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ABSTRACT: Polymeric nanoparticles (NPs) are widely used in
preclinical drug delivery investigations, and some formulations are now
in the clinic. However, the detailed effects of many NPs at the
subcellular level have not been fully investigated. In this study, we used
differentiated THP-1 macrophage cells, as a model, to investigate the
metabolic changes associated with the use of poly (lactic-co-glycolic
acid) (PLGA) NPs with different surface coating or conjugation
chemistries. Liquid chromatography-mass spectrometry-based meta-
bolic profiling was performed on the extracts (n = 6) of the
differentiated THP-1 cells treated with plain, Pluronic (F-127, F-68,
and P-85)-coated and PEG−PLGA NPs and control (no treatment).
Principal component analysis and orthogonal partial least squares-
discriminant analysis (OPLS-DA) in conjunction with univariate and
pathway analyses were performed to identify significantly changed metabolites and pathways related to exposure of the cells to NPs.
OPLS-DA of each class in the study compared to the control showed clear separation and clustering with cross-validation values of
R2 and Q2 > 0.5. A total of 105 metabolites and lipids were found to be significantly altered in the differentiated THP-1 cell profiles
due to the NP exposure, whereas more than 20 metabolic pathways were found to be affected. These pathways included
glycerophospholipid, sphingolipid, linoleic acid, arginine and proline, and alpha-linolenic acid metabolisms. PLGA NPs were found
to perturb some amino acid metabolic pathways and altered membrane lipids to a different degree. The metabolic effect of the PLGA
NPs on the cells were comparable to those caused by silver oxide NPs and other inorganic nanomaterials. However, PEG−PLGA
NPs demonstrated a reduced impact on the cellular metabolism compared to Pluronic copolymer-coated PLGA and plain PLGA
NPs.

■ INTRODUCTION
Polymers formulated as nanoparticles (NPs) are now in clinical
use for delivery of anticancer drugs,1 and many further examples
are under investigation for oncology applications and a variety of
other disease indications.2 Poly(lactic-co-glycolic acid) or PLGA
is one of the most widely used polymers in drug delivery as it is
biodegradable, is well-tolerated in humans, and is readily
formulated into microparticles, NPs, and monoliths for
implantation.3 However, PLGA NPs are not suitable for
systemic injection without a surface treatment to ensure
colloidal stability, as NPs prepared from the native copolymer
are prone to aggregation in aqueous media. Accordingly, PLGA
formulations are often coated or derivatized with a hydrophilic
or amphiphilic surface layer,4 or the lactide and glycolide
comonomers are ring-opened with a hydrophilic polymer
nucleophile, such as methoxy-poly(ethylene glycol), to generate
an amphiphilic block copolymer.5 In general, these materials
have been shown to be nontoxic in preclinical studies,6 and there
is little evidence of any acute harmful effects to date.

However, hydrophilic polymers and polymeric amphiphiles
are not necessarily inert, and there is some evidence that
poly(ethylene glycol) (PEG) can be recognized by some
antibodies,7 while copolymers of PEG with poly(propylene
glycol) (PPG) have been shown to be membrane-active.8 These
biological responses are not necessarily detrimental to
therapeutic applications and indeed have been exploited to
enhance delivery and efficacy in some ingenious ways,9−11 but
nevertheless, further investigation of the activities of amphiphilic
copolymers in cellular environments is required.
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Various cell assays have been employed to assess the use of
nanomaterials and their effect in relation to oxidative stress,
inflammation, mitochondrial injury, and DNA and cell
membrane damage; this is usually carried out by measuring
the endpoint of cellular triggered toxicity by NPs.12−14

Nevertheless, the outcome from the single effect assays is not
comprehensive and does not highlight the subtle biological
response or the biochemical pathways affected by the exposure
to NPs.15 Additionally, most of these conventional methods are
colorimetric and prone to interference due to certain properties
of specific NPs which can result in interference with the dyes or
the enzymes in the assays.16 In particular, NPs containing labels
or of certain sizes may absorb or scatter light during the
colorimetric measurements, leading to inaccurate quantifica-
tion.17 Hence, there is a pressing need to establish a new and
robust in vitro method to assess the biological response of the
NPs as drug carriers before their use in clinical applications.16,18

Transcriptomics and proteomics provide valuable informa-
tion about cell phenotypes; however, such approaches typically
do not capture the potential post-transcriptional or translational
modifications which are critical in determining the cell function.
On the other hand, metabolomics aims for the qualitative and
quantitative measurement of the end products (i.e., metabolites)
of the gene expression and the cellular metabolic activities in a
biological system.19,20 The information gained using metab-
olomics allows the characterization of the metabolic pheno-
types21 and therefore provides a valuable means to study the
molecular effects and toxicity of polymeric NPs on the biological
systems. Some studies have already been denoted for studying
different NPs using metabolomics;22−24 however, in most cases,
the studies were focused on the use of metal-based NPs for
cosmetic and textile applications, and few have been focused on
clinical use.

NPs can be recognized as foreign items in the body by the
immune system. As a result, immune cells, particularly those
involved in the innate immune response, which provide a quick,
nonspecific reaction to potential threats, may recognize and
neutralize them. As professional phagocytes, macrophages are an
important cell component of the innate immunity. Macrophages
are the initial line of defence against invading agents. In vivo
studies have revealed that resident macrophages in the lungs,
liver, and spleen are important in the clearance of NPs.25 NPs
may interact with macrophages to affect not just their fate (e.g.,
NP clearance), but such an interaction could also trigger
hazardous effects (e.g., inflammation and reactive oxygen
species production).

Macrophages play a key role in the etiology of diseases
including lung fibrosis and mesothelioma, which are caused by
exposure to NPs and nanofibers.26 For instance, macrophages in
the reticuloendothelial system and alveoli were found to engulf
NPs after intravenous administration and inhalation, respec-
tively.27 THP-1 cells that are differentiated into macrophages
have been found to be a good model system for researching
macrophage functions in vitro.28 In addition, previous studies
have shown that mass spectrometry (MS)-based metabolite
profiling was sensitive enough to detect subtle changes in
intracellular metabolites between naiv̈e and polarized macro-
phages.29 Therefore, in this work, liquid chromatography−MS
(LC−MS)-based metabolite profiling was employed to assess
the cellular metabolic response in human macrophages
(differentiated THP-1 cells) after exposure to five different
types of PLGA NPs with different surface functionalities.

■ EXPERIMENTAL SECTION
Chemicals andMaterials. Lactide, glycolide (99%), benzyl

alcohol, PEG methyl ether (Mn = 5000 g/mol), 5-amino-
fluorescein, tin(II) 2-ethylhexanoate (Sn(Oct)2, 92.5−100.0%),
deuterated chloroform (CDCl3), RPMI 1640 medium, heat-
inactivated fetal bovine serum (FBS), penicillin, streptomycin, L-
glutamine, phorbol 12-myristate 13-acetate, and formaldehyde
were purchased from Sigma-Aldrich (Gillingham, UK).
Ammonium carbonate, isopropanol, and acetonitrile were of
LC−MS grade, dichloromethane, methanol, diethyl ether, and
acetone were of HPLC grade, and they were obtained from
Fisher Scientific (Loughborough, UK). Authentic standards
were prepared in five different mixtures (see full details in Table
S1) at a concentration of 20 μM and coanalyzed with the
samples for the identification of the metabolites in this study.
The authentic standards were obtained from either Fisher
Scientific (Loughborough, UK) or Sigma-Aldrich (Gillingham,
UK) unless otherwise stated.
Polymer Synthesis. PLGA, PEG−PLGA, and PLGA-5-

aminofluorescein (PLGA-5AF) were synthesized by ring-
opening polymerization of lactide and glycolide. The synthesis
of these polymers was carried out using benzyl alcohol, and 5-
aminofluorescein and PEG were used as initiators as follows

PLGA Synthesis. D,L-Lactide (4.32 g, 30 mmol) and glycolide
(2.32 g, 20 mmol) were heated under nitrogen at 130 °C until
the monomers had melted. Benzyl alcohol (0.108 g, 1 mmol)
was added, and the reaction was carried out for 1 min. The
catalyst SnOct2 (0.034 g, 0.5% w/w) was added, and the reaction
continued for 3 h under nitrogen before being allowed to cool to
room temperature The synthesized polymer was dissolved in
dichloromethane and precipitated in diethyl ether three times to
remove unreacted monomers and impurities. The precipitate of
the polymer was filtered and dried under reduced pressure.

PEG−PLGA Synthesis. D,L-Lactide (3.03 g, 21 mmol),
glycolide (1.63 g, 14 mmol), and MPEO (3.475 g, 0.695
mmol) were heated under nitrogen at 130 °C until the
monomers and the initiator had melted. The catalyst SnOct2
(0.041 g, 0.5% w/w) was added, and the reaction continued for 3
h under nitrogen before being allowed to cool to room
temperature. The synthesized copolymer was dissolved in
dichloromethane and precipitated in ice-cold diethyl ether to
remove unreacted monomers and other impurities, and the
filtered precipitate was dried under reduced pressure.

PLGA-5AF. D,L-Lactide (4.32 g, 30 mmol), glycolide (2.32 g,
20 mmol), and 5-aminofluorescein (0.347 g, 1 mmol) were
heated under nitrogen at 130 °C until the monomers and the
initiator had melted. The catalyst SnOct2 (0.034 g, 0.5% w/w)
was added, and the reaction continued for 3 h under nitrogen
before being allowed to cool to room temperature. The
synthesized copolymer was dissolved in acetone and precipi-
tated in methanol six times to remove unreacted monomers, free
dye, and other impurities. The filtered precipitate was dried
under reduced pressure.
Fabrication of PLGA NPs with Different Coating

Chemistries. Plain, Pluronic-coated, and PEG−PLGA NPs
were prepared by a standard nanoprecipitation technique with
some modifications.30 A solution of PLGA (20 mg) and PLGA-
5AF (5 mg) in acetone (10 mL) was added to 10 mL of the
antisolvent (Milli-Q water) using a syringe pump (0.7 mL/min)
to prepare PLGA NPs. By an analogous procedure, PEG−PLGA
NPs were prepared using 12.5 mg of PEG−PLGA, 7.5 mg of
PLGA, and 5 mg of the PLGA-5AF mixture. The stirring of the
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NP suspensions was continued at room temperature to ensure
complete evaporation of acetone. The suspensions were filtered
using 0.45 μm syringe filters to ensure sterility.

Three Pluronic poly(ethylene glycol)-co-poly(propylene
glycol)-co-poly(ethylene glycol) (PEG−PPG−PEG) block
copolymers were used for NP coating, namely, F-127 (12,200
g mol−1), F-68 (8400 g mol−1), and P-85 (4600 g mol−1). The
prepared NPs were suspended in 0.1% w/v Pluronic water
solutions for 24 h to ensure coating. Free Pluronics were
removed by dialysis against 1 L of deionized water for 24 h using
the 50 kDa membrane.
Culture, Activation, and Treatment of THP-1 Cells with

NPs. THP-1 cells (a human monocytic cell line) were cultured
in T75 tissue culture flasks as previously described.29 The cells
were cultured in RPMI media supplemented with 2 mmol/L L-
glutamine, 100 μg/mL streptomycin, 100 U/mL penicillin, and
10% v/v heat-inactivated FBS at 37 °C under 5% CO2 and 95%
relative humidity. To induce differentiation to macrophage-like
cells, THP-1 cells were treated with phorbol-12-myristate-13-
acetate (PMA) as previously described with minor modifica-
tions.31 THP-1 cells were then seeded in T25 flasks (6 million
cells/flask) in RPMI media containing 50 ng/mL PMA for 24 h
under the same starting culture conditions. After 24 h, the
culture media was replaced with fresh starting media containing
100 μg/mL NPs. The cells were treated with the NPs for 24 h
followed by metabolite extraction.
Metabolite Extraction of the Differentiated THP-1

Cells Exposed to theDifferentNPs for LC−MSMetabolite
Profiling. The differentiated THP-1 cells [control (no
treatment), n = 6] and the differentiated THP-1 macrophage
cells treated with F-127- (n = 6), F-68- (n = 6), P-85- (n = 6),
and PEG (n = 6)-coated PLGA NPs and plain PLGA NPs (n =
6) were extracted for LC−MS analysis. The incubation media
were removed, and the cells were, briefly, washed with
phosphate-buffered saline (PBS) (37 °C); then, methanol (0.5
mL, −48 °C) was added to simultaneously quench the
metabolism and extract the intracellular metabolites. The cells
were scraped and vortexed vigorously for 1 h and centrifuged at
17,000 × g for 10 min (4 °C). The supernatants were removed
and dried under vacuum at room temperature. The extracts were
reconstituted in 70 μL of methanol (4 °C) and used for LC−MS.
10 μL from each sample was mixed and used as a pooled quality
control (QC) sample to assess the instrument performance.
Proton Nuclear Magnetic Resonance (1H NMR) Spec-

troscopy. 1H NMR spectroscopy was performed at 400 MHz
using a Brüker DPX 400 Ultrashield spectrometer (Coventry,
UK). All the chemical shifts were acquired in ppm in reference to
CDCl3. The spectra were analyzed using MestRENova 6.0.2
(Mestrelab Research, S.L., Santiago de Compostela, Spain).
Particle Size and Zeta Potential Measurements. Mean

hydrodynamic diameters and zeta potentials of the prepared
NPs were determined using Malvern Zetasizer (Malvern
Panalytical, Malvern, UK) equipped with 10 mW He−Ne
laser operating at a wavelength of 633 nm by measuring the light
scattering at 173° angle to incident radiation at 25 °C after
diluting the samples with water.
Transmission Electron Microscopy. The morphology of

the prepared NPs was examined using transmission electron
microscopy (TEM) (FEI Tecnai G2, Oregon, USA). NP
suspensions in water (17 μL) were added onto a copper grid and
wicked off after 10 min, and then, 3% w/v uranyl acetate was
used as a negative stain prior imaging. The metabolic activity of

the differentiated THP-1 cells after exposure to the NPs was
observed.

The alamarBlue metabolic activity assay was used to assess the
effects of the plain, Pluronic-coated, and PEG−PLGA NPs on
the THP-1 cells (n = 3). The differentiated cells in 24-well plates
were incubated with media containing 50, 100, 250, and 500 μg/
mL of the different NPs for 24 h. The media was then removed,
and the cells were washed with PBS and incubated (light-
protected) in fresh media containing 10% alamarBlue for 3 h (37
°C). 100 μL of the spent media were transferred to 96-black-well
plates, and the fluorescence was measured using an Optima
FLUOstar plate reader at an excitation/emission of 540/580
nm.
Cellular Uptake of NPs by Differentiated THP-1 Cells.

The cellular uptake of the prepared NPs by the differentiated
THP-1 cells was examined using confocal microscopy and flow
cytometry as follows:

Confocal Microscopy. The THP-1 cells were differentiated
on an eight-well chambered coverslip at 37 °C and 5% CO2 for
24 h. The media were replaced with fresh media (control) or
media containing 100 μg/mL plain, Pluronic-coated, and
PEGylated PLGA NPs for 1 h at 37 °C and 5% CO2. Following
the treatment, the cells were washed twice with PBS and fixed
with 4% formaldehyde in PBS (300 μL) for 15 min in the dark at
room temperature. Subsequently, the plates were washed twice
with PBS and stored with mounting media at 4 °C. The cells
were imaged using a confocal laser scanning microscope (Zeiss
LSM 700, Cambourne, UK) controlled with Zen software.

Flow Cytometry. The THP-1 cells were differentiated in 24-
well plates at a seeding density of 500,000 cells/well for 24 h
under the same conditions described for confocal microscopy.
The media was replaced with fresh media (control) or media
containing 100 μg/mL plain, Pluronic−coated, and PEGylated
NPs for 3 h. After treatment, the cells were washed twice with
PBS and detached using TrypLE Express Enzyme (Sigma-
Aldrich, Gillingham, UK) for 30 min at 37 °C and 5% CO2 with
occasional gentle rocking, after which TrypLE Express was
deactivated by adding fresh media. The cells were then
centrifuged and resuspended in fresh media before analysis in
an FC 500 flow cytometer (Beckman Coulter, High Wycombe,
UK). A total of 10,000 viable cells were gated for each analysis.
Data were analyzed using Weasel software (Walter and Eliza
Hall Institute for Medical Research, Melbourne, Australia).
LC−MS for Untargeted Metabolomics. Chromato-

graphic separation was performed on a ZIC-pHILIC column
(5 μm, 4.6 × 150 mm, Merck Sequant, Watford, UK)
maintained at 45 °C using an Accela UHPLC system (Thermo
Fisher Scientific, Hemel Hempstead, UK) as previously
described.32,33 Briefly, the mobile phases used were 20 mM
ammonium carbonate in water (A), and 100% acetonitrile (B),
and metabolites were separated by injecting 10 μL of the sample
(4 °C) in a linear gradient of 300 μL/min of 20% A (0−15 min),
95% A (15−17 min), and 20% A (17−24 min).

MS was performed on a high-resolution orbital trap MS
(Exactive, Thermo Fisher Scientific, Hemel Hempstead, UK) in
ESI+/ESI− switching modes. MS spectra were acquired in a full
scan mode (range: m/z 70−1400) with a resolution of 50,000.
The capillary and heater temperatures were maintained at 275
°C and 150 °C, respectively. MS spray and capillary voltages
were 4.5 kV (ESI+)/3.5 kV (ESI−) and 40 V (ESI+)/−30 V
(ESI−), respectively. The flow rates (arbitrary unit) of the
sheath, auxiliary, and sweep gas flow rates, for both modes, were
40, 5, and 1, respectively.
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The extracts of the differentiated THP-1 cells treated with F-
127- (n = 6), F-68- (n = 6), P-85- (n = 6), and PEG (n = 6)-
coated PLGA NPs; plain PLGA NPs (n = 6); control (no
treatment, n = 6); and reagent blank (n = 6) were randomized
and analyzed in a single LC−MS run with the authentic
standards. The column was conditioned for the analysis by
injecting the QC (n = 6) at the beginning of the run; also, QC
injections (n = 6) were interspaced in the analysis to check the
performance of the LC−MS system for untargeted metab-
olomics.
Data Analysis and Metabolite Identification. The

acquired raw data sets from the LC−MS analysis of the extracts
of untreated THP-1 cells (control) and the cells exposed to the
different types of NPs and reagent blanks were processed using
IDEOM as stated elsewhere.34 In brief, untargeted peak picking
and peak matching were performed using XCMS35 and
mzMatch,36 respectively. Noise filtering and putative metabolite
identification were performed using IDEOM with the default
parameters in which accurate mass and the retention times
(RTs) of the authentic standards and the predicted RT (pRT) of
the metabolite in the database were used for metabolite
identification. Metabolites that were identified by matching
with accurate mass and RT of the authentic standards were
classified as level 1 identification according to the metabolomics
standards initiative,37,38 whereas metabolites identified using
accurate mass and pRT were considered as level 2 identification.

Multivariate analysis was performed using Simca P+13
(Umetrics, Umea,̊ Sweden) in which the data sets of the
samples in the study were mean-centered, Pareto-scaled, and
log-transformed. Principal component analysis (PCA) and
orthogonal partial least squares-discriminant analysis (OPLS-
DA) were performed to assess the performance of the analytical
system and to find metabolic trends, clustering and separation in
the metabolic profiles of the samples.39 The performance and
robustness of the generated PCA and OPLS-DA were
monitored using the fitness of model (R2X/R2Y) and predictive
ability (Q2) values (leave-one-out (LOO) cross-validation).40

Variable importance in the projection (VIP) of the OPLS-DA
and student t-test adjusted with a false discovery rate (adjusted
p-value) using the Benjamini−Hochberg approach41 for the
multiple testing problem were used to identify metabolites with
a significant difference in the extracts of the differentiated THP-
1 cells treated with F-127-, F-68-, P-85-, and PEG-coated PLGA
NPs and PLGA NPs compared to untreated cells (control); VIP
> 1.0 and adjusted p-value < 0.05 were considered significant.

The list of significantly altered metabolites were subjected to
pathway analysis using MetaboAnalyst 4.0.42 Pathway analysis
was performed to identify possible metabolic pathways affected
due to the exposure of THP-1 cells to different NPs in the study.
To avoid the probability of introducing false-positive identi-
fication into pathway enrichment analysis, preselected signifi-
cant metabolites were only used.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the PLGA Polymers.

The synthesis of PLGA polymers is illustrated in Figure 1. All of
the prepared polymers were synthesized by ring-opening
polymerization of lactide and glycolide using benzyl alcohol,
5-aminoflourescin, and MPEO as initiators to produce PLGA,
fluorescently labeled PLGA-5AF, and PEG−PLGA diblock
copolymer, respectively. The purified polymer physical state was
either a colorless powder for PLGA and PEG−PLGA or an
orange powder for labeled PLGA-5AF. The final yields of PLGA
(5.45 g) and PEG−PLGA (6 g) were 81 and 88%, respectively,
whereas PLGA-5AF yield (3.3 g) was lower (50%) as expected
due to the extensive washing cycles required to remove the
traces of the free dye. The purity of the polymers was assessed
using H1 NMR, and the obtained spectra (Figure S1) were in
close accordance with previous studies,43 indicating that the
prepared polymers were free from the residual monomer. Gel
permeation chromatography was used to determine number
average molecular masses (Mn) of the prepared polymers
compared to the polyester standard in which Mn values of PLGA,
PEG−PLGA, and PLGA-5AF were found to be 9.9 × 103, 1.1 ×

Figure 1. Schematic representation of the synthesis of PLGA, PLGA-5AF, and PEG−PLGA using ring-opening polymerization.
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104, and 8.6 × 103 g mol−1, respectively, and these results
compare well to previously synthesized polymers with similar
techniques.44 The polydispersity index for PEG−PLGA was
1.06; however, it was higher for PLGA and PLGA-5AF. This
might be attributed to the fact that the hydroxyl and amino
(anilinic) groups of benzyl alcohol and 5AF, respectively, are
weak nucleophiles due to either close aromatic proximity or
direct aromatic linkage, respectively, compared to the aliphatic
hydroxyl group of PEG (Figure 1).
Preparation and Characterization of the PLGA NPs.

Plain and Pluronic-coated NPs were fabricated from PLGA and
PLGA-5AF (4:1), while PEG−PLGA NPs were prepared from
PEG−PLGA, PLGA, and PLGA-5AF (5:3:2). Only 20% of
PLGA-5AF was required to prepare fluorescent NPs. Size and
zeta potentials of the prepared NPs are given in Table S1. TEM
showed that all the NPs in this study were spherical with smooth
surfaces (Figure S2). All the obtained NPs had a similar size
range of around 100 nm in diameter but varied zeta potentials
(range: −22 to - 43 mv). The high negative zeta potential of the
plain PLGA NPs (−43 ± 3 mv) may be attributed to the free
carboxylic acid group at the end of the PLGA chains. However,
the zeta potentials of the coated PLGA NPs (range: −22 to −36
mv) were significantly decreased compared to the plain PLGA
NPs prepared by nanoprecipitation, ranging between −45 and
65 mv,45 and this, as expected, may be a result of the shielding
effect of the nonionic coatings on the total negative surface
charge of the NPs.46 This demonstrated that all the Pluronic(F-
127, F-68, and P-85)-coated NPs were relatively uncharged
compared to the plain PLGA NPs. However, F-127 coating
resulted in the greatest change in zeta potential of the NPs,
indicating that the higher molar mass of the F127 polymer,
compared to F-68 and P-85, masked the surface charge of the
NPs more efficiently.
Cell Viability and the Cellular Uptake of the NPs by the

Differentiated THP-1 Cells. The differentiated THP-1
macrophage cells were grown in 24-well plates and exposed to
different concentrations (50−500 μg/mL) of the synthesized
NPs for 24 h. All the NPs were well-tolerated by the THP-1 cells
at different concentrations up to 500 μg/mL evident with
obtained results in which more than 75% of the exposed cells
were viable (Figure 2). In terms of cellular uptake, confocal
microscopy revealed that all the prepared NPs were readily taken
up by the cells after 1 h exposure (Figure 3A). The rapid cellular

uptake of NPs by THP-1 cells might be related to the fact that
PMA enables the differentiation of THP-1 cells into phagocytic
macrophages that subsequently engulf the NPs (the prepared
NPs have a similar particle size and surface charge to viruses).
Furthermore, flow cytometry analysis showed that all the PLGA
NPs with the different surface chemistries were taken up by at
least 64−83% of the cells after 1 h exposure (Figure 3B).
Performance of the Analytical System for LC−MS

UntargetedMetabolomics.The performance of the LC−MS
system for untargeted metabolomics of the differentiated THP-1
cells treated with plain, Pluronics (F-127, F-68, and P-85), PEG-
coated PLGA NPs, control (no treatment), and QC was
assessed using relative standard deviations (RSDs) of all peaks
present in the QC and PCA of all the detected peaks in the
samples. The data sets of the analyzed samples in the study
generated 8,039 peaks in which the RSDs were ≤ 30% for 73.4%
of all the detected features in the QC (n = 6) and in accordance
with the recommended threshold of variability for untargeted
metabolomics.47 In this study, the PCA scores plot (Figure S3)
was mainly used to check the performance of the analytical
method using the QC samples and to observe any possible
general trends. However, the poor clustering and separation of
the sample groups in the PCA scores plot might be attributed to
the fact that subtoxic concentrations of the tested materials were
used on the cells to avoid the reduction in cell viability (>10−
15%) which would have a significant unwanted effect on the
metabolomics analysis (e.g., variations between the sample
groups). In addition, THP-1 cell differentiation is a complex
multistep process that might impart some within-group
variations, leading to the poor clustering in the scores plot.
Nevertheless, the QCs were adequately clustered in the middle
of the PCA score plot and demonstrate that the instrument
performance was satisfactory as suggested for metabolomics
analysis.48,49 These univariate and multivariate analyses validate
the analytical performance for LC-MS-based metabolic
profiling.
Data Analysis of the Metabolic Profiles of the

Differentiated THP-1 Cells Exposed to NPs. Multivariate
analyses using PCA and OPLS-DA were performed on the data
sets of the metabolic profiles of the differentiated THP-1 cells
after 24 h exposure to plain PLGA, PLGA NPs coated with
different surface functionalities (F-127, F-68, P-85, and PEG),
and a control. No clustering and separation were observed
between the metabolic profiles of the samples using PCA
(Figure S3). Therefore, subsequent OPLS-DA was performed
for modeling the differences between the different classes of the
extracts; OPLS-DA (Figure 4A) (R2X = 0.343, R2Y = 0.380, and
Q2 = 0.295) showed adequate separation and clustering of some
classes in the samples, and therefore, it was used for further
analysis.

The six biological replicates from each class of the samples
were clustered closely in the OPLS-DA scores plot and separated
from the control, indicating that within-class metabolic profiles
were similar. However, the differentiated THP-1 cells exposed to
plain PLGA NPs and PEG−PLGA NPs were separated clearly
and clustered away from the Pluronic-coated PLGA NPs in the
OPLS-DA scores plot (Figure 4A). Furthermore, the differ-
entiated THP-1 cells exposed to Pluronic-coated PLGA NPs
were closely clustered together with no separation observed in
the OPLS-DA scores plot (Figure 4A). This cluster indicates
that these types of NPs exerted similar effects on the cells, as
expected, as these Pluronics NPs are structurally related and

Figure 2. Cell viability of the differentiated THP-1 macrophages
following exposure to plain, F-127-, F68-, and P-85-coated and
PEGylated PLGA NPs. The cells were exposed to the different NPs
for 24 h, and the cell viability was assessed using alamarBlue assay. The
results are expressed as the average percentage of cell viability (n = 3).
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exhibited less negative surface charges compared to PEG−
PLGA and plain PLGA NPs.

Further comparative OPLS-DA of each class of the differ-
entiated THP-1 cells exposed to different NPs showed that they
were clearly separated from the control (Figure 4B−F),
indicating that their metabolic profiles are distinct from one
class to another.Cross-validation of these OPLS-DA models was
excellent with an R2Y of 0.984−0.993 and Q2 of 0.642−0.908;
these values indicate that the models are robust as they are
higher than the recommended values of 0.50 of R2Y and Q2 for
untargeted metabolomics.40 These models, therefore, were used
for the identification of significantly altered metabolites in the
NP-exposed samples compared to the control.
Metabolite Identification, Feature Selection, and

Pathways in the Differentiated THP-1 Cells Related to
the Exposure to NPs. The detected metabolic features in the
extracts of the differentiated THP-1 cells exposed to F-127-, F-
68-, P-85-, and PEG-coated PLGA NPs, plain PLGA and control
were subjected to metabolite identification using IDEOM. The
accurate masses and RTs of these features were matched with
those of the authentic standards or the pRT of the metabolites in
the database. A total of 613 metabolites were putatively
identified including essential and nonessential amino acids,

glutathione-reduced and -oxidized forms, glycolysis, TCA cycle
and urea cycle intermediate nucleotides, and different lipid
classes including phosphatidylcholines (PC), phosphatidyletha-
nolamines (PE), phosphatidylserines (PS), phosphatidylinosi-
tols (PI), and phosphatidylglycerols (PG) (Figure 5A). The
significantly altered metabolites between each class of the
samples in the study compared to the control were selected
using VIP > 1.0 (OPLS-DA) and an adjusted p-value of < 0.05
(student t-test adjusted with the Benjamini−Hochberg
approach41). As a result, 105 polar and semipolar metabolites
and lipids were significantly altered in the NP-exposed samples
compared to the control (full details are in Table S2). Table 1
shows the full list of the significantly altered metabolites, but not
lipids, in each group of the samples compared to the control,
whereas Figure 6 shows a mean of visual comparison of the
intensities of these metabolites in each group of the samples in
the study. Despite the use of 154 authentic standards to enhance
the confidence in metabolite identification, most of the
biologically relevant metabolites were of level 2 of confidence
in identification, hence annotation, in which accurate mass and
pRT were only used to perform identification.

The identified metabolites and lipids with a significant change
in the extracts of the differentiated THP-1 cells exposed to NPs

Figure 3. Cellular uptake of a: plain, b: F-127-coated, c: F-68-coated, d: P-85-coated, and e: PEGylated PLGA NPs by the differentiated THP-1 cells
examined using confocal microscopy and flow cytometry. (A) Cellular uptake confocal microscopy images, the green color presents the NPs with
different surface chemistries. (B) % cellular uptake of the NPs by the THP-1 cells examined using flow cytometry.
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compared to the control were submitted for pathway analysis
using MetaboAnalyst 4.0,42 and as a result, more than 20
metabolic pathways were found to be affected (Table S3). In
these metabolic pathways, glycerophospholipid metabolism,
sphingolipid metabolism, linoleic acid metabolism, biosynthesis
of unsaturated fatty acids, arginine and proline metabolism, and
alpha-linolenic acid metabolism were found to be highly altered
(Figure 5B).
Metabolic Signature of the NPs on the Differentiated

THP-1 Cells. A significant number of the perturbed metabolites
were linked to amino acid metabolism, as shown in Figure 7.
Amino acids are involved in many cellular metabolic pathways,
providing a source of purine and pyrimidine which are required
for nucleotide and nucleic acid synthesis and a carbon source

after oxidation. Furthermore, some amino acids are precursors
for other amino acid synthesis; for example, lysine, asparagine,
methionine, and threonine are synthesized from aspartate.
Glutamine, asparagine, proline, and arginine are synthesized
from glutamate. Glycine and cysteine threonine are synthesized
from serine, and tyrosine is synthesized by the hydroxylation of
phenylalanine.50 Arginine and proline metabolic pathways in the
differentiated THP-1 cells were found to be altered due to the
treatment of the cells with NPs, in which levels of N-(Ω)-
hydroxyarginine, N2-(D-1-carboxyethyl)-arginine, D-proline,
and N4-acetylaminobutanal were significantly altered. Arginine
is a semiessential amino acid with vital intracellular roles in
addition to being a building block of proteins, and it is also
involved in the urea cycle. Arginine is involved in detoxifying the

Figure 4. OPLS-DA scores plots of the metabolic profiles of the extracts of the differentiated THP-1 cells after 24 h treatment with different types of
NPs (F-127, F-68, P-85, PEG, and PLGA) compared to the control (no treatment) analyzed with LC−MS. (A) OPLS-DA scores plot of all classes
(R2X = 0.343, R2Y: 0.380, and Q2 = 0.295), and the rest are OPLS-DA scores plots of (B) F-127 (R2X = 0.422, R2Y: 0.992, and Q2 = 0.887), (C) F-68
(R2X = 0.332, R2Y: 0.993, and Q2 = 0.869), (D) P-85 (R2X = 0.438, R2Y: 0.989, and Q2 = 0.908), (E) PEG (R2X = 0.443, R2Y: 0.986, and Q2 = 0.867),
and (F) PLGA (R2X = 0.357, R2Y: 0.984, and Q2 = 0.642) compared to the control (n = 6).
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ammonia that resulted from amino acid deamination by
conversion into urea,51 as well as in the production of nitric
oxide.52 Since N-(Ω)-hydroxyarginine is the first intermediate in
NO synthesis through the oxidation of arginine, its accumu-
lation may indicate an increased activity of nitric oxide synthase.
A similar effect was seen upon treating macrophages with gold
NPs but not PEG−gold NPs.53 Figure 7 shows that PEG-coated
PLGA NPs did not alter the levels of N-(Ω)-hydroxyarginine
compared to the control as previously stated.53 N-(Ω)-
hydroxyarginine is known to inhibit arginase that catalyzes the
final step in the urea cycle (Figure 7),54 suggesting that
prolonged exposure and/or exposure to high concentrations of
PLGA NPs may interfere with the urea cycle and subsequently
accumulate toxic ammonia. Furthermore, the arginine metabolic
pathway was affected in HepG2 human liver carcinoma cells
when treated with graphene nanosheets,18 suggesting that such a
metabolic effect is a result of nanomaterial physicochemical
properties rather than surface chemistry. However, the
chemistry of the surface cannot be ignored completely, as the
plain PLGA NPs, which exhibited a similar surface charge to
those reported for graphene nanosheets, had the most effect on
arginine metabolism compared to the rest of NPs. There may
also have been an important role of adsorbed media components
in the cellular effects of the NPs, as the noncoated PLGA
particles (as might also be expected for other relatively
hydrophobic surface such as gold and graphene), likely were
covered by a surface corona of amphiphilic biomolecules during
cell culture. The results showing that PEG−PLGA NPs had the
least impact on amino acid metabolism are in accordance with
prior studies where PEGylation improves NPs biocompati-
bility,55 and again, this is known to be a consequence of reduced
protein adsorption and foreign body response. However, while
Pluronic-coated PLGA NPs should also display PEG chains
from the surface to repel surface adsorption and therefore might
be expected to be similarly inert as the PEG−PLGA NPs, the
fact that the Pluronic-coated NPs were not inert is indicative of a
different particle stability. In this case, the PEG chains of
Pluronic-coated NPs were physically adsorbed and in
equilibrium with desorbing Pluronic copolymer chains, whereas

the PEG chains in the PEG PLGA NPs were chemically
conjugated. Accordingly, while Pluronic copolymers may have
desorbed readily over time from the PLGA particles intra-
cellularly, the PEG chains in the PEG−PLGA particles were an
integral part of kinetically trapped micellar-like NPs and unlikely
to desorb at a rate which affected the macrophage cell lines in the
timescales of our study.

The metabolite 3-acetaminopropanal (3-AAP) was found to
be significantly altered in the differentiated THP-1 cells treated
with NPs compared to the control. The production of 3-AAP is
via a pathway including oxidation of N-acetylspermidine and N-
acetylspermine; therefore, its accumulation along with other
reactive aldehydes suggests a sign of oxidative stress.56

Furthermore, carboxyethyl hydrochroman is a major vitamin E
metabolite, and it is a naturally occurring compound with
antioxidant activity, for instance, when vitamin E or any of its
metabolites undergo oxidation, they scavenge free radicals and
stop oxidative damage in the process.57 Therefore, the decrease
in carboxyethyl hydrochroman supports the hypothesis of an
oxidative stress effect of NPs on THP-1 cells. These findings
suggest that plain and Pluronic-coated PLGA NPs might induce
oxidative stress on the differentiated THP-1 cells by enhancing
the activity of NO synthase.

Glycerophospholipids are important components of the cell
membrane.58 Exposure to Pluronic-coated and PEGylated NPs
resulted in decreased levels of PC and PE, indicating that NPs
cause alteration to the composition of the cell membrane and/or
growth arrest.59 This is consistent with other studies in which
macrophages were exposed to peptide-coated silver NPs60 and
human keratinocytes to silver NPs59 and suggests that such an
effect was related to the NP physiochemical properties and
possible membrane disruption when a size range (i.e., in the
nanoscale) is able to interact with the lipid components of the
bilayer.

It has been previously reported that PLGA NPs at a
concentration of 500 μg/mL altered glycolysis and TCA
cycle,61 and this study showed that PLGA NPs with different
surface modifications at clinically relevant concentration
(100μg/mL) did not induce any significant changes in energy

Figure 5. Overview of the metabolite classification and pathway analysis of the metabolites identified in the extracts of the differentiated THP-1 cells
after 24 h treatment with different types of NPs (F-127, F-68, P-85, PEG, and PLGA) and control (no treatment) analyzed with LC−MS. (A) Classes
of the identified metabolites and (B) pathway analysis of significantly altered metabolites between the different classes compared to the control.
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metabolism (glycolytic activities, TCA cycle, and fatty acid
oxidation) or in nucleotide metabolism. This suggests that all
the NPs with or without surface modification at clinically

relevant concentrations were well tolerated by the cells, which
aligns well with the cell viability assay results.

Figure 6. Comparison of the levels (peak intensities) of the significantly altered polar and semipolar metabolites detected in the extracts of the
differentiated THP-1 cells treated with different types of NPs (F-127, F-68, P-85, PEG, and PLGA) compared to the control (no treatment) analyzed
with LC−MS.

Figure 7. Metabolic pathway mapping of some of the identified metabolites in the extracts of the differentiated THP-1 cells treated with plain,
Pluronic−coated, and PEG−PLGA NPs and control. Results are expressed as the average peak intensity ± SEM (****p < 0.0001, ***p < 0.001, **p <
0.01, and *p < 0.05).
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However, when taken together, the data suggest several
important effects of the different NPs beyond those reported by
simple metabolic activity assays and also highlight the roles that
surface modifications and specific amphiphile chemistries can
have at the subcellular level in macrophages. It has long been
established that amphiphilic triblock copolymers of the
Pluronics type (and other classes, such as Synperonics) form
micelles in solution, and this has been exploited extensively for
use in pharmaceutical applications, where the polymers are
included in formulations as drug solubility enhancers. It has also
been shown that, dependent on their chemical composition,
certain PEO-PPO-PEO copolymers can mediate either adverse
or beneficial cellular responses such as cytotoxicity, ATP and
glutathione depletion, reversal of multidrug resistance in tumor
cells, or inhibition of P-glycoprotein.62 Thus, while PEO-PPO-
PEO copolymers have been largely considered as inert and safe
excipients, some of them elicit marked biological responses, both
in vitro and in vivo,62 and it is perhaps not surprising that we
observed changes in metabolic pathways in cells exposed to
Pluronic-coated PLGA NPs. It has been previously demon-
strated that adverse cellular effects caused by PEO-PPO-PEO
copolymers were dependent on their chemical structure.8,63 In
addition these prior studies indicated a strong correlation of the
Pluronic amphiphile structure with their affinity for biological
membranes, and thus, the alterations in glycerophospholipids
are in accordance with a membrane disruption and induced
oxidative stress mechanism. It is likely that the greater effects of
the Pluronic-coated NPs compared to the PEG−PLGA MPs
were due to desorption of the Pluronics from the PLGA surface
and subsequent interaction of free triblock polymer chains with
the membrane and subcellular components in a manner not
possible for PEG−PLGANPs. Similar desorption of PEG−
PLGA chains from the kinetically trapped micellar-like PEG−
PLGA NPs would have taken place at a much lower rate, leading
to fewer pronounced membrane disruption effects over the time
periods of our assays.

■ CONCLUSIONS
In this study, a cell-based metabolomics approach was applied to
investigate the biological impact of PLGA NPs with different
surface functionalities on THP-1-derived macrophages using
LC−MS. The metabolomics method revealed that plain PLGA
NPs and surface-modified ones were well tolerated by the cells
tested; nevertheless, there were several metabolic changes that
are comparable to those caused by some metal oxide NPs and
other nanomaterials. Exposure to plain and Pluronic-coated
PLGA NPs led to alterations in amino acid metabolism, which
could interfere with the urea cycle and induce signs of oxidative
stress. Pluronic-coated and PEG−PLGA NPs also altered some
glycerophospholipids, which are core membrane components,
and such effects could lead to growth arrest and membrane
integrity alterations. PEG−PLGA NPs had the least impact on
the cellular metabolism in terms of metabolite fold changes, and
these data agreed well with prior reports that a persistent and
nondesorbing PEG layer improves the cytocompatibility of
nanoparticulates. Finally, our data highlight the importance of
understanding the potential impact of NPs and their different
coatings on functional properties of macrophages regardless of
their payload. This needs to be considered in the clinical
application of NPs particularly where macrophages are the
therapeutic targets. The changes in metabolic pathways altered
and the potential for induction of oxidative stress may also be of

clinical importance in long-term repeated dosing with
surfactant-coated NPs.
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