This also goes to support
the conclusion that FTIR/ATR provides information on
vibration obtained, from the surface of the material.

Thermal Behavior of Nano-carnitine and Lipo-carnitine
Structures

Unloaded and L-carnitine-loaded liposomes as well as
PLGA NPs were lyophilized and their thermal properties
analyzed. Derivative thermal gravimetry (DTG) thermo-
grams were drawn from the first derivative of the data
obtained from TGA analysis. Figure 2 a shows DTA curves
of L-carnitine HCl, nano-carnitine, unloaded PLGA NPs, and
PLGA polymeric structures. L-Carnitine HCl started to melt
around 220°C, and a sharp endothermic melting peak was
detected at 250°C. Tg was observed at 50°C as mentioned in
the literature (56,57). Thermograms of L-carnitine encapsu-
lated and unloaded PLGA NPs revealed similar findings
except that the endothermic melting peak of L-carnitine at
250°C became apparent in the case of encapsulated PLGA

NPs. DTA curves of L-carnitine HCl, lipo-carnitine, unloaded
liposome, and Lipoid S100 lipidic structures are shown in
Fig. 2b.

The Lipoid S100 thermogram exhibited an endothermic
melting peak at ~ 50°C and at 317°C; the degradation of the
lipidic structure caused an exothermic curve. In the physical
mixture, the endothermic melting peak of L-carnitine was
observed suppressively at 225°C. The aforementioned peak
was not observed in the case of the unloaded liposome
structure, even though the peak was very slightly recorded in
the lipo-carnitine structure. Similar thermogram results were
obtained in the analysis of lyophilized formulations. When
low percentage encapsulation is observed, it is safe to
conclude that the active substance was loaded into liposomes
in amorphous order during the encapsulation (54).

Surface Morphology

A scanning electron microscopy (SEM) study was
performed to investigate the surface characteristics of nano-
sphere formulations. Figure 3 shows SEM images of L-
carnitine loaded and unloaded PLGA–based NPs. It has
been observed that PLGA-based nanoparticles were not

a

b

Fig. 1. FTIR/ATR spectra of a nano-carnitine, unloaded PLGA NP, PLGA and L-carnitine
HCl physical mixture, PLGA polymer, and L-carnitine HCl and b lipo-carnitine, unloaded
liposome, Lipoid S100 and L-carnitine HCl physical mixture, Lipoid S100, and L-carnitine
HCl
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aggregated but homogeneously distributed and also had a
spherical structure with a smooth surface.

Due to the increase in temperature generated as a result
of an electron beam applied on the sample, deformations and
coalescence were observed (Fig. 3g) especially in the images
of the liposomal structures. According to SEM investigations,
Lipoid S100–soy phosphatidylcholine–based liposomes ap-
peared to have a spherical structure with smooth surfaces.

In Vitro Release Studies

In vitro release studies were done by dialysis membrane
method, and cumulative released percentages of L-carnitine
were plotted against time for the purpose of characterizing
the in vitro release tendency for discriminating the effect of
formulation types as shown in Fig. 4. Approximately 90%
release was achieved at the end of the first hour in the case of
the control group. In the meantime, a sustained-release

profile was observed in liposome and nanoparticle formula-
tions. A burst effect release was observed at the end of the
first hour for both formulations, and the amounts of L-
carnitine released for liposome and nanoparticle formulations
were 59.90% and 65.19%, respectively.

Stability Studies

Stability tests were carried out for nano-carnitine and
lipo-carnitine formulations for a period of 3 months (Fig. 5).
At the end of the 3rd month under a temperature of + 4°C, no
difference was observed in any macroscopic evaluations
conducted or both nano-carnitine and lipo-carnitine formula-
tions. Nevertheless, at the end of the 2nd month, the
polydispersity index of lipo-carnitine formulation was in-
creased due to the sedimentation at 25°C. The particle size
of formulations, conditioned at + 4°C, did not evolve signif-
icantly (p 0.05).

a

b

Fig. 2. DTA curves of a nano-carnitine, unloaded PLGA NP, PLGA and L-carnitine HCl
physical mixture, PLGA polymer, and L-carnitine HCl and b lipo-carnitine, unloaded
liposome, Lipoid S100 and L-carnitine HCl physical mixture, Lipoid S100, and L-carnitine
HCl
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GC-MS-Based Metabolomic Evaluation

For metabolomic analysis, chromatograms were col-
lected with the help of Shimadzu LabSolution software
installed on the GC-MS instrument. The GC-MS chromato-
grams were deconvoluted to obtain the peaks of the
metabolites using MSDIAL software, and the retention times
were corrected to form data matrices. Retention index
libraries allowed to 128 metabolites identification from
cardiac fibroblast cell lines. Metabolites were compared with
t test after normalization procedures. The data was visualized
with the aid of partial least squares discriminant analysis
(PLS-DA) graphs. The presence of metabolites causing
differentiation was revealed by the PLS-DA graph (Fig. 6a),
and the results were transferred to variable important in
project graph (Fig. 6b); this variable represents a list of
molecules that have the greatest effect on the separation of
metabolomic profiles.

Metabolite levels belonging to the control group (ex-
posed to no medium other than DMEM), free L-carnitine,
nano-carnitine, and lipo-carnitine formulation groups are
summarized in Table IV. To evaluate the metabolisms of the
detected metabolites, the metabolites belonging to amino
acid, carbohydrate, and lipid metabolisms were identified and
the rate of differentiation of metabolites in groups are
classified in Table IV. L-Carnitine is an amino acid synthesized
endogenously from lysine and is therefore expected to have
an effect on the content of the hypothetical amino acid pool.
L-Carnitine-free solution was used for the control group; lipo-
carnitine and nano-carnitine formulations were found to
cause an increase in amino acid levels as shown in Table IV
(p < 0.05). The structure of the side chains carried by the
amino acids (apolar, polar, or charged) tends to be affected by
the formulation. For instance, lipo-carnitine and nano-
carnitine formulations were found to be more efficient in
terms of increasing the level of amino acids that possess
apolar side chain compared to the solution form. Lipo-
carnitine formulation was found to be the most effective
group in terms of increasing the levels of methionine and
threonine amino acids which are produced by the aspartate

a b

dc

e f

g h

Fig. 3. SEM images of a, b unloaded; c, d L-carnitine-encapsulated,
PLGA NPs; e, f unloaded; g, h L-carnitine-encapsulated, liposomes

Fig. 4. In vitro drug release profiles of nano-carnitine formulations,
lipo-carnitine formulations, and control group (n = 6, error bars
indicate standard deviations)
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pathway (p < 0.05). 2-Hydroxybutyrate, a product of catabo-
lism that occurs in both of these two amino acids, was found
to increase with lipo-carnitine than the other groups (p <
0.05). This explains why lipo-carnitine is significant in
increasing the levels of methionine and threonine amino
acids.

Not only the production of these two amino acids but
also their catabolism was increased by lipo-carnitine. Nano-
carnitine was found to be the most efficient in terms of
increasing the level of amino acids that carry polar side chains
as well as increasing phenylalanine anabolism. On the other
hand, lipo-carnitine was effective in inhibiting 3-phenyllactic
acid formation and, hence, phenylalanine catabolism (p <
0.05). 2-Ketoisocaproic acid (an intermediate product in-
volved in the metabolism of the leucine amino acid) showed a
significant decrease in lipo-carnitine (p < 0.05), but on the
contrary showed an effective increase in nano-carnitine.

As a result, one can conclude that the nano-carnitine
formulation increased leucine anabolism in the most effective
manner (p < 0.05), while the lipo-carnitine formulation
reduced catabolism in the most effective way (p < 0.05).
Hydroxyproline, which is formed by proline hydroxylase
enzyme activity during the posttranslational modification of
proline, together with glycine amino acid are the building
blocks of collagen which is the main component of the
extracellular matrix. Free L-carnitine, lipo-carnitine, and
nano-carnitine were found to be efficient on the levels of
the different building blocks of collagen, and these

formulations forced an increase in the amino acid levels of
proline, 4-hydroxy-L-proline, and glycine, respectively (p <
0.05).

Glucose levels were increased in cells stimulated with
free L-carnitine and L-carnitine-loaded formulations as com-
pared to the control group; the greatest effect was observed in
the nano-carnitine (p < 0.05). Similarly, the level of maltose
formed by the binding of glucose with a glycosidic bond was
highest in the case of nano-carnitine. Nano-carnitine was
found to be the most sufficient formulation when it comes to
increasing citric acid (CA) cycle intermediates (aside α-
ketoglutarate) (p < 0.05).

As in all metabolic pathways, in order to interpret lipid
metabolism, it is necessary to examine the characteristics of
the cell being studied. Effective pathways in lipid metabolism
include biological membrane synthesis, cholesterol synthesis,
and β-oxidation of fatty acids in CFs. Nano-carnitine,
especially lipo-carnitine formulations, caused an increase in
the level of unsaturated fatty acids (p < 0.05). On the
contrary, free L-carnitine had no significant effect on unsat-
urated fatty acids (p > 0.05).

Lipo-carnitine not only increased the amount of unsatu-
rated fatty acids but also decreased the amount of cholesterol.
Squalene is formed by the combination of two 15-carbon
farnesyl pyrophosphates formed as a result of condensation
of isoprene units in the cholesterol synthesis step, and this
product forms the basis of the carbon skeleton of 30-carbon
cholesterol. An increase in both cholesterol and squalene

a b

c d

Fig. 5. Stability results in terms of a encapsulation efficiency %, b polydispersity index, c particle size (nm), and d
zeta potential (± mV) for nano-carnitine and lipo-carnitine formulations
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levels by nano-carnitine stimulation suggested that squalenes
are directly related to cholesterol synthesis.

Pathway Analysis

The pathways associated with the metabolite sets show
significant differences in terms of metabolome profiling, fold
discovery rate (FDR), and impacts as depicted in Table V.
Although the identified metabolites are related to many
pathways, only the statistically significant (p < 0.05) pathways
were evaluated.

α-Ketoglutarate, a CA cycle intermediate, also associates
with glutathione, arginine, and proline metabolism. Another
CA cycle intermediate called oxaloacetic acid plays an
important role in aspartate asparagine metabolism. Given
the information provided above, the instantaneous levels of
the metabolites in metabolomic analysis as seen in Table IV
are crucial. For example, lipo-carnitine’s α-ketoglutarate level
signified the over-synthesis of this compound in the previous
step and may activate subsequent pathways associated with it.
The significant increment in the instantaneous level of
oxaloacetic acid in nano-carnitine showed that this metabolite
also activated pathways to which it was bound (aspartate
asparagine metabolisms).

The pathways interacting in CF lines were presented in
the order of their effects and in direct proportion to the size
of the marks as represented in Fig. 7. Glutathione metabo-
lism, urea cycle, beta-oxidation of long-chain fatty acids,

methyl histidine metabolism, malate aspartate shuttle, and
spermine and spermidine biosynthesis as well as other
mechanisms seemed to be effective as observed from the
graph. Urea was also formed from aspartate, glutamate,
ornithine, and arginine compounds which were all found to
be significantly effective pathways. The biosynthesis of sperm
and spermidine was classified as a proliferation indication
(58).

In this study, formulation, method optimization, analyt-
ical quantification, and analytical method validation studies
were carried out for the L-carnitine in the first stage. For L-
carnitine-loaded liposome formulations, particle size in-
creased with increasing lipid concentration. ZP values of
liposomes were not found to be high negative/positive values
because the lipids were not anionic/cationic in character
(52,59). Tween 80 formed a hydrogen bond with the
hydrophilic parts of liposomes, increased the flexibility
between the phospholipids, reduced surface tension, and
consequently increased the encapsulation efficiency of lipo-
carnitine (60). For the nanoparticle formulation, Pluronic F68
surfactant reduced the surface tension by adhering to the
water–oil interface, thereby increasing the degree of binding
of L-carnitine to the polymer leading to higher encapsulation
(61,62). Particle size increased when PLGA polymer concen-
tration was increased. The particle size distribution was
observed to be monodisperse, and spherical structures were
confirmed in the case of each formulation. Unlike the control
groups, a sustained-release profile was observed in the case of

a

b

Fig. 6. The effects of L-carnitine with different nanocarrier systems on the metabolomic profile of cardiac fibroblast
cell lines. Control group, L-carnitine, nano-carnitine, and lipo-carnitine formulation’s a PLS-DA score graph of
metabolite levels obtained from GC-MS analysis and b VIP data graph for 25 metabolites with the highest
differentiating effect
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nano-carnitine and lipo-carnitine formulations during the
in vitro release studies. For liposomes, a burst release that
was observed in the first stage depended on the rapid

penetration of the L-carnitine (adsorbed on the liposome
surface as well as located in the boundary phase,) in the
dissolution medium. The controlled release observed was as a

Table IV. Significantly Altered Metabolites Based on L-Carnitine Treatment

Metabolism Metabolism group name Metabolite name Control L-Carnitine L i p o -
carnitine

N a n o -
carnitine

Amino acid
metabolism

Amino acids have apolar side chain Alanine − 0.583 ± 0.12 0.236 ± 0.27 1.321 ± 0.06 − 0.973 ± 0.32
Glycine − 0.805 ± 0.07 0.250 ± 0.31 − 0.513 ± 0.51 1.068 ± 0.40
Isoleucine − 0.640 ± 0.02 − 0.253 ± 0.31 0.173 ± 0.71 0.720 ± 0.53
Leucine − 0.683 ± 0.04 − 0.202 ± 0.33 0.165 ± 0.72 0.720 ± 0.49
Methionine − 1.033 ± 0.21 0.263 ± 0.43 1.142 ± 0.26 − 0.372 ± 0.24
Phenylalanine − 0.546 ± 0.04 0.045 ± 0.26 − 0.494 ± 0.60 0.995 ± 0.53
Proline − 0.736 ± 0.05 1.295 ± 0.28 − 0.980 ± 0.03 0.421 ± 0.14
Tryptophan − 1.002 ± 0.14 0.552 ± 0.41 0.378 ± 0.71 0.072 ± 0.19
Valine − 1.152 ± 0.14 − 0.017 ± 0.43 0.855 ± 0.49 0.313 ± 0.26

Amino acids have polar side chain Cysteine − 0.942 ± 0.10 0.140 ± 0.83 0.229 ± 0.24 0.573 ± 0.18
Serine − 0.383 ± 0.06 − 0.329 ± 0.31 − 0.065 ± 0.78 0.777 ± 0.48
Threonine − 1.237 ± 0.18 0.166 ± 0.48 0.640 ± 0.46 0.431 ± 0.15
Tyrosine − 0.594 ± 0.10 0.078 ± 0.31 − 0.385 ± 0.67 0.900 ± 0.48

Amino acids with charged side chains Aspartic acid − 0.870 ± 0.04 0.534 ± 0.27 − 0.013 ± 0.70 0.349 ± 0.52
Glutamic acid − 0.293 ± 0.09 0.924 ± 0.17 0.461 ± 0.17 − 1.091 ± 0.61
Histidine − 1.252 ± 0.18 0.864 ± 0.32 0.115 ± 0.47 0.273 ± 0.25
Lysine − 0.604 ± 0.04 0.080 ± 0.29 − 0.444 ± 0.67 0.969 ± 0.43

Other compounds 2-Hydroxybutyrate − 0.966 ± 0.15 0.761 ± 0.28 0.911 ± 0.15 − 0.706 ± 0.39
3-Indoleacetic acid − 0.769 ± 0.12 1.394 ± 0.25 − 0.813 ± 0.15 0.188 ± 0.21
3-Phenyllactic acid − 0.714 ± 0.02 0.983 ± 0.16 − 1.142 ± 0.02 0.873 ± 0.12
2-Ketocaproic acid − 0.208 ± 0.02 0.955 ± 0.15 − 1.450 ± 0.05 0.703 ± 0.11
4-Hydroxy-L-proline − 1.230 ± 0.14 0.657 ± 0.32 0.858 ± 0.29 − 0.284 ± 0.31

Carbohydrate
metabolism

Monosaccharides Glucose − 0.567 ± 0.10 − 0.318 ± 0.53 0.089 ± 0.60 0.796 ± 0.47
Galactose 0.087 ± 0.08 0.510 ± 0.57 0.410 ± 0.62 − 1.008 ± 0.12

Disaccharides Maltose − 0.590 ± 0.12 − 0.291 ± 0.55 0.038 ± 0.59 0.844 ± 0.43
Lactose 0.172 ± 0.02 0.076 ± 0.33 0.739 ± 0.76 − 0.987 ± 0.12

Fermentation Lactic acid − 0.595 ± 0.23 0.601 ± 0.23 − 0.807 ± 0.32 0.800 ± 0.59
CA cycle Citric acid − 0.528 ± 0.10 0.308 ± 0.40 − 0.574 ± 0.61 0.794 ± 0.48

Aconitic acid − 1.144 ± 0.18 0.343 ± 0.48 0.242 ± 0.48 0.559 ± 0.37
α-Ketoglutarate − 0.347 ± 0.06 0.911 ± 0.23 − 1.321 ± 0.20 0.758 ± 0.19
Succinic acid − 1.205 ± 0.14 − 0.082 ± 0.33 0.866 ± 0.45 0.421 ± 0.31
Fumaric acid − 1.035 ± 0.14 0.109 ± 0.36 0.111 ± 0.54 0.815 ± 0.44
Malic acid − 0.974 ± 0.12 0.277 ± 0.43 0.068 ± 0.64 0.630 ± 0.38
Oxaloacetic acid − 0.541 ± 0.00 − 0.538 ± 0.00 − 0.547 ± 0.02 1.626 ± 0.22

Fatty acid
metabolism

Saturated fatty acids Lauric acid 12:0 0.128 ± 0.13 − 0.887 ± 0.38 − 0.301 ± 0.24 1.059 ± 0.58
Palmitic acid 16:0 − 0.729 ± 0.11 − 0.717 ± 0.19 0.860 ± 0.27 0.587 ± 0.63
Stearic acid 18:0 − 0.496 ± 0.06 − 0.300 ± 0.18 0.089 ± 0.41 0.708 ± 0.86

Unsaturated fatty acids Oleic acid 18:1Δ9 − 0.629 ± 0.02 − 0.680 ± 0.01 1.634 ± 0.07 − 0.324 ± 0.08
Linoleic acid 18:2Δ9,12 − 0.626 ± 0.04 − 0.596 ± 0.04 1.649 ± 0.04 − 0.426 ± 0.04

Other compounds Cholesterol 0.001 ± 0.13 0.509 ± 0.13 − 1.418 ± 0.22 0.908 ± 0.33
Squalene − 0.219 ± 0.07 − 0.751 ± 0.06 − 0.131 ± 0.15 1.101 ± 0.76

Mean ± SE; normalized peak areas

Table V. Altered Pathways Based on L-Carnitine Treatment

Pathway name Match status p FDR Impact

Alanine, aspartate, and glutamate metabolism 6/24 9.49 × 10−6 7.59 × 10−6 0.533
Aminoacyl-tRNA biosynthesis 8/75 1.99 × 10−6 0.008 0.113
Glutathione metabolism 5/38 0.001 0.028 0.049
Arginine and proline metabolism 7/77 0.001 0.028 0.329

FDR fold discovery rate
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result of the diffusion of L-carnitine (located in the core)
through the lipid layers (63,64).

Tween 80 facilitated the relaxation of the lipid layers,
resulting in diffusion of the active substance; meanwhile, the
sustained-release profile was achieved when lipid vesicles
started to erode (65). For PLGA nanoparticles, receptor
phase penetration into the nanoparticle surface caused burst
release of L-carnitine adsorbed on the surface. A sustained-
release profile was observed after the penetration of the
release medium into the nanoparticular structure. Following
this, pores were formed on the matrix, allowing the polymer
to degrade/erode, thereby allowing L-carnitine to diffuse from
the polymer matrix (66–68).

In order to evaluate the effects of the formulations at the
cellular level, instantaneous metabolome levels were deter-
mined using CF lines. Therefore, a wider spectrum of
metabolites at the cellular level was investigated with and
without formulations. Based on the results, we concluded that
the efficacy of nano-formulation systems (after classifying the
metabolites) depends on the metabolisms.

In amino acid metabolism, the lipo-carnitine and nano-
carnitine were more effective on the level of amino acids that
carry apolar side chains as compared to the solution form.
Regarding the level of polar side chain carrying amino acids,
increments were observed in the case of nano-carnitine
formulation. In carbohydrate metabolism, both formulations
were influential on monosaccharides/disaccharides. Nano-
carnitine formulation was found to be the most effective

formulation based on the metabolic profiles obtained for the CA
cycle (except for α-ketoglutarate). Lipo-carnitine formulation
caused a significant decrease in α-ketoglutarate levels compared
to the other formulations. α-Ketoglutarate causes glutamate
formation (from the CA cycle to glutamate pathway), and the
formed glutamate is used for the synthesis of glutamine, proline,
and arginine. An increase in the level of glutamate was detected
when lipo-carnitine formulation is used, and the decrease observed
in α-ketoglutarate was due to the use of some amount of α-
ketoglutarate for glutamate production.

Lipo-carnitine caused an increase especially in the level
of unsaturated fatty acids. Liposomal structures are similar to
cellular membranes, and it is suspected that the cell mem-
brane becomes enlarged and disrupted when lipo-carnitine is
being taken into the cell. Therefore, the activation of the
synthesis of unsaturated fatty acids in the use of lipo-carnitine
formulation indicated that these compounds were synthesized
to be used in rearranging the membrane structure. It was
found that lipo-carnitine was highly effective on the synthesis
of unsaturated fatty acids, while nano-carnitine formulation
was highly effective on amino acid metabolism as well as on
the increment of the levels of CA cycle intermediates except
α-ketoglutarate.

CONCLUSION

In conclusion, although there are several studies avail-
able on the effects of L-carnitine on fatty acid oxidation

Fig. 7. Interacting pathways in CF lines based on L-carnitine treatment
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metabolism and physical performance, we have presented
information on the metabolic level (activities) of L-carnitine
by developing formulations. Liposomal formulations of L-
carnitine were found very effective in the synthesis of
unsaturated fatty acids, while PLGA formulations exhibited
effectivity in amino acid metabolism. Formulations were
characterized and utilized for controlled-release kinetics,
physicochemical analyses, and CF cell culture studies by
evaluating the metabolomic studies. Outcomes may have a
potential for a predictable drug delivery system. Further
investigations including in vivo studies may pave the way to
demonstrate the efficacy of these liposomal and
nanoparticular drug delivery systems for varied applications.
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