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Nanotools for Sepsis Diagnosis and Treatment
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Sepsis is one of the leading causes of death worldwide with high mortality
rates and a pathological complexity hindering early and accurate diagnosis.
Today, laboratory culture tests are the epitome of pathogen recognition in
sepsis. However, their consistency remains an issue of controversy with false
negative results often observed. Clinically used blood markers, C reactive
protein (CRP) and procalcitonin (PCT) are indicators of an acute-phase
response and thus lack specificity, offering limited diagnostic efficacy. In
addition to poor diagnosis, inefficient drug delivery and the increasing
prevalence of antibiotic-resistant microorganisms constitute significant
barriers in antibiotic stewardship and impede effective therapy. These
challenges have prompted the exploration for alternative strategies that
pursue accurate diagnosis and effective treatment. Nanomaterials are
examined for both diagnostic and therapeutic purposes in sepsis. The
nanoparticle (NP)-enabled capture of sepsis causative agents and/or sepsis
biomarkers in biofluids can revolutionize sepsis diagnosis. From the
therapeutic point of view, currently existing nanoscale drug delivery systems
have proven to be excellent allies in targeted therapy, while many other
nanotherapeutic applications are envisioned. Herein, the most relevant
applications of nanomedicine for the diagnosis, prognosis, and treatment of

is among the leading causes of morbidity
and mortality worldwide in intensive care
units (ICU)[*?! with its survival rate for se-
vere forms decreasing by as much as 8% ev-
ery hourl®! before the appropriate antibiotic
therapy is initiated.!*!

Diagnosing sepsis as early as possible is
critically important as delays in administer-
ing appropriate treatment can precipitously
affect outcome. Currently, diagnosis relies
on clinical manifestations and blood tests
for the detection of inflammation response-
related blood biomarkers, such as CRP
and PCT. These clinically available protein
biomarkers however, lack specificity!®! mak-
ing sepsis recognition in its early stages
extremely difficult. Microbiological culture
techniques remain the current gold stan-
dard method to identify causative pathogen
phenotypes. Nonetheless, they can take up
to 72 h and are often associated with a high
false negative rate.

Sepsis is a medical emergency in which

sepsis is reviewed, providing a critical assessment of their potentiality for

clinical translation.

1. Introduction

Sepsis is defined as “life-threatening organ dysfunction caused
by a dysregulated host response to an infection.”!! Today, sepsis

time is a crucial factor. Delays in treat-
ment can lead to multiple organ fail-
ure and death. As such, due to the
high mortality rate associated with delayed
treatment and the lack of specific diagnostic and therapeutic
guidance, clinicians empirically administer broad-spectrum an-
tibiotics as early as possible.[®] The use of broad-spectrum agents
however, may not be as efficacious as therapeutics targeted
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Figure 1. Nano-toolbox for sepsis diagnosis, monitoring, and treatment. Type of nanoparticles used for the management of sepsis and the advantages
coming from their exploitation for disease diagnostic, monitoring, and therapeutic and theranostic purposes.

against specific pathogen phenotypes.””] Another challenge in
the clinical setting is the diagnostic uncertainty in differentiating
septic patients from those suffering from noninfectious systemic
inflammation. The clinical signs and symptoms of sepsis in its
early stages mirror those of noninfectious inflammation and this
leads to antibiotics being administered to patients with sterile in-
flammation or viral infections. The overuse of antibiotics is often
associated with unwanted side effects, such as the proliferation
of antimicrobial resistant organisms and patient toxicity. More-
over, as sepsis treatment is primarily restricted to antibiotics, clin-
icians rely on their therapeutic efficacy. Nevertheless, the acute
alterations in physiology during sepsis can result in poor phar-
macokinetics and unsuccessful drug delivery.[®]

Considering all the pitfalls associated with sepsis, there is an
urgent need to develop rapid, sensitive and pathogen-specific
detection tests, as well as new antimicrobial strategies. Several
promising targets have been proposed as potential means of sep-
sis detection and therapy, but they have been unable to step
from research level to clinical implementation, due to difficul-
ties in modeling the highly variable septic responses in preclin-
ical systems.[°! Sepsis involves the activation of a combination
of different pathological pathways and therefore there are no
adequately representative animal models that can reflect sep-
sis heterogeneity and sufficiently simulate its complexity.’! To
date, there is a limited portfolio of preclinical data showing en-
hanced sensitivities and specificities when compared to clinically
used technologies, and this poses significant challenges in clini-
cal trials.['?)

The emergence of nanotechnology and its incorporation
within medicine have revolutionized the traditional pharmaceu-
tical and medical world.'" The field has already proposed in-
novative technological solutions to improve current diagnostic
and therapeutic management of several pathologies.!'?"16) Strik-
ingly, even though nanotechnology counts only several decades,
more than 200 nanomedicine constructs are under clinical in-
vestigation or clinical use.['’] The employment of nanoparticles
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(NPs) for diagnostic and therapeutic purposes offers great po-
tential, owing to their tunable properties (e.g., size, charge, sur-
face chemistry, shape, and composition) and their capacity for
surface functionalization (with ligands, antibodies, and targeting
molecules), which allows targeted and selective binding. Addi-
tionally, nanoscale drug delivery systems can be engineered to
improve the biodistribution of already existing therapeutics by
improving the efficacy, stability and bioavailability of the drug at
the target site.!!8] All these together, have prompted the research
for “nano” strategies (Figure 1) that could help clinicians in ad-
dressing the main roadblocks associated with sepsis.

This review will highlight the current state-of-the-art on novel
nanotechnology-enabled approaches for the diagnosis, treat-
ment, and monitoring of sepsis and will discuss the future de-
velopment of advanced and clinically applicable nanotheranostic
platforms.

2. Nanodiagnostic Technologies for Sepsis

Rapid, sensitive and specific detection of the infectious pathogen
is crucial for the clinical progression and outcome of a septic pa-
tient. Current molecular techniques employed for microbial in-
fection diagnosis, including enzyme-linked immunosorbent as-
say (ELISA) and polymerase chain reaction (PCR) are thought to
offer high sensitivity and reproducibility. However, they require
experienced personnel, pose a high risk of sample contamination
and lack versatility needed in medical diagnosis.!*"!
Nanotechnology can aid in the development of fast, sensitive,
and accurate methods for sepsis detection.[?*?!] Several NPs have
been investigated to allow the diagnosis of sepsis-related micro-
bial infections, such as magnetic (MNPs), gold (AuNPs), fluores-
cent (silica and quantum dots QDs), and lipid-based NPs.[22-26]
Most of them are primarily used as contrast agents and biosen-
sors to facilitate the detection of either proteins and nucleic acids
associated with sepsis (CRP, PCT, and miRNA), pathogenic DNA
or bacterial cells by amplifying signals. The main techniques
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Table 1. Nanotechnology-based approaches for sepsis diagnosis and monitoring.

Technique

Used nanoparticle

Aim and role Ref.

Colorimetric biosensing (surface-enhanced AuNPs

plasmon resonance effect)

Au nanohole substrates
Silica NPs, QDs
Magnetic NPs, SPIONs
Au-coated MNPs,

Lens-free interferometric microscopy (LIM)
Fluorescence resonance energy transfer (FRET)
Magnetic resonance imaging (MRI)

Surface-enhanced Raman scattering (SERS)

Naked eye detection of pathogens and [25-3235-38,72]

metabolic activity assessment of pathogens

Enhancement of optical signals [39,40]

Fluorescent signal amplification [48-52]

Contrast agents [55-59,61,64.74]

Sepsis biomarkers capturing [62,63]

Magnetic core—polymeric shell biomimetic NPs

Mass spectrometry MS) MNPs, Liposomes

Polymerase chain reaction (PCR) SPIONs, AuNPs, MNPs

Mass spectrum enrichment 165.70]

DNA ampliﬁcation [30-32,34-36,55-57,59,60]

studied for NP-enabled sepsis diagnosis are based on PCR, colori-
metric biosensing, surface-enhanced Raman scattering (SERS),
lens-free interferometric microscopy (LIM), mass spectrometry
(MS), and magnetic resonance imaging (MRI) (Table 1,2 and
Figure 1). Herein, we strictly focus on the “nano”diagnosis of
sepsis and therefore of microbial infections induced by certain
pathogens (e.g., bacteria and fungi) which are frequently encoun-
tered in sepsis, such as Staphylococcus aureus, Klebsiella pneumo-
niae, and Escherichia coli, to name but a few.

2.1. Gold Nanoparticle (AuNP)-Enabled Sepsis Diagnosis

Within the field of nanotechnology, AuNPs are extensively used
and are particularly attractive in diagnostics due to their facile
chemical and tunable optical properties. The remarkable op-
tical performance of AuNPs originates from their unique in-
teraction with light. The collective oscillation of electrons on
AuNPs surface, known as localized surface plasmon resonance
(LSPR), leads to a powerful extinction of light.[?”] The LSPR
phenomenon is highly dependent on the size, shape, surface
chemistry, and aggregation state of AuNPs (Figure 2). For in-
stance, spherical AuNPs with a mean diameter ranging from 20
to 100 nm show a maximum absorbance from 520 to 570 nm, re-
spectively, whereas those with sizes above 100 nm exhibit broader
absorbance peaks.?®] Apart from size, shape also plays a cru-
cial, with gold nanorods and nanostars being particularly attrac-
tive due to their peak absorbance in the infra-red region of the
spectra (Figure 2B,C).[8] Moreover, upon aggregation, AuNPs
show a redshift in maximum absorption that can produce a
color change in the solution in which they are dispersed in (Fig-
ure 2D). The fact that the optical properties of AuNPs can be
easily tuned by changing their physicochemical properties en-
ables their exploitation for diagnostic applications. Furthermore,
their ease of functionalization with targeting probes makes them
ideal biosensors for the detection of infectious agents and other
biomolecules.[*]

In view of the above, AuNP-enabled colorimetric biosensing of
pathogens is among the most attractive applications. Mirkin et al.
introduced a novel sensing strategy to identify DNA sequences
upon the self-assembly of AuNPs.[**] Non-complementary DNA
oligonucleotides were attached to the surface of AuNPs (13 nm in
size). Once a duplex DNA, complementary to the DNA oligonu-
cleotides attached to the AuNPs, was added to the solution, NPs
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self-assembled into aggregates. The interaction of capped-AuNPs
with DNA induced a color change in the solution, which could be
tailored by varying the NPs size and the oligonucleotide sequence
and length.3% This study opened up a new pathway of DNA-NP
hybrid materials with unique and tunable optical properties. In-
spired by the above strategy, Elghanian et al. proposed a colori-
metric method to selectively detect specific polynucleotides us-
ing mercaptoalkyloligonucleotide-functionalized AuNP (13 nm)
probes.3!l Binding of AuNP probes to specific targeted DNA se-
quences resulted in a distinct shift in AuNP SPR peak. Despite
the simplicity of this strategy, the method is restricted by its rel-
atively low limit of detection (LOD: 10 fmol of target DNA). The
above studies catalyzed the emergence of the future generation
NP-based platforms for the fast and sensitive colorimetric detec-
tion of pathogenic DNA in sepsis.

In a subsequent study, Storhoff et al. developed a “spot-and-
read” colorimetric method using DNA-modified AuNPs (50 nm)
to rapidly detect specific mecA gene sequences of methicillin-
resistant S. aureus strains (Figure 3A).32] Authors hypothesized
that the use of bigger AuNPs (50 nm) would result in higher
sensitivities compared to smaller AuNPs (13 nm), which were
used in previous similar studies.[**3! Interestingly, this method
showed higher sensitivity (333 zmol or 2 X 10° target molecules)
compared to previous studies®'*3] and enabled a detectable color
change in the samples solutions within 2 h.[32]

In another study, Mirkin and Hill developed an in vitro lig-
and exchange bio-barcode assay for the detection of nucleic
acid and protein biomarkers within 9-10 h (Figure 3B).>*) Mag-
netic microparticles (MMPs) and oligonucleotide-functionalized
13 nm AuNPs probes, carrying thiolated single-stranded bar-
codes, were mixed and formed a sandwich around the target of
interest. Barcodes were then released from the sandwich struc-
ture and hybridized. The DNA barcodes were detected using
oligonucleotide-conjugated AuNP probes with high sensitivity
for several protein (10718 M) and nucleic acid (10~!° M) targets.
Based on this bio-barcode assay, Nanosphere, Inc. developed
an FDA approved test, the “Verigene,” to detect pathogens. In
Verigene, silver-enhanced AuNPs (13-20 nm) allow the qualita-
tive identification of Gram-positive bacteria and genes associated
with bacterial infection.3® Each NP is functionalized with a de-
fined number of oligonucleotides, specific to a particular protein
of interest. High specificity, amplified signal readouts, stability
and reduced toxicity are the key assets that led this assay to scal-
ability and clinical applicability.
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Size Sensitivity/Limit of
Used nanoparticle [nm] Target molecules Sample Process time Technique Detection (LOD) Ref.
Mercaptoalkyloligonucleotide- 13 DNA Salmonsperm DNA - Colorimetric-based PCR 10 fmol 31
conjugated
AuNPs
DNA-modified AuNPs 50  mecA gene of S. aureus Genomic DNA from 2h Colorimetric-based PCR 333 zmol or 132]
cultured bacterial 2 x 10° molecules
cells
Oligonucleotide-functionalized 13 Proteins and DNA Buffers, human cerebral 9-10 h PCR Proteins: 10713 m DNA: 134]
AuNPs and MMPs spinal fluid and 107" m
serum
Silver-enhanced 13-20 Gram-positive bacteria Blood culture 25h PCR ~10° CFU mL™! 133]
AuNPsVerigene and DNA
Nucleotide-labeled AuNPs and 20 E. coli, K. pneumonia, ~ Cultured bacterial cells 25 min Colorimetric-based 102 CFU mL™! 136]
vancomycin-conjugated P. aeruginosa, and S. integrated microfluidic
magnetic beads aureus device
AuNPs 100  P. mirabilis Human urine 40 min Colorimetric 10 CFU mL™! 137]
AuNPs 45-50 IL-6 IL-6 buffer solution and 17 min Colorimetric-based mobile  Buffer: 0.1 pg mL™" 138]
IL-6 spiked blood biosensor Blood: 12.5 pg mL™"
Au nanohole substrate 200  E. coli Human plasma 40 min Interferometric microscopy 400 CFU mL™! 139]
Au nanohole substrate 200 CRP, IL-6, and Protein- and - Interferometric microscopy CRP: 18 pg mL™! 1401
miRNA-16 miRNA-spiked PBS IL-6: 88 pg mL™!
miRNA-16: 6 yg mL™!
Oligonucleotide-AuNP- 200  S. aureus DNA 100 min Diffusometric sensing 10x 1072 m 141
conjugated PS
nanobeads
Mannose carbon QDs 3 E. coli K12 strain Cell culture and human 1h Fluorescence Cell culture: 450 CFU 148]
urine mL~!
Human urine: 103
CFUmL™in
CdSe-QDs 8  CRPandIL-6 CRP and IL-6 spiked 30 min Fluorescence-based LFA ~ CRP:42.5x 107° mIL-6:  [4]
PBS (10% serum) 021%x 1072 m
Silica NPs 60  E. coliO157:H7 cells Cultured bacterial cells 20 min Fluorescence 1 bacterium/100 pL 150]
sample
Silica NPs 60  E. coli, S. aureus, and S. Cultured bacterial cells 30 min Fluorescence - 51
typhimurium
Silica MNPs and 187 MNase of S. aureus Whole blood 10 min Fluorescence 682 cells mL™! 152]
fluorophore-loaded silica
NPs
SPIONs 800 5 Candida species Whole blood 3-5h PCR 1-3 CFU mL™! [55:56]
MNPs <10  S. aureus Cultured bacteria spiked 1h Microfluidic chip-based ~10 cells/1 pL 1581
media uHall device
MNPs 20 16SrRNAof 13 Cells and whole blood 2h PCR and micronuclear MRl DNA: 0.5x 10"2 mor ~ [5261]
bacterial species 1-2 bacteria/10 mL of
blood
Au-coated MNPs 20 CRP, PCT, and Human serum - SERS-based immunoassay ~CRP: 27 x 10712 MPCT: [62]
STREM-1 proteins 103 x 10°12
MSTREM-1: 78 x 1072
M
Magnetic core—polymeric shell 1000  S. aureus Bacterial cell culture - SERS 10 CFU mL™! 163]
biomimetic NPs
HA-coated DTPA-Gd SPIONs 12 ROS LPS-induced sepsis 20 min MRI 0.2x107% m [64]
mice
(3-Aminopropyl)triethoxysilane <15  PBPs from S. aureus Bacterial cell culture - MALDI-MS 103-10* CFU mL™! 165]
modified MNPs and E. coli
AmBisome Liposomes 100 Unknown protein Human plasma - LC-MS/MS - 170]

biomarkers
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Figure 2. Optical properties of gold nanoparticles (AuNPs). A) Size-dependent optical properties of AuNPs. As the mean diameter of AuNPs decreases
from 150 to 20 nm, the peak absorbance shifts to a lower wavelength, resulting in a brighter color of the AuNPs solution. B) Absorption profiles of two
AuNPs (40 nm size) of different shape corresponding to transverse (%520 nm) and longitudinal (near the infrared region of spectrum) surface plasmon
resonances, showing the shape dependent optical properties of AuNPs. C) Different shapes of AuNPs. D) Aggregation-dependent optical properties of
AuNPs. Aggregation of AuNPs causes peak absorbance shift to a higher wavelength.

A rapid strain-specific detection method was reported by
Wang et al. using vancomycin-conjugated magnetic beads and
nucleotide-labeled AuNPs probes.[**! Conjugated magnetic beads
were used to capture bacteria, whereas labeled AuNPs were de-
signed to sense and detect three different bacterial types (E. coli,
K. pneumoniae, and S. aureus) by hybridization-induced color
change. Bacterial samples were coincubated with magnetic beads
in an integrated microfluidic device to allow capturing. Addition
of strain-specific AuNPs probes led to bacterial DNA hybridiza-
tion, inducing thus color change in the contaminated sample. In-
terestingly, the investigated bacterial strains were detected within
25 min with capturing rates above 90%. Despite the promising re-
sults of this technology, the selectivity of the described microflu-
idic chip in the presence of more pathogens should be further
explored.

More recently, a naked-eye detection method of urease-positive
bacteria using magnetic beads and plasmonic AuNP sensors was
proposed.*’l Following magnetic capturing of bacteria and urea
addition in solution, the pH-dependent assembly of AuNPs in-
duced red- or blue-colored NP suspensions, reflecting the pres-
ence or not, respectively, of urease-positive bacteria. As urease-
negative bacteria did not increase the pH upon urea addition,
the acidic conditions of the solution led to AuNPs clustering
and a blue colored test. Conversely, urease-positive bacteria in-
duced a rise in the pH of the solution due to NH; production
and prevented AuNPs clustering. The developed strategy enabled
the ultrasensitive (10 CFU mL™, colony forming unit mL™")
detection of Proteus mirabilis in human urine samples within
40 min.
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In a later study of the same group, carboxylate-, amine- and
polyvinylpyrrolidone-coated AuNP probes were exploited for the
rapid detection of interleukin-6 (IL-6) using a smartphone-based
colorimetric device.[*®! The developed nanoplatform entailed a
paper-based biosensor coupled with a smartphone app for col-
orimetric signal quantification. AuNP probes were immobilized
onto the filter paper and the generated color was assessed with
the custom designed mobile app. The NP-enabled mobile biosen-
sor enabled the sensitive detection of IL-6 in buffer solution and
IL-6-spiked blood with 0.1 and 12.5 pg mL~! LOD, respectively,
within 17 min.

A novel point-of-care device inspired by lens-free interfero-
metric microscopy (LIM) which encompasses a plasmonic Au
nanohole substrate and custom bioprinted microarrays was pro-
posed by Dey et al.**! Upon the incubation of plasma samples
from healthy donors, noninfectious systemic inflammation con-
trols and sepsis patients onto the Au nanohole substrate, authors
were able to optically detect E. coli with an LOD of 400 CFU mL™.
The LIM device was further developed to separately sense CRP,
IL-6, and miRNA-16 biomarkers in spiked PBS samples.[*)] Spe-
cific antibodies for the targets of interest were immobilized to the
Au nanohole array chips and CRP, IL-6, and miRNA-16 markers
were quantified by the photonic biosensor with LOD of 18, 88,
and 6 pg mL™, respectively.

Novel diffusometric DNA nanosensors, composed of 200 nm
fluorescent polystyrene beads sandwiched with methicillin-
resistant S. aureus and 80 nm AuNPs oligonucleotide probes,
were designed by Wang et al. to capture and amplify respectively
S. aureus DNA.[*!] The sensing mechanism was based on the NP

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Nanodiagnostic technologies for sepsis using gold (AuNPs) and fluorescent nanoparticles. A) AuNP-enabled colorimetric detection of DNA
sequences. B) Bio-barcode assay for specific DNA and protein detection. Reproduced with permission.3l Copyright 2006, Springer Nature. C) S. aureus

biosensing utilizing the fluorescent properties of silica nanoparticles.

size-dependent Brownian motion, by which any changes in NPs
diameter could be reflected on diffusivity and measured. In the
presence of bacterial DNA, the size of PS nanobeads increased,
leading to a decrease in their Brownian motion and thus lower
diffusivity. The diffusometric DNA nanosensor allowed S. aureus
DNA quantification with 10 x 10712 m LOD.

2.2. Fluorescent Nanoparticle-Enabled Sepsis Diagnosis

Fluorescence-based techniques are commonly applied for the de-
tection of pathogen-related molecules in microbial infections.
Owing to their unique fluorescent properties and superior pho-
tostability over conventional fluorophores, fluorescent NPs, such
as QDs and silica NPs, enhance detection sensitivities. [224]
QDs are semiconducting nanocrystals with their size rang-
ing between 2 and 10 nm and determining the color of the
emitted light (Figure 4A). Their size-dependent properties stem
from the quantum confinement effect (Figure 4B), which leads
to the production of various emission wavelengths. This cor-
relation between the size and the energy levels of QDs allows

Adv. Healthcare Mater. 2020, 2001378 2001378 (6 of 25)

their tunable manufacturing for a variety of applications, includ-
ing bioimaging.[**! Furthermore, their unique electrical and opti-
cal properties make them superior to conventional fluorophores.
QDs have been observed to exhibit longer fluorescent lifetimes
than traditional fluorophores,* resulting in improved sensitiv-
ities and signal readouts.I*! Silica NPs can be used in various
biological applications owing to their excellent biocompatibility,
thermal stability and low cytotoxicity. The development of meso-
porous silica NPs in particular, with an intermediate pore size
range between 2 and 50 nm, has catalyzed the evolution of new
diagnostic possibilities. Their increased image contrast, chem-
ical stability, and controllable size with a narrow distribution
and their ability to conjugate with functional moieties within
the pores have proven extremely beneficial for bioimaging and
biosensing.!**’] Herein, we review some examples of QD- and
silica-based sensors for pathogen detection in sepsis.

For instance, mannose-modified fluorescent 3 nm carbon QDs
(Man-CQDs) were synthesized by Weng et al. to label E. coli.[®]
Bacteria were coincubated with Man-CQDs for 1 h and samples
were fluorescently characterized. Selective binding of Man-CQDs
to E. coli resulted in the emission of bright blue fluorescence

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Size-dependent properties of quantum dots (QDs) and SPIONSs. A) Size-dependent optical properties of QDs. As the mean diameter of QDs
decreases from 10 to 2 nm, emission maxima shift to smaller peak wavelengths (from 655 to 443 nm), resulting in a color change of the emitted light
from red to blue. Reproduced with permission.[*] Copyright 2015, American Chemical Society. B) Splitting of energy levels in quantum dots due to the
quantum confinement effect. Bandgap increases with decrease in size of the nanocrystal. Depending on the size of NPs, the bandgap, which is between
the highest valence band and the lowest conduction band, fluctuates leading to color shifts from blue to red in the emitted light. Smaller QDs emit blue
light, whereas bigger ones red. C) Size-dependent magnetic properties of SPIONs. The electrons of SPIONs with a mean diameter lower than 20 nm
spin in the same direction, while SPIONSs with a higher diameter have multiple domains of electrons which spin in opposite directions. Reproduced with

permission.’" Copyright 2010, Massachusetts Medical Society.

indicating the presence of the pathogen with a LOD of roughly
450 CFU mL™!. The selectivity of this nanoplatform toward E. coli
was attributed to the specific interaction of mannose units with
the FimH lectin of E. coli. Subsequently, human urine samples
spiked with E. coli were incubated with Man-CQDs. The photo-
stability of the fabricated formulation and the unique fluorescent
properties of QDs enabled the successful labeling and detection
of E. coli in all samples with a minimum detectable concentra-
tion of ~#10° CFU mL~!. Even though, the proposed method is
promising, further optimization is required in order to achieve
higher sensitivities and detect pathogens in much lower concen-
trations.

Recently, green and red emitting QDs (CdSe-QDs) were em-
ployed to allow the simultaneous labeling and quantification of
CRP and IL-6 biomarkers by a point-of-care lateral flow assay
(LFA).*1 A customized software tool, the MultiFlow-Shiny app,
was used to process and analyze the LFA experimental data.
By a single UV-light source, both CRP and IL-6 were quanti-
fied with 42.5 x 107 and 0.21 x 1072 M detection limits, re-
spectively, values which are within the clinical range observed in
sepsis.

Using antibody-bioconjugated silica NPs (60 nm) encapsu-
lated with fluorescent dye molecules, Zhao et al. successfully de-
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tected single bacterial cells within 20 min.*®) Thousands of dye
molecules were encapsulated in each silica NP and significantly
contributed in signal amplification, enabling ultrasensitive quan-
titation of pathogenic targets. This method was subsequently em-
ployed to simultaneously detect multiple bacterial species (E. coli,
S. aureus, and S. typhimurium).!l Multicolored silica NPs were
conjugated to monoclonal targeted antibodies specific to these
pathogens and facilitated multiple bacteria detection.

Similarly, a fast and sensitive assay for S. aureus detection
was developed by Borsa et al. using aptamer-functionalized sil-
ica MNPs (187 nm) and fluorophore-loaded biosensors made
from silica NPs, called “Nanokeepers,” specific to micrococcal
nuclease (MNase) (Figure 3C).’2) MNase is the most prevalent
biomarker for S. aureus, as it is naturally secreted from bacterial
cells. Blood samples spiked with 102 CFU mL~! S. aureus were in-
cubated with functionalized silica MNPs to capture bacterial cells
by magnetic pulldown. Approximately 61% of bacterial cells were
successfully captured from whole blood. Subsequent heating led
to MNase release into the solution, in which Nanokeepers were
added. Nanokeepers significantly enhanced the fluorescence sig-
nal and enabled the sensitive detection of S. aureus in the sam-
ples. Interestingly, the fluorescence signal was amplified as the
number of S. aureus cells was increasing (>10° cells mL™!), while
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Figure 5. Nanodiagnostic technologies for sepsis using magnetic nanoparticles (MNPs).
form.Reproduced with permission.[>>] Copyright 2013, American Association for the Advancement of Science (AAAS).

A) Schematic representation of T2MR diagnostic plat-
B) Nanomagneto-DNA assay for

the detection of bacterial 16S rRNA. Reproduced with permission.[>° Copyright 2013, Springer Nature. C) SERS substrates to anchor antibody-decorated

gold-coated MNPs for sepsis diagnosis.

the LOD was calculated at 682 cells mL~!, which is promising and
requires further investigation.

2.3. Magnetic Nanoparticle (MNP)-Enabled Sepsis Diagnosis

A variety of innovative applications has been emerged utilizing
MNPs. MNPs are far more susceptible to external magnetic fields
than bulk materials and this stems from the higher number of
electrons that spin in the same direction. Additionally, magnetic
field strength is size-dependent.['!] For instance, iron oxide NPs
smaller than 20 nm, known as superparamagnetic iron oxide
NPs (SPIONS), have a single domain of electrons that spin in the
same direction, while iron oxide particles with diameter greater
than 20 nm have multiple domains of electrons that spin in op-
posite directions (Figure 4C). Therefore, SPIONs offer higher
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magnetic liability to external magnetic field than other param-
agnetic materials.""] Another asset of SPIONs is demagnetiza-
tion once the external magnetic field is removed, which is very
important for biomedical applications. Several MNPs, especially
SPIONS, have been FDA approved and are currently used as con-
trast agents for MRI,[53>* and this makes them very attractive to
assist in sepsis diagnosis.

In this context, Neely et al. developed a T2ZMR (T2 magnetic
resonance) diagnostic platform using oligonucleotide probes for
Candidemia decorated with SPIONs (800 nm).>>] The SPION-
based biosensor enabled the ultrahigh sensitive (~1-3 CFU
mL™!) detection of five clinically common Candida species in
whole blood within 3 h. SPIONs were covalently conjugated
with oligonucleotides to generate two populations of probes,
each of them carrying a target-complementary probe (Figure 5A).
Blood spiked with Candida and unknown clinical samples were
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incubated with SPIONs. Hybridization of DNA targets led to the
formation of SPION clusters with the clustering degree reflect-
ing the DNA concentration. The amplified Candida DNA was
then measured by PCR generating T2MR signals. Strikingly, the
T2MR biosensor formed the basis for the design of an automated
instrument platform. “T2Candida panel,” as the pathogen detec-
tion nanoplatform was later called, has been FDA approved, facil-
itating direct and rapid analysis of whole blood specimens for the
identification of five Candida species without any requirement for
blood culture. Results from the first extensive multicenter clini-
cal trials of T2Candida panel demonstrated an overall specificity
and sensitivity per patient of 98.1% and 91.0%, respectively, with
an average time to species identification of 3 to 5 h.[5¢>7]

Simplicity, low-cost, single-cell detection accuracy, minimum
sample processing and fast assay time are crucial features for
a powerful diagnostic tool with clinical potential. In respect of
this, Issadore et al. developed a portable microfluidic chip-based
micro-Hall (gHall) platform for robust and high-throughput (10
CFU/min) bacterial detection.[*®! Targeted bacteria were labeled
by MNPs and were rapidly detected by the miniaturized pHall
device.

In another study, Chung et al. described the design of 20
nm nanomagneto-DNA probes to rapidly and sensitively pro-
file various pathogens in clinical samples by targeting the bac-
terial 16S ribosomal RNA region (Figure 5B).5%] Although this
rRNA region is consistent between all bacteria, it is characterized
by species-associated variabilities in distinct areas of the genetic
sequence and can therefore allow distinction between bacterial
types.[®] Combination of the oligonucleotide-MNP probes with
a miniaturized micronuclear magnetic resonance system for sig-
nal readout!®!! enabled the accurate detection and phenotype of a
large pool of 13 different bacterial species within 2 h with a 0.5 x
10712 M LOD.P*!

A surface-enhanced Raman scattering (SERS)-based assay was
developed by Nguyen et al. to monitor a triplex panel of sep-
sis protein biomarkers: CRP, PCT, and sSTREM-1 (Figure 5C).[%%]
Mesoporous silica templates were synthesized with magnetic im-
mune colloids to anchor 20 nm antibody-decorated Au-coated
MNPs. Fabrication of these SERS substrates enhanced Raman
signal and catalyzed the detection of CRP, PCT, and sTREM-1
biomarkers in human serum samples with LOD values being
relatively low at 27, 103, and 78 x 1072 m for CRP, PCT, and
STREM-1, respectively.

Another interesting SERS-based strategy proposed the use of
biomimetic octopus-like NPs with a magnetic core and a deco-
rated with aptamers polymeric multiarm shell to specifically cap-
ture and detect S. aureus among a pool of four pathogens.[®*! The
polymeric arms and the multivalent ligands worked synergisti-
cally, imitating the suction cups of an octopus, to enhance bacte-
rial attachment and capture with high sensitivity (10 CFU mL™1).

During sepsis, the stimulation of host immunity triggers the
excessive production of reactive oxygen species (ROS) in the
blood circulation and affected organs, and thus ROS have been
alternatively considered as sepsis biomarkers. On the grounds
of this, the clinically approved gadolinium-diethylenetriamine
penta-acetic acid (Gd-DTPA) with an hyaluronic acid (HA)-
decorated iron oxide core (SPIONs) was recently employed as
a contrast agent to probe ROS by MRI in an lipopolysaccharide
(LPS)-induced sepsis mouse model.l®* The unlimited tissue pen-
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etration depth of SPION nanoprobes accompanied with the HA-
triggered ROS degradation mechanism and the subsequent re-
lease of Gd-DTPA enabled ultrasensitive (0.2 x 107° M) ROS
imaging in vivo.

MNPs can also be used as affinity probes to selectively trap in-
fectious agents and enrich their low concentration levels from
a complex biological matrix. These nanoscale probes can en-
hance the sensitivity of proteomic techniques by eliminating
the obstructive signal interference from other biomolecules.[?¢!
Recently, Hasan et al. employed MNPs (<15 nm) modified
with 3-aminopropyltriethoxysilane to allow interaction with g-
lactam antibiotic amoxicillin and effectively detect S. aureus and
E. coli by matrix-assisted laser desorption-ionization (MALDI-
MS).l%] Penicillin binding proteins (PBPs) naturally contained
in bacteria were bound to amoxicillin functionalized MNPs.
Subsequently, MALDI-MS was performed to comprehensively
analyze the attached PBPs onto the surface of MNPs. Both
bacterial MALDI mass spectra were considerably enriched with
PBPs, owing to the high affinity of amoxicillin engineered MNPs
for p-lactam. Noteworthy, the lowest detectable concentrations
for both S. aureus and E. coli were ranging between 10° and
10* CFU mL~.[%]

2.4. Liposome-Enabled Sepsis Diagnosis

Apart from boosting the signals of diagnostic assays targeting
specific and already known biomolecules, NPs can be also used
for the benefit of novel biomarkers discovery (Figure 6A). Par-
ticularly interesting is the recently suggested concept of exploit-
ing the NP-protein corona, a layer of proteins adsorbed onto NPs
surface once in contact with biofluids, to harvest disease-specific,
previously unknown biomarker proteins by high throughput
label-free MS. Triggered by the initial notion of the “personal-
ized protein corona”,[®! the use of the NP—protein corona finger-
printing to differentiate between healthy and nonhealthy samples
inspired a series of investigations.[72lIn one of these studies,
polyethylene glycol functionalized liposomes were injected into
the blood circulation of tumor-bearing mice and subsequently
recovered to characterize the in vivo formed protein corona by
liquid chromatography-MS (LC-MS/MS). Authors demonstrated
that the liposomes enabled the capture and amplification of low
molecular weight and low abundant proteins from the blood cir-
culation of tumor-bearing mice, which could not be detected by
conventional proteomics.

In the context of sepsis, Papafilippou et al. proposed the
use of liposomes as blood sepsis-specific protein scavengers
(Figure 6B).""] Commercially available amphotericin B-
containing liposomes (AmBisome, 100 nm) were incubated
with plasma samples obtained from sepsis and noninfectious
acute systemic inflammation patients, and the resultant protein
coronas were thoroughly compared by LC-MS/MS. The pro-
teomic comparison of liposome-corona fingerprints revealed
67 differentially expressed proteins between sepsis and nonin-
fectious acute systemic inflammation, with 9 out of these 67
being previously associated with bacterial infection pathways.
This work provided evidence that NP-enabled MS analysis can
uncover panels of novel protein biomarkers for sepsis which
would otherwise be undetectable.
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Figure 6. Nanodiagnostic technologies for sepsis using liposomes. A) NP-assisted technologies to aid the biomarker development pipeline in sepsis.
The targeted approach of NP-based immunoassays for the detection of biomarkers A. and the untargeted approach of the NP-biomolecule corona for
the discovery of biomarkers B. B) Schematic representation of the liposome—protein corona workflow for sepsis biomarkers enrichment.

3. Nanomonitoring for Sepsis Progression

Antimicrobial susceptibility assessment is crucial for the man-
agement of sepsis. The development of multidrug resistance
(MDR) mechanisms by bacteria hinders antibiotic stewardship
decision. Assays able to assess microbial sustainability antibiotic
and efficacy can guide clinicians with treatment decision mak-
ing and optimization of the antibiotic concentration, dose and
administration frequency.”?! In view of the above, several nano-
based technologies that can determine the antimicrobial suscep-
tibility in real time have been developed. Here, we present some
of the most relevant for sepsis.

Nath et al. reported an antimicrobial susceptibility assay using
dextran-coated AuNPs (25 nm) that formed nanoclusters in the
presence of concanavalin A (Con A), a protein with high affin-
ity to carbohydrates in bacterial suspension (Figure 7A).”* In or-
der to assess the bacterial metabolic activity, the surface plasmon
bands of AuNPs were profiled following their incubation with E.
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coli (10° CFU mL™!). Upon bacterial growth, carbohydrates were
rapidly consumed and their amount in the medium decreased.
Consequently, AuNPs formed small gold nanoclusters with lower
plasmon resonances. Under bacterial growth inhibition, the pres-
ence of free carbohydrates, and thus Con A, induced the large
self-assembly of AuNPs, resulting in a significant redshift of the
NPs surface plasmon band. This nanoplatform enabled the sen-
sitive assessment of bacterial proliferation within 3 h. However,
as microorganisms in most of sepsis cases are present in the
blood of infected patients, testing bacterial susceptibility in blood-
or urine-containing media rather than bacterial media would be
more representative of the real-life conditions system.

This idea was further investigated by Kaittanis et al.”>! who
evaluated the bacterial metabolic activity and antimicrobial sus-
ceptibility in blood even at low populations (102-10* CFU mL™!)
via water relaxation using either dextran- or Con A-conjugated
SPION-based nanosensors (Figure 7B). At low bacterial growth
and minimal metabolic activity, polysaccharides availability
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Figure 7. Nanomonitoring technologies for sepsis. A) Antimicrobial susceptibility assay using dextran-coated AuNPs. In the presence of bacterial car-
bohydrate uptake i), the amount of free carbohydrates decreases, resulting in a decrease in the size of the gold nanoclusters, which corresponds to lower
plasmon resonances. Under bacterial growth inhibition ii) or in sterile conditions iii), addition of Con A results in the formation of large nanoclusters
and larger shifts in the surface plasmon band, owing to the presence of carbohydrates which have not been uptaken. Reproduced with permission.[74]
Copyright 2008, American Chemical Society. B) Bacterial metabolic activity assessment using SPION nanosensors and NMR-based measurement of
spin—spin relaxation time of the solution’s water protons. Reproduced with permission.[’>] Copyright 2008, PLoS ONE.

induced the formation of large nanoclusters leading to con-
siderable change in spin—spin relaxation time of the solution’s
water protons. The consumption rate of nutrients was mea-
sured within 2.5 h and 5 min by dextran- and CoA-coated SPI-
ONgs, respectively.[””! This NMR-based approach enabled rapid
profiling of bacterial responses and eliminated the issue of
strong media absorbance which is often observed in optical-based
assays.

Evaluating immune system responses could also enable sep-
sis progression monitoring. Using the FDA-approved SPION-
based contrast agents “Feridex,” Wong et al. monitored the im-
mune system activity in vitro and in vivo and particularly Kupf-
fer cells.”®l Once Kupffer cells sense an ongoing infection, they
rapidly multiply. Meanwhile, the dominant mechanism by which
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Feridex is cleared from the body is phagocytosis by Kupffer
cells.”7] Tt was thus hypothesized that high Feridex uptake ac-
tivity would reflect high levels of Kupffer cells, indicating an alert
immune system due to potential infection.[”®) Mapping of Feridex
NPs uptake by MRI in E. coli derived LPS-induced murine mono-
cytes and sepsis mouse models revealed the approximate amount
of released Kupffer cells. LPS-treated cells displayed a higher NP
uptake than non-LPS cells. Moreover, higher levels of iron in-
ternalization in the LPS-treated monocytes compared to the un-
treated indicated an accelerated phagocytic activity. Although sig-
nificant differences were observed in Feridex uptake in vitro, no
differences were shown in vivo. However, this was a pilot study
and further work is required to explore the role of Kupffer cells
in sepsis.
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4. Nanotreatment Technologies for Sepsis

Once sepsis is diagnosed, antibiotic therapy needs to be immedi-
ately initiated. However, sepsis treatment is extremely challeng-
ing, due to diagnostic doubts about the causative microbe.!*>]
Considering the lengthy process of laboratory cultures, clinicians
often prescribe a combination of antibiotics before the detection
of the infection-causing organisms, which catalyzes the massive
healthcare issue of MDR strains. Even when the right antibiotic
treatment is initiated, successful drug delivery is not always guar-
anteed, due to the poor pharmacokinetic properties of the admin-
istered agents.[®!

During sepsis, several pathophysiological changes occur
which may alter drug pharmacokinetics. These can involve aug-
mented renal clearance, leaky capillaries, impaired tissue pen-
etration and renal clearance, hepatic dysfunction, changes in
the volume of distribution (Vd), fluid shifts, drug absorption,
drug metabolism and alterations in protein binding.[”#8! The
release of pathogenic toxins in sepsis causes endothelial dam-
age, increases capillary leakage, microvascular failure and com-
promises tissue perfusion, which in turn greatly affects drug
distribution. The Vd of hydrophilic antimicrobials thus rises, re-
sulting in lower plasma and tissue antimicrobial concentrations.

Drug-induced toxicity is another issue that hampers antibiotics
use.["”] The low plasma levels of albumin in sepsis result in in-
creased unbound fraction of drug which may potentially cause
adverse side effects and toxicity.®%! Furthermore, elevated risks of
toxicity can be generated by decreased clearance and metabolism
of drugs, due to renal failure and hepatic dysfunction, implica-
tions which are both often encountered in sepsis.”! Finally, poor
blood perfusion to the peripheries and the disrupted microcir-
culation within organs during sepsis adversely compromises the
systemic absorption of antibiotics.l””) Consequently, antibiotics
cannot always adequately treat sepsis disease and additional ther-
apeutic agents are needed to either amplify antimicrobial activi-
ties or suppress any hyperactivity of the immune system.!8]

Nanoscale drug delivery platforms have proven to enhance
the blood circulation time of antimicrobial agents, overcome
the predominant issue of underdosing and minimize the aris-
ing adverse side effects.['78283] Additionally, alternative antisep-
sis “nano”therapeutic strategies have been explored using NPs
to enable a) lipopolysaccharide (LPS) neutralization, b) blood pu-
rification from inflammatory mediators, pathogens, and endotox-
ins, c) Toll-like receptors inhibition (TLR), and d) immune system
modulation (immunomodulatory NPs). In the following section,
we present the recent advancements of nanomedicine to combat
sepsis disease.

4.1. Drug Delivery Nanoplatforms in Sepsis

The employment of NPs to encapsulate antimicrobial agents has
contributed in addressing the issues of poor pharmacokinetics
and toxicity. NPs can be engineered to exhibit improved solubility,
biocompatibility, and pharmacokinetic profiles, while their func-
tionalization with biological moieties enables stimulated activa-
tion for targeted antibiotic delivery. Moreover, nanocarriers facil-
itate prolonged systemic circulation and drug half-life, as well as
sustained drug release, enhancing thus therapeutic efficacy and
minimizing systemic toxicity.[#+35]
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The FDA-approved NP-based AmBisome, Abelcet, and Am-
photec, which are different liposomal formulations of the same
antifungal agent amphotericin B, are some examples of commer-
cially available drug delivery nanosystems (Table 3). The clin-
ical use of conventional amphotericin B has been previously
restricted due to its substantial toxicity at a dose-dependent
manner.®®] Its incorporation into a lipid bilayer has fueled the
development of a novel antifungal drug which is safely adminis-
tered to patients suffering from fungal infections. Amphotericin
B is preferentially retained within the lipid bilayer until the mo-
ment of exposure to the fungus inducing thus minimum toxic-
ity to the body.l¥”] Apart from liposomes, other nanoplatforms,
such as the PEGylated form of filgrastim (Neulasta), metal NPs,
lipid nanocrystals, and virosome-based vaccines, have also been
developed for sepsis and bacterial infections treatment and are
currently used in the clinic (Table 3).

Moreover, there is a class of NPs, metal and metal oxide NPs,
such as silver (AgNPs), zinc oxide (ZnO), copper oxide (CuO),
titanium oxide (TiO,), and aluminum oxide (Al,O;) that possess
inherit antimicrobial properties.®*] AgNPs in particular, often re-
ferred to as “Nanoantibiotics,”[®] serve as antibacterial agents
against a plethora of Gram-negative and positive bacteria, as
well as drug resistant pathogens. The mechanisms behind Ag-
NPs bactericidal activity still remain unclear. A characteristic
ROS stimulating process and interactions between Ag molecules
and the bacterial cell membrane, DNA and proteins have been
suggested as possible mechanisms.!?! Similar to AgNPs, the an-
timicrobial properties of ZnO, CuO, TiO,, and Al,O, NPs de-
rive from a photocatalytic production of ROS and involve the dis-
ruption of the bacterial membrane integrity, the obstruction of
energy transduction and transport processes, as well as the at-
tenuation of respiratory enzyme activity and DNA synthesis.[2¢]
Despite that metal and metal oxide NPs antimicrobial behav-
ior is quite promising for sepsis treatment, research at the
moment is focused on using them to combat other infectious
diseases and not sepsis. This is out of the scope of this review;
nevertheless, it is worth mentioning that such NP-based systems
could yield positive therapeutic outcomes in sepsis upon further
investigation.

NP-based antimicrobial delivery has also demonstrated to be
able to overcome the predominant issues of biofilms and in-
tracellular microbes. Biofilm-forming bacteria are characterized
by a rigid structure which obstructs the entrance of antimicro-
bial agents.[®¥) The encapsulation of antibiotics with lipid- and
polymer-based NPs for instance has shown to act as a protec-
tive shield from enzymes and to improve antimicrobial effi-
cacies against biofilm-forming bacteria.l®”! Simultaneously, the
small size of such NPs allows their entrance into host cells,
facilitating drug transport and subsequent drug release at the
desired spot.”*! Poly(vinyl alcohol) (PVA)-coated poly(lactide-
co-glycolide) (PLGA) NPs containing the antimicrobial peptide
esculentin-la were explored by Casciaro et al. to treat Pseu-
domonas aeruginosa lung infection.®! Their neutral hydrophilic
surface favored their permeability through pulmonary mucus
and intrapulmonary bacterial biofilm. The administration of
esculentin-la-loaded PVA-PLGA NPs to P. aeruginosa-infected
mice decreased the pulmonary bacterial burden by 3 logs within
36 h compared to PBS-treated controls and resulted in a 17-fold
stronger antimicrobial activity compared to free esculentin-1a.!!
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Table 3. Commercially available nanotechnology-based products for sepsis diagnosis and treatment.

Purpose Name Company Nanocomposition Application Clinical stage Ref.
Diagnosis  Verigene test Nanosphere Inc. Oligonucleotide-conjugated Bacterial infection Commercially available 135]
AuNPs
T2 Candida T2 Biosystems Oligonucleotide-conjugated Blood detection for Clinical trial [55,56]
SPIONs Candidemia
AbioSCOPE Abionic SA Nanofluidic technology Sepsis diagnostic Clinically validated and ~ [173.188-190]
CE marked
IVD Capsule PSP Abionic SA Nanofluidic biosensors Quantifies PSP Clinically validated and ~ [173.174.188]
concentration CE marked
Treatment  Abelcet Enzon Pharmaceutical Liposomal amphotericin B Fungal infection Commercially available 23]
(Sigma-Tau Pharmaceuticals)
AmBisome Gilead Sciences Liposomal amphotericin B Fungal infection Commercially available 187,139]
Amphotec Sequus Pharmaceuticals Liposomal amphotericin B Fungal infection Commercially available 23]
Fungisome Lifecare Innovations Liposomal amphotericin B Fungal infection Commercially available 126]
Neulasta Amgen Inc. Filgrastim-bound polymeric NPs  Fibrile neutropenia Commercially available 117,191
LogiCath AgTive Smiths Medical International Nanosilver Antimicrobial coating Commercially available 192]
device
PerOssal Aap Impantate Calcium sulfate and Antibiotic delivery Commercially available 193]
nanoparticulate hydroxyapatite
Composite
Spi-Argent Spire Biomedical Corporation Nanosilver Antimicrobial coating Commercially available [194-196]
device
TAK-242 Takeda Global Research & Resatorvid emulsion Sepsis Commercially available [197-199]
Development Center, Inc.
PEV7 Pevion Biotech Ltd r-SAP2 virosomal vaccine Recurrent vulvovaginal ~ Commercially available [200.201)
candidiasis
Cytosorb CytoSorbents Corporation Polymeric nanobeads Hemoadsorption Commercially available ~ [173:177-180]
device for septic
shock
MAT2501 Matinas Biopharm Amikacin-loaded lipid Bacterial infection Commercially available 1202]

nanocrystals

In another study by Saude et al. an antimicrobial peptide, cla-
vanin, was encapsulated in methacrylate polymeric nanocarriers
between 120 and 372 nm to improve antibiotic and immunomod-
ulatory effects in bacterial sepsis.l®?l In order to assess the in vitro
antimicrobial activity of clavanin nanoplatform, Gram-positive
(S. aureus) and negative (E. coli, K. pneumoniae, and P. aeruginosa)
colonies were incubated with free and NP-encapsulated clavanin.
The in vivo antibacterial activity was investigated by injecting free
and NP-encapsulated clavanin to two groups of mice with differ-
ent sepsis severity levels. In vitro assays showed 91% inhibition
of S. aureus development, but low bactericidal activity against the
rest of bacteria. In septicemic mice, 100% and 40% survival rates
were observed in sublethal (40-60% mortality) and lethal (90—
100% mortality) groups, respectively. Even though clavanin na-
noencapsulation enhanced antibiotic properties, the study is lim-
ited by the fact that animals were pretreated with the nanocarrier
and were infected 15 min post-treatment.

Another popular strategy to improve the pharmacokinetics of
antibiotics is to engineer targeted NP-based drug delivery sys-
tems. Surface modification of NPs with molecules that selectively
bind to specific receptors onto bacterial walls can enhance the ac-
cumulation of a higher dose of antibiotic at the desired spot and
minimize toxicity.2®! Chono et al. encapsulated ciprofloxacin in
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engineered mannosylated liposomes for the treatment of respi-
ratory bacterial infection.[®*] The developed nanoplatform exhib-
ited increased selectivity to alveolar macrophages (MACs) after
pulmonary administration in rats. Further pharmacokinetic and
pharmacodynamic analysis revealed efficient antibacterial effects
even at lower antibiotic doses than those used in the clinic.

In another study, Fan et al. designed S-thanatin (Ts)-
functionalized levofloxacin (LEV)-encapsulated liposomes (LPs)
to target and eliminate clinical MDR isolates of K. pneumoniae in
vitro and in vivo (Figure 8A).°* Ts is a novel antimicrobial pep-
tide that exhibits selective antimicrobial activity independent of
current drug resistance and has a binding affinity to LPS.[%>%
LPs are known to serve as carriers for antibiotics in order to im-
prove pharmacokinetics.!””! Free antimicrobial LEV, LPs-LEV,
and Ts-LPs-LEV platforms were incubated with bacteria for 16—
24 h. The application of LPs as drug carriers greatly improved the
accumulation of LEV at the desired spot. Simultaneously, Ts en-
hanced targeting capacity and perturbed the lipid membrane bi-
layers of bacteria, which consequently catalyzed membrane per-
meability of LPs-LEV and strong antibacterial activity. In a septic
shock mouse model, Ts incorporation resulted in superior bacte-
rial clearance in blood to free LEV and LPs-LEV and in increased
survival rate with 93.3% of treated animals surviving at 72 h.[4
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Figure 8. Nanotreatment technologies for sepsis. A) Levofloxacin encapsulation in S-thanatin functionalized liposomes to target K. pneumoniae. B)
Principle of magnetic separation-based blood purification from endotoxins and pathogens. C) Extracorporeal blood cleansing device for sepsis treatment.
Generic opsonin FcMBL is coated onto magnetic nanobeads to produce magnetic opsonins, which function as magnets. D) Representative flow chart
of TLRs activation. Upon invasion of pathogens to the host body, TLRs activation is triggered from damaged cells and tissues (PAMPs and DAMPs).
During sepsis, the dysregulated host response leads to dysregulated TLRs activation and thus excessive release of pro- and antiinflammatory cytokines.
E) TLR4 signaling inhibition utilizing peptide AuNP hybrids.
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Yunus Basha et al. conjugated cyclodextrin-complexed ri-
fampicin and LEV to curdlan-based NPs to accomplish elim-
ination of Mycobacterium smegmatis macrophages (MACs).1%
Curdlan s alinear glucan, known for its immunomodulatory and
antimicrobial properties and it is recognized by dectin-1 receptor
expression in MACs.[1 [t was revealed that the dual nanocarrier
was efficiently internalized by MACs with 1.8-fold higher rates
than that of fibroblasts and enabled the eradication of more than
90% of intramacrophage bacteria within 4 h.!%] However, no sig-
nificant difference was observed in the intracellular antibacterial
activity between the nanocarrier and free drugs at 24 h, asat 24 h
only 55% and 75% of rifampicin and LEV was released, respec-
tively, rendering future optimizations essential.

Besides the use of targeting moieties, other strategies have
been proposed to accomplish efficient antimicrobial delivery.
Infectious microenvironments (IMEs) are known for their low
pH, enzyme overexpression and bacterial toxins.['°?] The en-
countered acidic environment at IMEs, mainly induced by the
metabolic processes of bacteria, contributes in the loss of an-
tibiotic activity.'®*! The development of pH-sensitive or/and
enzyme-responsive NPs that can act as shields at physiological
conditions (pH = 7.4), but fuse within bacterial cells and release
the antibiotic at low pH or/and the presence of specific enzymes
has opened up a multitude of drug delivery possibilities.!?¢]

For example, Radovic-Moreno et al. fabricated vancomycin-
encapsulated pH-responsive and surface charge-switching
poly(p,t-lactic-co-glycolic acid)-b-poly(r-histidine)-b-poly(ethylene
glycol) (PLGA-PLH-PEG) NPs to treat bacterial infections.!'®!
Under acidic conditions, due to the positive surface charge of
the poly(t-histidine) component, the PLGA-PLH-PEG nanocar-
rier yielded overall positive ¢-potentials, facilitating strong
electrostatic-mediated binding to the bacterial wall of S. aureus
and E. coli. Interestingly, the incorporation of vancomycin within
the polymeric nanoplatform resulted in a higher minimum
inhibitory concentration than that of the free drug and in sig-
nificantly enhanced activity at pH = 6 compared with the free
vancomycin.[1%]

More recently, Zhang et al. synthesized polymeric micelles
coated with intercellular adhesion molecule-1 (ICAM-1) an-
tibodies to codeliver ciprofloxacin and an anti-inflammatory
agent (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-
thiophenecarboxamide) to the IMEs of peritonitis-induced
sepsis mice.'% Due to the ICAM-1 coating, the developed
nanoplatform successfully targeted the inflamed endothelium
and bound to bacteria in vitro. Simultaneously, the low pH and
the bacterial enzymes present in the IME triggered efficient drug
release from the pH sensitive and enzyme responsive polymeric
NPs at the infection site. Strikingly, 90% of mice survived at 50 h
following treatment with the bioresponsive nanoplatform, while
bacterial burden in blood, leukocyte numbers and cytokines
levels (INF-a, IL-6, and IL-1p) significantly reduced compared
to the controls and free drug.[1*

Apart from taking advantage of the acidic environment of the
infectious site, the secretion of specific biomolecules, such as bac-
terial toxins and enzymes can be also exploited for efficient antibi-
otic delivery. Pornpattananangkul et al. developed vancomycin-
encapsulated liposomes, coated with chitosan-modified AuNPs,
which allowed the smart release of drug at the infectious spot
once they encountered bacterial toxins.!'%! The functionalization
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of liposomes with chitosan-coated AuNPs protected them against
uncontrollable fusion with one another or with bacterial mem-
branes, preventing thus antibiotic leakage. This smart coating en-
abled only the access of pore-forming proteins, such as bacterial
toxins, to the liposomes for controlled drug release. Once lipo-
somes were incubated with S. aureus-secreted toxins, antibiotic
leakage through the created by toxins pores was triggered with
100% of the encapsulated drug being released, inhibiting thus
bacterial growth within 24 h.[1%]

On a similar note, a lipase-sensitive vancomycin-encapsulated
polymeric triple-layered nanogel was designed by Xiong et al.
to achieve efficient and selective drug release to the infectious
spot and kill S. aureus bacteria.['%! The rapid drug release mech-
anism of the nanogel was based on the poly(e-caprolactone)
interlayer between the cross-linked polyphosphoester and the
PEG shell, which degraded once in contact with bacterial li-
pases. The developed nanoplatform delivered the drug efficiently
into bacteria-infected cells and led to significantly higher bacte-
rial growth inhibition intracellularly than free vancomycin.['%!
This lipase-sensitive polymeric nanogel was further optimized
with mannose to selectively target MACs and facilitate antibiotics
accumulation at bacterial infection sites through macrophage-
mediated transport.['”] Strikingly, in vivo injection of manno-
sylated nanogels in bacteria-infected zebrafish embryos signif-
icantly enhanced the therapeutic efficacy of vancomycin and
resulted in higher survival rates than the free drug.

4.2. NP-Enabled Alternative Methods to Combat Sepsis

As the identification of the infection source is not always
feasible, alternative approaches, such as neutralization of
pathogen-released molecules and blood clearance from cy-
tokines, pathogens, and their endotoxins, NP-enabled cell ther-
apies have been explored for sepsis therapy.!1%8-115]

NP-enabled LPS neutralization is one of the first alterative
techniques investigated to aid in sepsis treatment. LPS is an
endotoxin of Gram-negative bacteria, anchored onto their outer
membrane. Continuous exposure to LPS induces a deregulation
of inflammatory cytokines in the bloodstream, known to trig-
ger sepsis.['1! Inhibition of LPS is a promising strategy for sep-
sis therapy and astonishingly, several nanostructures have been
studied to serve this. For instance, Mishra developed polymeric
capped nanostructures loaded with antimicrobial ciprofloxacin to
specifically target LPS in vivo.['%! Cytokines production (TNF-
a and NO) was significantly reduced upon administration of 4
pg mL™! ciprofloxacin nanocarriers in LPS-induced septic ani-
mals, suggesting that LPS was effectively targeted and inhibited.
However, reduction of the administered dose led to insignificant
changes in cytokines release, indicating the need for further op-
timization.

In another study, Mas-Moruno et al. developed acyl nanostruc-
tural peptides to neutralize LPS activity.l'®! Peptides with longer
acyl chains (C,;) showed greater LPS-neutralizing activity and
lower cytotoxicity than the original acetylated peptides. Struc-
tural analysis by TEM revealed that N-acylation with long chains
promoted the formation of micellar and fibrillary-like nanostruc-
tures, correlating high anti-LPS activity with nanostructure for-
mation.
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Another approach to combat sepsis is cytokines removal from
blood plasma. Pro- and antiinflammatory cytokines, such as
TNF-a and IL-6, are released in response to infection during
sepsis.['17118] Cytokines are a double-edged sword in sepsis, be-
cause on the one hand they are responsible to eliminate the in-
fection, whereas on the other hand their excessive release can
cause severe and irreparable organ damage.[!'”1!®] The removal
of inflammatory cytokines from the blood circulation of sepsis
patients has been proposed as an efficient way to ease disease
symptoms. The design of porous and magnetic NPs with high
adsorption capacity have been widely explored to facilitate rapid
and efficient clearance of blood from cytokines, owing to their
unique structural and magnetic properties, respectively.'11%111]

One indicative example is a study performed by Yachama-
neni et al., who developed a series of porous carbide-derived
carbons (CDCs) to adsorb and remove cytokines from plasma
samples.'!% Porous CDCs of different surface chemistries and
sizes were synthesized under various temperature and anneal-
ing conditions. Human plasma was spiked with cytokines (IL-6,
TNF-a, and IL-1p) at comparable concentrations with those in
plasma of septic patients. ELISA experiments were performed
to investigate the effect of CDCs synthetic identity on the re-
moval of cytokines. Treatment with CDCs postannealed in Ar
or NH; and synthesized from <38 pum sized precursor particles
facilitated the highest removal efficiency of all cytokines (99—
100%) within 60 min. This study highlights the importance of
NPs synthetic identify for efficient blood purification and fueled
the design of other carbon-based NPs,[11%120] guch as graphene
nanoplatelets,['*1122] with cytokines adsorption capacity.

The employment of nanomagnets is another popular strat-
egy to purify blood from the inflammatory cytokines (Fig-
ure 8B).[111123-125] Core/shell nanomagnets were functionalized
with antihuman IL-6 antibodies and were incubated with IL-6
spiked human blood samples under gentle agitation.!"!!] The tar-
get compound (IL-6) was captured in vitro and removed from
blood by magnetic pulldown. Purified blood was then analyzed
by ELISA to measure any remaining toxin and determine the re-
moval efficiency of the developed nanomagnets.

Apart from LPS neutralization and removal of inflammatory
mediators from blood, another interesting approach is blood
purification directly from bacteria and their endotoxins. Based
on this concept, Lee et al. modified MNPs by PEG and zinc-
coordinated bis(dipicolylamine) (bis-Zn-DPA), a synthetic ligand
that binds to bacteria, to efficiently remove E. coli from blood
samples.M2] MNPSpic 1iszappa Was incubated with E. coli (107
CFU mL™")-spiked blood samples and after two rounds of mag-
netic separation E. coli was completely eliminated from blood.
Authors also developed a magnetic microfluidic single inlet-dual
outlet device with three magnets placed in series along the chan-
nel to purify blood. While this method enabled the selective and
rapid removal of E. coli from blood, gradual accumulation of
MNPs near the magnets reduced magnetic separation efficiency.
Nevertheless, upon further optimization, nanodevices like this
hold great potential for clinical translation.

Along similar lines, Kang et al. developed an extracorporeal
blood cleansing device for sepsis therapy inspired by the microar-
chitecture of spleen, referred to as the “biospleen,” to continu-
ously remove pathogens and toxins from blood without first iden-
tifying the infectious agent.''3] A genetically engineered form of
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the human opsonin mannose-binding lectin (FcMBL) that binds
to a variety of pathogens was coated onto magnetic nanobeads
to produce magnetic opsonins. As shown in Figure 8C, a high-
flow vascular channel was perfused with septic blood and in-
terconnected by open slits to a parallel flow channel perfused
with isotonic sterile saline. Magnetic opsonins were added to the
flowing septic blood and passed through an incubation loop that
promoted nanobead-pathogen binding. Stationary magnets po-
sitioned above the channel, pulled the magnetic opsonins and
bound pathogens through the open slits into the saline-filled
channel and into a discard collection vial. In vivo testing in a rat
bacteremia model showed 90% depletion of live pathogen lev-
els from blood within 1 h and significantly lowered blood lev-
els of multiple proinflammatory cytokines. In a rat acute endo-
toxic shock model, substantial survival improvement, decrease in
the LPS levels of organs and retrieval of physiological responses
(temperature and respiratory rate) were observed after treatment
with biospleen.['13]

In another study, Henry et al. engineered liposomes to iso-
late bacterial toxins produced during infection.'™) Artificial li-
posomes, composed of cholesterol and shyngomyelin, were de-
veloped to promote binding to toxins released by a variety of
pathogens. The binding of liposomes to toxins worked as the pro-
tection shield of cells against membrane damaging substances,
which would otherwise inevitably cause cell lysis. The toxin-
sequestration mechanism of liposomes was also tested in vivo us-
ing mice infected by S. pneumoniae and S. aureus. Authors inves-
tigated whether complementary antibiotic treatment along with
liposomes would boost the protective mechanism in mouse bac-
teremia models. Strikingly, the combination of liposomal toxin-
sequestration and antibiotics was more effective against sepsis
than liposomes alone.

Another endotoxin neutralization strategy, based on a novel
biohybrid motor system composed of living MAC cells and
magnesium (Mg) microparticles was also presented by Zhang
et al.l'?®] In an in vitro LPS endotoxin experiment, Mg-attached
MACs bound to more LPS compared to free MACs, due to the
propulsion behavior of the MAC-Mg motors, which allowed the
rapid movement and transport of MACs through the solution.
The use of MAC-Mg motor enabled 13% higher removal of en-
dotoxin LPS than free MACs.

More recently, an interesting approach was proposed by Hou
et al. by which MACs equipped with mRNA encoding the an-
timicrobial peptide IB367 and cathepsin B (AMP,g,,-CatB) were
encapsulated in vitamin C lipid NPs to enable the elimination of
S. aureus and E. coli in vivo.['"*] CatB was incorporated to transfer
and enable the release of the AMP g, into lysosomes, while vita-
min lipid NPs allowed the accumulation of AMP,,,,-CatB specif-
ically in MAC lysosomes, a critical location for antimicrobial de-
fense. The adoptive transfer of MACs containing AMP,,.- in the
lysosomes significantly reduced the bacterial burden in the blood
and major organs of S. aureus-induced sepsis mice with immuno-
suppression within 24 h, and enabled restoration of body condi-
tions within 72 h after treatment. In a mixed S. aureus and E.
coli-induced sepsis mouse model, the transfer of bone marrow-
derived MACs using the AMP,3;,-CatB nanoplatform resulted
in a significantly reduced bacterial burden in blood and major
organs within 24 h and in increased survival rates with 83% of
treated animals surviving at 720 h.[1%5]
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4.3. Nanoinhibition of Toll-Like Receptors (TLR) Signaling

It is now well established that TLRs activation is triggered
from damaged cells and tissues in response to the invasion of
pathogens and endogenous molecules into our body as a de-
fense mechanism.['?] However, dysregulated TLR activation can
disrupt the immune homeostasis and lead to an excessive re-
lease of pro- and antiinflammatory cytokines and chemokines
(Figure 8D).[128] As TLRs can recognize a variety of pathogen
associated molecular patterns (PAMPs) and damage associ-
ated molecular patterns (DAMPs), it is critical to manipulate
or inhibit their activity.'*”) Nanobased antagonists have been
recently described as a promising strategy to modulate and
suppress TLR signaling.!'””] These nanoinhibitors have posed
hopes for sepsis therapy, as TLRs are key components in sepsis
cascade.[130-132]

Several cationic lipids have been previously reported for their
TLR4 modulating activity, including positively charged liposomes
formed by cationic amphiphiles.['*}] For instance, diC14-amidine
liposomes have been shown to trigger the secretion of a cy-
tokine pattern reminiscent of the TLR4-dependent LPS secretion
pattern by activating both MyD88/NF-xB/JNK and TRAM/TRIF
pathways.['**] Along similar lines, other cationic lipids have been
found to promote cytokine production through NF-«xB indepen-
dent and TRIF-dependent pathways, which require the pres-
ence of CD14.'3] In addition, Piazza et al. demonstrated a spe-
cific binding of amino glycolipids and aromatic ammonium salts
to CD14.1136137] The targeting capability of these molecules to-
ward CD14 inhibited the LPS-stimulated TLR4-dependent cy-
tokine production in cells and animals.[3® An interesting TLR
modulatory nanodevice was also described by Rodriquez Lavado
et al.’*] AuNPs were coated with several cationic glycolipids,
using the monosaccharide methyl a-p-glucopyranoside and the
disaccharide a,a'-trehalose as the sugar cores and assessed as
TLR4 antagonists in vitro. The developed nanoplatforms showed
strong inhibition of TLR4 activation on both human and murine
LPS-induced cells at cell tolerable concentrations. The TLR mod-
ulatory activity of the trehalose- and glucose-derived glycoam-
phiphiles was attributed to the presence of acyl lipophilic chains
at the hydrophobic domain as all compounds with ether bonds
were inactive, while trehalose scaffold provided a well-ordered fa-
cial amphiphilic character.[!*]

Similarly, peptide-AuNP hybrids were designed to serve as
novel anti-inflammatory agents by inhibiting TLR4 signaling
(Figure 8E).[1*] Yang et al. screened a variety of peptide-AuNP
hybrids for successful TLR4 inhibition. Peptide-AuNP hybrids
with specific amino acid sequences inhibited the TLR4 signal-
ing pathways and prevented from the excessive release of pro-
and anti-inflammatory cytokines. Their strong immunomodula-
tory activity was attributed to the hydrophobicity and aromatic
ring structure of the amino acids. Yang et al. in a later study uti-
lized the previously established peptide-AuNP hybrids to regu-
late a broad spectrum of TLR signaling and responses, including
TLR4 and TLR3.'*] Interestingly, apart from controlling multi-
ple TLR pathways, the improved nanoplatform suppressed the
secretion of proinflammatory cytokines and chemokines. Further
investigations revealed that the endosomal pH modulatory abil-
ity of peptide AuNPs was the mechanism by which the peptide
enabled the downregulation of TLR signaling.
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Another group used synthetic biomimetic NPs as inhibitors
of inflammatory mediators induced by TLR4 binding to LPS.['#]
Inspired by the natural capacity of high density lipoprotein (HDL)
to bind LPSI"1% and the scavenging ability of NPs, Foit and
Thaxton synthesized a library of HDL-like NPs with AuNP core
and HDL coating. One HDL-like NP was particularly effective at
decreasing TLR4 signaling triggered by the presence of LPS and
Gram-negative bacteria in human cells. The concentration of LPS
was considerably reduced which in turn affected LPS-mediated
TLR4 activation.['*?]

In a subsequent study, self-assembling lipid modified non-
anticoagulant heparin NPs (NAHNP) were reported to serve
as LPS inhibitors and TLR4 antagonists.'*] Apart from its
anticoagulant function, heparin can aid in the inhibition of
inflammation-involved proteins.['*?] Taking advantage of the an-
tiinflammatory behavior of heparin, Babazada et al. developed
lipid-modified glycol-split heparin NPs, which suppressed LPS-
induced inflammation through TLR4 and limited the production
of cytokines.!'*#]

Cell-free DNA (cfDNA) plays a pivotal role in the regulation
of the Toll-like receptor 9-mediated proinflammatory cascade in
severe sepsis.'*”] Thus neutralization of cfDNA may diminish
the overwhelming immune response and benefit sepsis treat-
ment. Inspired by this principle, Dawulieti et al. synthesized
polyethylenimine (PEI)-functionalized mesoporous silica NPs
(MSNPs, 150 nm in size) which bound to proinflammatory nu-
cleic acids and scavenged cfDNA.['*8] The scavenging activity of
PEI-MSNPs resulted in the inhibition of cfDNA-triggered in-
flammation, the reduction of serum cytokines (INF-a, IL-6, and
MCP-1) and elimination of organ damage. Histopathological and
biochemical data of cecal ligation and puncture (CLP)-induced
severe sepsis mice revealed that injected PEI-MSNPs accumu-
lated and retained in the inflamed cecum, blocked the proinflam-
matory response and protected mice against multiple organ in-
jury with negligible toxic effects in vivo.['*] The NP-based gene
therapy described above, as well as the NP-enable cell therapy
described earlier,'™>! uncover the multitude of emerging oppor-
tunities nanomedicine can offer for the management of sepsis.

4.4. Inmunomodulatory NPs in Sepsis

Apart from inhibiting TLRs, NPs have been also explored to serve
sepsis immunotherapy, either by activating the host immune
system to eliminate pathogens, or by suppressing cytokine-
producing immune cells.'*] Considering the deregulation of
the host immune system caused by the uncontrollable activa-
tion of immune cells during sepsis, targeting inflammatory cells
to stimulate and control their apoptosis holds great therapeutic
potential.[’®% On the other hand, total depletion of such cells us-
ing antibodies may exacerbate inflammation and jeopardize the
innate and adaptive immune system. Thus, platforms that can
specifically attack only the cytokine-producing immune cells are
urgently required and nanotechnology has already offered novel
intracellular immunomodulatory systems.!151:152]

In an interesting study by Zhang et al. doxorubicin (DOX)-
conjugated pH-sensitive albumin NPs were synthesized to selec-
tively target activated neutrophils and induce programmed cell
death upon the release of DOX in vivo.l'>!l As DOX is known
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to promote DNA damage-associated cell death,[*>*] authors hy-
pothesized that it may also promote neutrophils apoptosis. In
order to specifically attack inflammatory neutrophils, DOX was
conjugated via hydrazine bonds with albumin NPs, which were
internalized only by the activated neutrophils in circulation.>!
Once NPs were taken up, the hydrazine bonds were degraded
in the acidic environment of neutrophils allowing DOX leak-
age and in turn neutrophil apoptosis. In an LPS-induced sepsis
mouse model, 70% of mice survived in 72 h after being treated
with DOX-albumin NPs, while only 10% of those treated with
free DOX survived. DOX-albumin NPs treated mice had a sig-
nificantly lower number of neutrophils and cytokines in their
blood compared to PBS treated ones, indicating that the de-
signed nanoplatform promoted the apoptosis of inflammatory
neutrophils and suppressed systemic inflammation. Noteworthy,
neutrophil numbers and cytokines of the NP-treated mice recov-
ered to their normal levels after 72 h, suggesting that no perma-
nent damage occurred in the immune system and bone marrow
function.

Tumor necrosis factor (TNF)-related apoptosis-inducing lig-
ands (TRAIL), known to trigger inflammatory cells apoptosis,
were encapsulated in an antimicrobial polypeptide-crosslinked
nanogel to suppress K. pneumonia infection and overexpressed
MACs.[12] The targeting capability of the proposed nanogels
stemmed from their cationic fibril assemblies, which bound to
the LPS compound of the bacterial wall through electrostatic
interactions. Subsequently, nanogels were taken up by LPS-
activated MACs and TRAIL was released, promoting apoptosis.
In a K. pneumonia-induced sepsis mouse model, serum creati-
nine levels, blood bacterial load and the production of several
cytokines (TNF-a and IL-6), kidney injury markers and LPS-
induced pulmonary polymorphonuclear leukocytes were signif-
icantly reduced compared with the free TRAIL, nanogel and
saline controls. Furthermore, the survival rates of TRAIL-nanogel
treated mice were significantly improved, with almost 70% sur-
viving in 12 days post-treatment. Besides the impressive results
of this study, mice were pretreated with the TRAIL-nanogel, pos-
sibly affecting the therapeutic outcomes.

Exosomes, which are naturally secreted nanovesicles by cells,
have been also proposed as immunomodulators as they carry
miRNAs and proteins that regulate immune responses.[*>* In
a study by Alexander et al. miR-146a-containing exosomes, re-
leased from bone marrow-derived dendritic cells (BMDCs), were
injected in LPS-induced mice and downregulated inflammatory
responses.[1>°] Strikingly, a significant decline in the TNF-a and
IL-6 serum levels of miR-146a-exosome-treated mice was demon-
strated compared with miR-146a-deficient exosome-treated mice.
Along similar lines, Wang et al. displayed that exosomal miR-
223 secreted by mesenchymal stem cells (MSCs) inhibited the
uncontrollable release of inflammatory cytokines (TNF-a, IL-6,
and IL-1p) and protected CLP-induced mice against cardiac dys-
function and death.[**®] The proposed mechanism behind the
MSC-induced immunomodulatory effects was thought to be the
exosome-mediated transfer of miR-223 to MACs through exo-
somes internalization. Consequently, miR-233-containing exo-
somes suppressed inflammatory responses in MACs and cy-
tokines storm was diminished.

These studies suggest that during sepsis, NP-based im-
munomodulators can reprogram the immune system to block
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the uncontrollable secretion of inflammatory cytokines by specif-
ically targeting inflammatory immune cells. Such strategies can
open up new avenues toward the development of novel nano-
immunotherapeutics and contribute amply in sepsis manage-
ment in ICU.

5. Sepsis Nanotheranostics

Recent design of nanoplatforms able to facilitate both diagnosis
and therapy within a single nanoagent has prompted the rise of
nanotheranostics.['*”] In sepsis, the simultaneous detection and
killing of the causative agent by using a single nanoplatform can
save valuable time and substantially contribute in the improve-
ment of outcomes in the clinic.

As previously discussed, AuNPs unique optical and thermal
properties have been extensively exploited for diagnostic pur-
poses. Apart from their diagnostic utility, they have also proven
to confer therapeutic potential for several diseases.!'>®163] Near-
infrared adsorption of AuNPs allows efficient light-to-heat con-
version, which contributes in deeper tissue penetration than
other wavelengths of light, offering great advantages in pho-
tothermal (PT) therapy.'® In the context of sepsis, Zharov et al.
developed an in vitro thermal-based laser method for the simulta-
neous detection and killing of S. aureus using 10, 20, and 40 nm
AuNPs conjugated with antiprotein A antibodies.!'®] Protein A
is one of the major surface-clustered proteins, which is linked to
the peptidoglycan portion of the bacterial cell wall. Bacterial cells
were incubated with antiprotein A-AuNPs to allow NPs attach-
ment to the bacterial wall. Due to their enhanced PT sensitivity,
once irradiated and overheated, AuNPs nanoclusters caused ir-
reparable bacterial damage.

Similar to AuNPs, carbon nanotubes (CNTs) have also been
explored as promising nanotheranostic platforms in sepsis. The
high binding affinity of CNTs to bacteria surfaces in addition
to their strong absorbance in near-infrared (NIR) and visible re-
gions enable killing of bacteria by efficiently converting laser en-
ergy into strong thermal energy.[?®]

For example, CNTs were employed as contrast agents for the
simultaneous detection and selective PT elimination of E. coli
in vitro (Figure 9A).['®] Single-walled (1.7 nm) and multiwalled
(19.0 nm) CNTs were incubated with E. coli K12 strain for 0-2
h. Subsequently, E. coli samples with or without CN'Ts were irra-
diated with laser pulses and subjected to viability tests. At laser
energy of 0.1 ] cm~2 at 532 nm little or no damage was observed
to the bacterium, while multipulse exposure of laser energy over
1] cm™ at 1064 nm and over 0.5 ] cm™ at 532 nm led to an
80% decrease in bacterial viability. Noteworthy, irreparable bacte-
rial damage was observed at laser energy of 3 ] cm~2 at 1064 nm
and 2.5 ] cm™ at 532 nm. The high binding affinity of CNTs
to bacteria, their ability to form self-assembling nanoclusters on
bacteria surfaces and their NIR strong absorbance, enabled the si-
multaneous detection and killing of E. coli. Nevertheless, accord-
ing to the safety standards for medical laser, the maximum laser
energy allowance is between 35 and 45 m] cm™? in NIR spec-
tral range.[') These values are substantially lower than those
described above, thus further optimization is needed to design
systems that meet the required expectations.

In another interesting study, CN'Ts were used to enhance pho-
toacoustic flow cytometry (PAFC) signals for in vivo real-time
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Figure 9. Nanotheranostic technologies for sepsis. A) Carbon nanotube (CNT)-enabled photothermal detection and therapy of bacteria. CNT selectively
bind to bacteria surface and form nanoclusters. Following multipulse NIR laser irradiation bacterial cells are killed. Laser energy is converted into ther-
mal energy owing to CNTs powerful near-infrared absorbance. Reproduced with permission.['®lCopyright 2007, Wiley Periodicals, LLC. B) PAFC/PTFL
nanotheranostic platform for photoacoustic (PA) detection and photothermal (PT) treatment of circulating bacteria, taking advantage of optical, thermal
and magnetic properties of gold (AuNPs) and magnetic nanoparticles (MNPs).

monitoring of circulating S. aureus and E. coli in blood.I'*’] Bacte-
ria were labeled with CNTs upon a 30 h incubation. CNT-labeled
bacteria were then injected into the blood circulation of mice and
monitored by PAFC (laser energy pulse 20-50 m] cm~2). CNTs
clustering amplified the thermal and acoustic power. Labeled-
bacteria were detected 1 min postinjection, while their elimina-
tion from the bloodstream started 3-5 min postinjection. Com-
plete bacteria clearance was achieved 60 h after injection. This
study provided with useful insight on CNTs effectiveness to gen-
erate ultrasensitive signals and simultaneously detect and elimi-
nate single bacteria.

In view of the above, Galanzha et al. designed NP-enabled
PA/PT flow cytometry (PAFC/PTFC) platforms to facilitate in
vivo magnetic enrichment, PA detection and PT elimination
of circulating bacteria (Figure 9B).'8 Silica-coated MNPs, gold
nanotubes (AuNTs) and gold nanorods (AuNRs) were functional-
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ized with specific for S. aureus antibodies: protein A and lipopro-
tein. Bacteria were labeled with the antibody-conjugated MNPs
and AuNPs, were then injected into mice and monitored by
PA/PT. Targeted PT therapy of bacteria at laser energy pulse of
0.8 mJ cm ™2 at 850 nm led to a significant decrease in PA signal
levels (laser energy 50 m] cm™2), indicating bacterial growth inhi-
bition. Due to the enhanced acoustic and thermal signals gener-
ated by the formed nanoclusters, circulating bacteria were moni-
tored and killed with high sensitivity (0.5 CFU mL™). This inter-
esting study indicates that NPs-PAFC/PTFC platforms could be
the golden mean for the simultaneous detection and elimination
of circulating pathogens associated with sepsis.[*®”]

More recently, Wang et al. developed a nanosystem to en-
rich single bacterial species in blood and simultaneously achieve
complete extracorporeal disinfection.!'’’l PEGylated iron oxide
MNPs were coated with chlorin e6 molecules and aptamers
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(Fe;0,-Ce6-Apt, 17.2 nm) specific to S. aureus. S. aureus-spiked
blood samples were incubated with Fe,;O,-Ce6-Apt and the num-
Dber of bacterial cells was monitored in time. Fe;0,-Ce6-Apt re-
vealed strong photostability under laser irradiation and enabled
complete bacterial enrichment within 60 min with high sensitiv-
ity (10 CFU) and selectivity. Extracorporeal photodynamic blood
disinfection took place by incubating S. aureus-spiked blood sam-
ples with Fe;O,-Ce6-Apt for 1 h and irradiating the system with
an NIR laser. Bacteria were successfully killed and then immedi-
ately cleared from blood by magnetic removal.

6. Future Research, Challenges, and Perspective

Nanomedicine research focuses on addressing the limitations
of already existing technologies and creating novel diagnostic
and therapeutic platforms. NPs are of immense scientific in-
terest due to their unique properties which vary in respect to
their bulk material. One example of the current research scenery
is the research project “SmartDiagnos” at Denmark Technical
University.'”!] Scientists developed a technology to identify sep-
sis bacterial infection within 3 h. Antibody immobilized mag-
netic nanobeads targeting specific bacterial genes were incu-
bated with human plasma spiked with bacterial cells. Captured
pathogens were identified by PCR with high sensitivity and low
LOD (~100 CFU mL™). Strikingly, the integration of this ap-
proach into a lab-on-a-chip biosensor is already envisioned to al-
low in-depth blood analysis of pathogens./'7!]

The recent release of a point-of-care diagnostic test for sep-
sis called “AbioSCOPE,” manufactured by Abionic SA, is another
example of a clinically translated nanoplatform. This newly CE
marked test is based on a patented nanofluidic technology and al-
lows real-time monitoring of patients at risk of sepsis by measur-
ing pancreatic stone protein (PSP) levels in 5 min with high sen-
sitivity (3.21 ng mL™") and specificity. PSP is highly elevated dur-
ing post-traumatic sepsis and activates neutrophils.['2174] “Abio-
SCOPE” platform encompasses a fully automated fluorescent
microscope and a mounting plate with a single-use disposable
capsule. Collected blood or serum is deposited into a capsule and
automatically fills all nanofluidic biosensors by capillary action.
PSP complexes are then formed and optically detected. At the
moment, there are international ongoing clinical studies in over
200 ICU patients to evaluate the diagnostic performance of Abio-
SCOPE.

The bio-barcode assay of Mirkin and Hill is another nan-
otechnological achievement, successfully clinically translated.
Its evolution catalyzed the foundation of the Verigene System
(Nanosphere Inc.), an automative reader that enables rapid and
accurate detection of Gram-positive bacteria and genes associated
with bacterial infection.’>] Besides diagnostics, nanotechnology
has aided in the research and development of novel sepsis thera-
peutics with the design of cutting-edge nanodevices,!'3] some of
which have been successfully translated in the clinic (CytoSorb,
CytoSorbents Corporation, Monmouth Jct., NJ).[175-180]

Undoubtedly, nanomedicine can facilitate the development
and application of diagnostic and therapeutic tools for sepsis. The
replacement of current readout systems with portable devices
which can offer automative diagnostic procedures and minimize
user’s intervention could likely be the key to accomplish clinical
implementation. However, risks and challenges associated with
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the toxicity and long-term safety of the emerging technologies
are yet to be explored and thus time and persistent investment
are required to allow clinical translation.

Furthermore, one should consider the possible implications
that might arise when treating an inflammatory disorder with
such complex immune responses. For instance, neutrophils re-
lease neutrophil extracellular traps (NETS) in response to infec-
tion by which they capture and kill pathogens extracellularly.'8!]
These NETs, composed of chromatin fibers mixed with antimi-
crobial peptides and enzymes, are rapidly formed (<20 min) once
the host is infected and have been shown to trap NPs, posing
potentially a significant barrier in NP-based drug delivery.!182183]
Some studies have also suggested that NPs themselves can trig-
ger NET formation,[!8318] as neutrophils are involved in NPs
clearance. When AuNPs of various surface chemistries, sizes
and shapes were studied for their interaction with neutrophils, a
time-dependent-NET formation was revealed with more NPs be-
ing trapped over an 1 h time course.!'®3] Strikingly, NPs surface
chemistry strongly impacted the amount of trapped NPs how-
ever, it could not prevent NET formation. Nanodiamonds and
polystyrene NPs were also observed to trigger NETs formation in
a size-dependent manner, which inevitably led to their neutral-
ization and entrapment.'®] Designing thus NPs, which could
either inhibit NET formation or could escape their entrapment
is of the utmost importance. Interestingly, dextran and albumin
coated SPIONs have been recently shown to prevent NET forma-
tion and vascular occlusions in vivo, suggesting that stabilization
of NPs with biocompatible layers may lead to an inert behavior
and phagocytosis-induced clearance.[*®!] Furthermore, as NETs
are rapidly formed, treatment timing is crucial to successfully kill
the infectious pathogens as early as possible and minimize the
possibility of therapeutic failure due to NPs entrapment. Note-
worthy, preliminary data from several NP-based platforms has
shown rapid elimination of pathogens even within 3-5 min of
treatment,1%’] suggesting that NPs could act faster than NET.

Finally, the translational gap between in vitro/ex vivo stud-
ies yielding positive results, animal-based preclinical studies and
clinical trials is another challenge that hampers the clinical trans-
lation of laboratory findings. One indicative example was the
“ACCESS” trial which compared Eritoran, a TLR4 antagonist,
to placebo in a double-blinded randomized controlled trial.['*’]
Strikingly, it was found that there was no reduction in the mor-
tality of patients treated with the TLR4 antagonist compared to
placebo at 28 days. Besides this trial did not include any NP-based
system, it still highlights the difficulty of scaling up and clinically
implementing novel laboratory approaches for sepsis.

Indisputably, the clinical development of efficient, robust and
biocompatible nanosystems either for diagnosis or treatment is
a pathway full of challenges. Research should therefore focus on
addressing the current limitations by designing and constantly
evaluating new and innovative nanoplatforms.

7. Conclusion

Sepsis is a complex medical condition induced by dysregulated
host response to an infection and without early treatment can
lead to multiple organ failure and death. Despite technological
advancements, sepsis incidents remain on the top 5 most fre-
quent worldwide. During the last century, there is a tremendous
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effort to fight against sepsis and this has mobilized great interest
and investment to support the development of novel diagnostic
and therapeutic approaches. Nanotechnology can aid not only in
antimicrobial treatment (Table 3) but also in the early diagnosis
of sepsis. The use of NPs for sepsis diagnosis offers great advan-
tages over conventional methods. Due to their unique properties
and ease of functionalization to target specific pathogens, NPs
provide higher diagnostic sensitivities than currently used rou-
tine methods and enable multiple-species detection.

Despite recently obtained promising results, skepticism still
prevails as to whether nano-based technologies can be scaled up
and clinically translated. The majority of laboratory techniques
are far from clinical usage and implementation, while the bio-
compatibility and long-term safety of diagnostic and therapeu-
tic nanoplatforms have not been fully investigated. Additionally,
the lack of clinical assessment hinders the development of ro-
bust and clinically applicable nanosystems. Hence, there is an
imperative need for further optimization and clinical evaluation
of the discovered technologies. The interdisciplinary merging of
clinical, biological and physical sciences can vitally contribute in
the translation of these encouraging nanotechnological break-
throughs into the clinic.

Acknowledgements

The authors gratefully acknowledge the financial support from the Manch-
ester Molecular Pathology Innovation Centre (MMPathIC). P.D. acknowl-
edges the financial support from the Manchester NIHR Biomedical Re-
search Centre.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

diagnosis, nanotechnology, nanotheranostics, sepsis, treatment

Received: August 5, 2020
Revised: October 7, 2020
Published online:

[11 M. Singer, C. S. Deutschman, C. W. Seymour, M. Shankar-Hari, D.
Annane, M. Bauer, R. Bellomo, G. R. Bernard, J.-D. Chiche, C. M.
Coopersmith, R. S. Hotchkiss, M. M. Levy, J. C. Marshall, G. S. Mar-
tin, S. M. Opal, G. D. Rubenfeld, T. van der Poll, J.-L. Vincent, D. C.
Angus, JAMA, J. Am. Med. Assoc. 2016, 315, 801.

[2] F.B. Mayr,S. Yende, D. C. Angus, Virulence 2014, 5, 4.

[3] A.Kumar, D. Roberts, K. E. Wood, B. Light, ). E. Parillo, S. Sharma,

D. Gurka, Crit. Care Med. 2006, 34, 1589.

J. Garnacho-Montero, T. Aldabo-Pallas, C. Garnacho-Montero, A.

Cayuela, R. Jimenez, S. Barroso, C. Ortiz-Leyba, Crit. Care 2006, 10,

R111.

[5] C. Pierrakos, ).-L. Vincent, Crit. Care 2010, 14, R15.

[6] A.Rhodes, L. E. Evans, W. Alhazzani, M. M. Levy, M. Antonelli, R.
Ferrer, A. Kumar, J. E. Sevransky, C. L. Sprung, M. E. Nunnally, B.
Rochwerg, G. D. Rubenfeld, D. C. Angus, D. Annane, R. J. Beale, G.

(4

Adv. Healthcare Mater. 2020, 2001378 2001378 (21 of 25)

7]

(8]

%]
(1]
(1]
(12]
(13]
(14]
[15]
(16]
(7]
(18]
(19]
(20]
(21]
(22]
(23]

(24]

(25]

26]
(27]
(28]

(29]
(30]

(31
(32]
(33]
(34]

35]
36]

www.advhealthmat.de

J. Bellinghan, G. R. Bernard, ). D. Chiche, C. Coopersmith, D. P. De
Backer, C. ). French, S. Fujishima, H. Gerlach, ). L. Hidalgo, S. M.
Hollenberg, A. E. Jones, D. R. Karnad, R. M. Kleinpell, Y. Koh, T. C.
Lisboa, F. R. Machado, J. J. Marini, J. C. Marshall, ). E. Mazuski, L.
A. Mclntyre, A. S. McLean, S. Mehta, R. P. Moreno, |. Myburgh, P.
Navalesi, O. Nishida, T. M. Osborn, A. Perner, C. M. Plunkett, M.
Ranieri, C. A. Schorr, M. A. Seckel, C. W. Seymour, L. Shieh, K. A.
Shukri, S. Q. Simpson, M. Singer, B. T. Thompson, S. R. Townsend,
T. Van der Poll, J. L. Vincent, W. J. Wiersinga, J. L. Zimmerman, R. P.
Dellinger, Intensive Care Med. 2017, 43, 304.

A. M. Caliendo, D. N. Gilbert, C. C. Ginocchio, K. E. Hanson, L. May,
T. C. Quinn, F. C. Tenover, D. Alland, A. J. Blaschke, R. A. Bonomo,
K. C. Carroll, M. ). Ferraro, L. R. Hirschhorn, W. Joseph, T. Karchmer,
A.T. Maclntyre, L. B. Reller, A. F. Jackson, Clin. Infect. Dis. 2013, 57,
139.

P. D. Paepe, F. M. Belpaire, W. A. Buylaert, Clin. Pharmacokinet. 2002,
41, 1135.

S. M. Opal, E. Patrozou, Crit. Care Med. 2009, 37, S10.

J. C. Marshall, Trends Mol. Med. 2014, 20, 195.

B. Y. S. Kim, ). T. Rutka, W. C. W. Chan, N. Engl. J. Med. 2010, 363,
2434,

H. Laroui, R. Rakhya, B. Xiao, E. Viennois, D. Merlin, Dig. Liver Dis.
2013, 45, 995.

C. Demetzos, Application of Nanotechnology in Imaging and Diagnos-
tics, Adis, Singapore 2016.

K. K. Jain, Expert Rev. Mol. Diagn. 2014, 3, 153.

I. K. Herrmann, Crit. Care 2015, 19, 239.

H. Hong, Y. Zhang, J. Sun, W. Cai, Nano Today 2009, 4, 399.

M. L. Etheridge, S. A. Campbell, A. G. Erdman, C. L. Haynes, S. M.
Wolf, J. McCullough, Biol. Med. 2013, 9, 1.

R. T. Sadikot, Adv. Drug Delivery Rev. 2014, 27.

D. A. Giljohann, C. A. Mirkin, Nature 2009, 462, 461.

C. Kaittanis, S. Santra, |. M. Perez, Adv. Drug Delivery Syst. 2010, 62,
408.

A. Claxton, L. Papafilippou, M. Hadjidemetriou, K. Kostarelos, P.
Dark, J. Intensive Care Soc. 2020, 21, 241.

J. Kim, M. A. Abdou Mohamed, K. Zagorovsky, W. C. W. Chan, Bio-
materials 2017, 146, 97.

L. A. A. Chunduri, A. Kurdekar, M. K. Haleyurgirisetty, E. P. Bu-
lagonda, V. Kamisetti, |. K. Hewlett, Sci. Rep. 2017, 7, 49.

B. Zhang, B. A. Pinsky, ). S. Ananta, S. Zhao, S. Arulkumar, H. Wan,
M. K. Sahoo, J. Abeynayake, J. ]. Waggoner, C. Hopes, M. Tang, H.
Dai, Nat. Med. 2017, 23, 548.

L. Mocan, C. Matea, F. A. Tabaran, O. Mosteanu, T. Pop, C. Puia,
L. Agoston-Coldea, D. Gonciar, E. Kalman, G. Zaharie, C. lancu, T.
Mocan, Sci. Rep. 2016, 6.

X. Zhu, A. F. Radovic-Moreno, J. Wu, R. Langer, J. Shi, Nano Today
2014, 9, 478.

K. L. Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, J. Phys. Chem. 2003,
107, 668.

M. S. Verma, ). L. Rogowski, L. Jones, F. X. Gu, Biotechnol. Adv. 2015,
33, 666.

L. A. Dykman, N. G. Khlebtsov, Acta Nat. 2011, 3, 34.

C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. L. Storhoff, Nature 1996,
382, 607.

R. Elghanian, J. . Storhoff, R. C. Mucic, R. L. Letsinger, C. A. Mirkin,
Science 1997, 1078.

J. ). Storhoff, A. D. Lucas, V. Garimella, P. Y. Bao, U. R. Mueller, Nat.
Biotechnol. 2004, 22, 883.

R. A. Reynolds, C. A. Mirkin, R. L. Letsinger, J. Am. Chem. Soc. 2000,
122, 3795.

H. D. Hill, C. A. Mirkin, Nat. Protoc. 2006, 1, 324.

L. J. Scott, Mol. Diagn. Ther. 2013, 17, 117.

C.-H. Wang, C.-J. Chang, J.-). Wu, G.-B. Lee, Biol. Med. 2014, 10, 809.

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(37]
(38]

(39]

(40]

(47]
(42]
(43]
(44]

45]
[46]

(47]
(48]
(49]
(5]
(51]
(52]
53]

(4]
(53]

[56]

[57]

[58]
[59]

(60]
(61]
(62]
(63]

(64]
(63]
(66]

(67]

Adv. Healthcare Mater. 2020, 2001378

ADVANCED
HEALTHCARE
MATERIALS

G. Santopolo, A. Domenech-Sanchez, S. M. Russell, R. de la Rica,
ACS Sens. 2019, 4, 961.

S. M. R. Alejandra Alba-Patifio, M. Borges, N. Pazos-Pérez, R. A.
Alvarez-Puebla, R. de la Rica, Nanoscale Adv. 2020, 2, 1253.

P. Dey, N. Fabri-Faja, O. Calvo-Lozano, R. A. Terborg, A. Belushkin,
F. Yesilkoy, A. Fabrega, J. C. Ruiz-Rodriguez, R. Ferrer, J. ]. Gonzalez-
Lopez, M. C. Estevez, H. Altug, V. Pruneri, L. M. Lechuga, ACS Sens.
2019, 4, 52.

N. Fabri-Faja, O. Calvo-Lozano, P. Dey, R. A. Terborg, M. C. Estevez,
A. Belushkin, F. Yesilkoy, L. Duempelmann, H. Altug, V. Pruneri, L.
M. Lechuga, Anal. Chim. Acta 2019, 1077, 232.

J. C. Wang, Y. C. Tung, K. Ichiki, H. Sakamoto, T. H. Yang, S. . Suye,
H. S. Chuang, Biosens. Bioelectron. 2020, 148, 111817.

P. D. Howes, R. Chandrawati, M. M. Stevens, Science 2014, 346,
1247390.

A. B. Chinen, C. M. Guan, J. R. Ferrer, S. N. Barnaby, T. J. Merkel, C.
A. Mirkin, Chem. Rev. 2015, 115, 10530.

W. W. Yu, L. H. Qu, W. Z. Guo, X. G. Peng, Chem. Mater 2003, 15,
2854.

A. P. Alivisatos, Science 1996, 271, 933.

A. Liberman, N. Mendez, W. C. Trogler, A. C. Kummel, Surf. Sci. Rep.
2014, 69, 132.

B. G. Trewyn, G. Supratim, I. I. Slowing, V. S. Lin, Chem. Commun.
2007, 31, 3236.

C.-l. Weng, H.-T. Chang, C.-H. Lin, Y.-W. Shen, B. Unnikrishnan, Y.-).
Li, C.-C. Huang, Biosens. Bioelectron. 2015, 68, 1.

C. Ruppert, L. Kaiser, L. J. Jacob, S. Laufer, M. Kohl, H. P. Deigner,
J. Nanobiotechnol. 2020, 18, 130.

X. Zhao, L. R. Hilliard, S. J. Mechery, Y. Wang, R. P. Bagwe, S. Jin, W.
Tan, Proc. Natl. Acad. Sci. USA 2004, 101, 15027.

L. Wang, W. Zhao, M. B. O’'Donoghue, W. Tan, Bioconjugate Chem.
2007, 18, 297.

B. A. Borsa, B. G. Tuna, F. J. Hernandez, L. I. Hernandez, G. Bayra-
moglu, M. Y. Arica, V. C. Ozalp, Biosens. Bioelectron. 2016, 86, 27.
S. Prijic, G. Sersa, Radiol. Oncol. 2011, 45, 1.

J. Xie, G. Liu, H. Eden, H. Ai, X. Chen, Acc. Chem. Res. 2011, 44, 883.
L. A. Neely, M. Audeh, N. A. Phung, M. Min, A. Suchocki, D. Plourde,
M. Blanco, V. Demas, L. R. Skewis, T. Anagnostou, J. . Coleman,
P. Wellman, E. Mylonakis, T. J. Lowery, Sci. Transl. Med. 2013, 5,
182ra54.

E. Mylonakis, C. J. Clancy, L. Ostrosky-Zeichner, K. W. Garey, G. .
Alangaden, |. A. Vazquez, |. S. Groeger, M. A. Judson, Y.-M. Vinagre,
S. O. Heard, F. N. Zervou, |. M. Zacharoudakis, D. P. Kontoyannis,
P. G. Pappas, Clin. Infect. Dis. 2015, 60, 892.

C.J. Clancy, P. G. Pappas, . Vazquez, M. A. Judson, D. P. Kontoyian-
nis, G. R. Thompson, K. W. G. 3rd, A. Reboli, R. N. Greenberg, S.
Apewokin, G. M. Lyon, L. O.-Z. 3rd, A. H. B. Wu, E. Tobin, M. H.
Nguyen, A. M. Caliendo, Clin. Infect. Dis. 2018, 66, 1678.

D. Issadore, H. ). Chung, J. Chung, C. Budin, R. Weissleder, H. Lee,
Adv. Healthcare Mater. 2013, 2, 1224.

H. ). Chung, C. M. Castro, H. Im, H. Lee, R. Weissleder, Nat. Nan-
otechnol. 2013, 8, 369.

A. McNally, Nat. Nanotechnol. 2013, 8, 315.

H. Lee, E. Sun, D. Ham, R. Weissleder, Nat. Med. 2008, 14, 869.

A. H. Nguyen, Y. Shin, S. J. Sim, Biosens. Bioelectron. 2016, 85, 522.
D. Lv, H. Jiao, ). Dong, L. Sheng, . Liu, H. Dong, A. Su, M. Zhang,
Z. Xia, ). T. Oswald, D. Pang, ). Liu, H. Ouyang, ACS Appl. Mater.
Interfaces 2019, 11, 22164.

H.Wang, D. Yu, B. Li, Z. Liu, J. Ren, X. Qu, Chem. Sci. 2019, 10, 3770.
N. Hasan, Z. Guo, H.-F. Wu, Anal. Bioanal. Chem. 2016, 408, 6269.
M. ). Hajipour, S. Laurent, A. Aghaie, F. Rezaee, M. Mahmoudi, Bio-
mater. Sci. 2014, 2, 1210.

G. Miotto, M. Magro, M. Terzo, M. Zaccarin, L. Da Dalt, E. Bonaiuto,
D. Baratella, G. Gabai, F. Vianello, Colloids Surf., B 2016, 140, 40.

2001378 (22 of 25)

(68]
(69]
(7]

(71

[72]

(73]
(74]

[75]
[76]
[77]
(78]
[79]
(80]
(81]
(82]
(83]
(84]
(85]
(86]
(87]
(88]
(89]
(9]
(51
[92]

(93]

[94]
(93]

[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]

[104]
[105]

www.advhealthmat.de

M. Magro, M. Zaccarin, G. Miotto, L. Da Dalt, D. Baratella, P.
Fariselli, G. Gabai, F. Vianello, Anal. Bioanal. Chem. 2018, 410, 2949.
M. Hadjidemetriou, Z. Al-Ahmady, M. Buggio, J. Swift, K. Kostare-
los, Biomaterials 2018, 188, 118.

L. Papafilippou, A. Claxton, P. Dark, K. Kostarelos, M. Had-
jidemetriou, Nanoscale 2020, 12, 10240.

M. Hadjidemetriou, S. McAdam, G. Garner, C. Thackeray, D. Knight,
D. Smith, Z. Al-Ahmady, M. Mazza, |. Rogan, A. Clamp, K. Kostare-
los, Adv. Mater. 2018, 31, 1803335.

M. Hadjidemetriou, L. Papafilippou, R. D. Unwin, J. Rogan, A.
Clamp, K. Kostarelos, Nano Today 2020, 34, 100901.

M. N. Alekshun, S. B. Levy, Cell 2007, 128, 1037.

S. Nath, C. Kaittanis, A. Tinkham, |. M. Perez, Anal. Chem. 2008, 80,
1033.

C. Kaittanis, S. Nath, M. ). Perez, PLoS One 2008, 3, e3253.

R. Wong, |. Shou, Y. Wang, Eng. Med. Biol. Soc. 2010, 93, 3053.

S. H. Gregory, J. Leukocyte Biol. 2002, 72, 239.

S. Shah, G. Barton, A. Fischer, J. Intensive Care Soc. 2015, 16, 147.
J. M. Varghese, |. A. Roberts, J. Lipman, Crit. Care Clin. 2011, 27, 19.
S. I. Blot, F. Pea, . Lipman, Adv. Drug Delivery Rev. 2014, 77, 3.

M. Charlton, J. P. Thompson, Br. J. Anaesth. 2019, 19, 7.

D. L. Cooper, C. M. Conder, S. Harirforoosh, Expert Opin. Drug De-
livery 2014, 11, 1661.

G. Mohammadi, A. Shakeri, A. Fattahi, P. Mohammadi, A. Mikaeili,
A. Aliabadi, K. Adibkia, Pharm. Res. 2017, 34, 301.

X. Li, S. M. Robinson, A. Gupta, K. Saha, Z. Jiang, D. Moyano, A.
Sahar, M. A. Riley, V. M. rOTELLO, ACS Nano 2014, 10, 10682.
S.T.Khan, ). Musarrat, A. A. Al-Khedhairy, Colloids Surf., B2016, 146,
70.

R. ). Hamill, Drugs 2013, 73, 919.

N. R. H. Stone, T. Bicanic, R. Salim, W. Hope, Drugs 2016, 76, 485.
Y. H. E. Mohammed, H. M. Manukumar, K. P. Rakesh, C. S. Karthik,
P. Mallu, H. L. Qin, Microb. Pathog. 2018, 123, 339.

M. Alipour, Z. E. Suntres, R. M. Lafrenie, A. Omri, J. Antimicrob.
Chemother. 2010, 65, 684.

R. Y. Pelgrift, A. ). Friedman, Adv. Drug Delivery Rev. 2013, 65, 1803.
B. Casciaro, |. d’Angelo, X. Zhang, M. R. Loffredo, G. Conte, F. Cap-
piello, F. Quaglia, Y. P. Di, F. Ungaro, M. L. Mangoni, Biomacro-
molecules 2019, 20, 1876.

A. C. Saude, A. S. Ombredane, O. N. Silva, ). A. Barbosa, S. E.
Moreno, A. C. Guerra Araujo, R. Falcao, L. P. Silva, S. C. Dias, O.
L. Franco, Int. J. Nanomed. 2014, 9, 5055.

S. Chono, T. Tanino, T. Seki, K. Morimoto, J. Controlled Release 2008,
127, 50.

X. Fan, J. Fan, X. Wang, P. Wu, G. Wu, Front. Pharmacol. 2015, 6, 249.
G. Wu, X. Fan, L. Li, H. Wang, |. Ding, W. Hongbin, Int. J. Antimicrob.
Agents 2010, 35, 250.

G. Wu, H. Wu, X. Fan, R. Zhao, X. Li, S. Wang, Int. J. Antimicrob.
Agents 2010, 31, 1669.

P. M. Furneri, M. Fresta, G. Puglisi, G. Tempera, Antimicrob. Agents
Chemother. 2000, 9, 2458.

K. Muppidi, J. Wang, G. Betageri, A. S. Pumerantz, Antimicrob.
Agents Chemother. 2011, 55, 4537.

Z. Drulis-Kawa, A. Dorotkiewicz-Jach, Int. J. Pharm. 2010, 387, 187.
R. Yunus Basha, S. S. T, M. Doble, Carbohydr. Polym. 2019, 218, 53.
T. Ganbold, H. Baigude, ACS Appl. Mater. Interfaces 2018, 10, 14463.
Y. C.Yeh, T. H. Huang, S. C. Yang, C. C. Chen, |. . Fang, Front. Chem.
2020, 8, 286.

A. F. Radovic-Moreno, T. K. Lu, V. A. Puscasu, C. J. Yoon, R. Langer,
0. C. Farokhzad, ACS Nano 2012, 6, 4279.

C.Y.Zhang, J. Gao, Z. Wang, Adv. Mater. 2018, 30, 1803618.

D. Pornpattananangkul, L. Zhang, S. Olson, S. Aryal, M. Obonyo,
K. Vecchio, C. M. Huang, L. Zhang, J. Am. Chem. Soc. 2011, 133,
4132.

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[106]
[107]

[108]
[109]

[110]

[1171]

[112]

[113]

[174]

[115]
[116]
[117]
[118]

[119]

[120]

[121]

[122]

[123]

[124]
[125]

[126]

[127]
[128]
[129]
[130]
[131]

[132]
[133]

Adv. Healthcare Mater. 2020, 2001378

ADVANCED
HEALTHCARE
MATERIALS

M. H. Xiong, Y. Bao, X. Z. Yang, Y. C. Wang, B. Sun, J. Wang, J. Am.
Chem. Soc. 2012, 134, 4355.

M. H. Xiong, Y. J. Li, Y. Bao, X. Z. Yang, B. Hu, ]. Wang, Adv. Mater.
2012, 24, 6175.

P. R. Mishra, J. Biomed. Nanotechnol. 2011, 7, 47.

C. Mas-Moruno, L. Cascales, L. J. Cruz, P. Mora, E. Perez-Paya, F.
Albericio, ChemMedChem 2008, 3, 1748.

S. Yachamaneni, G. Yushin, S.-H. Yeon, Y. Gogotsi, C. Howell,
S. Sandeman, G. Phillips, S. Mikhalovsky, Biomaterials 2010, 31,
4789.

I. K. Herrmann, M. Urner, F. M. Koehler, M. Hasler, B. Roth-
Z'Graggen, R. N. Grass, U. Ziegler, B. Beck-Schimmer, W. J. Stark,
Communications 2010, 6, 1388.

J.-). Lee, K. J. Jeong, M. Hashimoto, A. H. Kwon, A. Rwei, S. A.
Shankarappa, J. H. Tsui, D. S. Kohane, Nano Lett. 2013, 14, 1.

J. H. Kang, M. Super, C. W. Yung, R. M. Cooper, K. Domansky, A. R.
Graveline, T. Mammoto, |. B. Berthet, H. Tobin, M. J. Cartwright, A.
L. Watters, M. Rottman, A. Waterhouse, A. Mammoto, N. Gamini,
M. J. Rodas, A. Kole, A. Jiang, T. M. Valentin, A. Diaz, K. Takahashi,
D. E. Ingber, Nat. Med. 2014, 20, 1211.

B. D. Henry, D. R. Neill, K. A. Becker, S. Gore, L. Bricio-Moreno, R.
Ziobro, M. |. Edwards, K. Muehlemann, J. Steinmann, B. Kleuser,
L. Japtok, M. Luginbuehl, H. Wolfmeier, A. S. Sce, E. Gulbins, A.
Kadioglu, A. Draeger, E. B. Babiychuk, Nat. Biotechnol. 2015, 33, 81.
X. Hou, X. Zhang, W. Zhao, C. Zeng, B. Deng, D. W. McComb, S.
Du, C. Zhang, W. Li, Y. Dong, Nat. Nanotechnol. 2020, 15, 41.

R. L. Modlin, H. D. Brightbill, P. ]. Godowski, N. Engl. J. Med. 1999,
340, 1834.

H. Chaudhry, J. Zhou, Y. Zhong, M. M. Ali, F. Mcguire, P. S. Na-
garkatti, M. Nagarkatti, In Vivo 2013, 27, 669.

A. S. De Vriese, F. A. Colardyn, F. ). Philippe, R. C. Vanholder, J. H.
De Sutter, N. H. Lameire, J. Am. Soc. Nephrol. 1999, 10, 846.

V. Presser, S. H. Yeon, C. Vakifahmetoglu, C. A. Howell, S. R. Sande-
man, P. Colombo, S. Mikhalovsky, Y. Gogotsi, Adv. Healthcare Mater.
2012, 1, 796.

C. Tripisciano, O. P. Kozynchenko, I. Linsberger, G. J. Phillips, C. A.
Howell, S. R. Sandeman, S. R. Tennison, S. V. Mikhalovsky, V. Weber,
D. Falkenhagen, Biomacromolecules 2011, 12, 3733.

B. H. Mykola Seredych, V. Sokolova, P. Cheung, F. Meng, L. Stone, L.
Mikhalovska, S. Mikhalovsky, V. N. Mochalin, Y. Gogotsi, ACS Appl.
Bio Mater. 2018, 1, 436.

P. N. Zheng, Y. Gogotsi, Y. Dyatkin, B. Ingavle, G. Mochalin, V. Ozu-
lumba, T. Mikhalovsky, S. Sandeman, Adv. Nanomater. Biol. Appl.
2018, 2, 6274072.

I. K. Herrmann, M. Urner, S. Graf, C. M. Schumacher, B. Roth-
Z'graggen, M. Hasler, W. ). Stark, B. Beck-Schimmer, Adv. Health-
care Mater. 2013, 2, 829.

R. E. B. Inge, K. Herrmann, M. Urner, R. N. Grass, B. Beck-
Schimmer, W. ). Stark, Nephrol., Dial., Transplant. 2011, 26, 2948.

I. K. Herrmann, A. A. Schlegel, R. Graf, W. J. Stark, B. Beck-
Schimmer, J. Nanobiotechnol. 2015, 13, 49.

F. Zhang, R. Mundaca-Uribe, H. Gong, B. Esteban-Fernandez de
Avila, M. Beltran-Gastelum, E. Karshalev, A. Nourhani, Y. Tong, B.
Nguyen, M. Gallot, Y. Zhang, L. Zhang, |. Wang, Adv. Mater. 2019,
31, 1901828.

W. Gao, Y. Xiong, Q. Li, H. Yang, Front. Physiol. 2017, 8, 508.

B. A. Beutler, Blood 2009, 7173, 1399.

T. H. Mogensen, Clin. Microbiol. Revolution 2009, 22, 240.

E. Blanco, H. Shen, M. Ferrari, Nat. Biotechnol. 2015, 33, 941.

M. J. Ernsting, M. Murakami, A. Roy, S. D. Li, J. Controlled Release
2013, 172, 782.

P.J. Lin, Y. K. Tam, Future Med. Chem. 2015, 7, 1751.

C. Lonez, M. Vandenbranden, |. M. Ruysschaert, Adv. Drug Delivery
Rev. 2012, 64, 1749.

2001378 (23 of 25)

[134]

[135]
[136]
[137]
[138]

[139]

[140]
[147]
[142]
[143]
[144]
[145]
[146]
[147]

[148]

[149]
[150]
[151]
[152]
[153]
[154]

[155]

[156]

[157]
[158]
[159]
[160]
[161]
[162]

[163]

www.advhealthmat.de

T. Tanaka, A. Legat, E. Adam, ]. Steuve, ). S. Gatot, M. Vandenbran-
den, L. Ulianov, C. Lonez, |. M. Ruysschaert, E. Muraille, M. Tuynder,
M. Goldman, A. Jacquet, Eur. J. Immunol. 2008, 38, 1351.

D. P. Vangasseri, Z. Cui, W. Chen, D. A. Hokey, L. D. Falo Jr, L.
Huang, Mol. Membr. Biol. 2006, 23, 385.

M. Piazza, V. Calabrese, C. Baruffa, T. Gioannini, |. Weiss, F. Peri,
Biochem. Pharmacol. 2010, 80, 2050.

M. Piazza, L. Yu, A. Teghanemt, T. Gioannini, J. Weiss, F. Peri, Bio-
chemistry 2009, 48, 12337.

M. Piazza, C. Rossini, S. Della Fiorentina, C. Pozzi, F. Comelli, I.
Bettoni, P. Fusi, B. Costa, F. Peri, J. Med. Chem. 2009, 52, 1209.

J. Rodriguez Lavado, S. E. Sestino, R. Cighetti, E. M. Aguilar Mon-
cayo, A. Oblak, D. Lainscek, J. L. Jimenez Blanco, J. M. Garcia Fer-
nandez, C. Ortiz Mellet, R. Jerala, V. Calabrese, F. Peri, J. Med. Chem.
2014, 57, 9105.

H. Yang, S.-Y. Fung, S. Xu, D. P. Sutherland, T. R. Kollmann, M. Liu,
S. E. Turvey, ACS Nano 2015, 9, 6774.

H. Yang, L. Kozicky, A. Saferali, S.-Y. Fung, N. Afacan, B. Cai, R. Fal-
safi, E. Gill, M. Liu, T. R. Kollmann, R. E. W. Hancock, L. M. Sly, S. E.
Turvey, Biomaterials 2016, 111, 90.

L. Foit, C. S. Thaxton, Biomaterials 2016, 100, 67.

A. J. Murphy, ISRN Physiol. 2013, 2013, 1.

R. K. Mutharasan, L. Foit, C. S. Thaxton, J. Mater. Chem. B 2016, 4,
188.

H. Babazada, F. Yamashita, S. Yanamoto, M. Hashida, J. Controlled
Release 2014, 194, 332.

R. ). Ludwig, Curr. Drug Discovery Technol. 2009, 6, 281.

D. ). Dwivedi, L. J. Toltl, L. L. Swystun, J. Pogue, K. L. Liaw, ). |. Weitz,
D. ). Cook, A. E. Fox-Robichaud, P. C. Liaw, Canadian Critical Care
Translational Biology Group, Crit. Care 2012, 16, R151.

J. Dawulieti, M. Sun, Y. Zhao, D. Shao, H. Yan, Y. H. Lao, H. Hu, L.
Cui, X. Lv, F. Liu, C. W. Chi, Y. Zhang, M. Li, M. Zhang, H. Tian, X.
Chen, K. W. Leong, L. Chen, Sci Adv. 2020, 6, eaay7148.

X. Feng, W. Xu, Z. Li, W. Song, ]. Ding, X. Chen, Adv. Sci. 2019, 6,
1900101.

D. E. Wesche-Soldato, R. Z. Swan, C. S. Chung, A. Ayala, Curr. Drug
Targets 2007, 8, 493.

C.Y. Zhang, X. Dong, J. Gao, W. Lin, Z. Liu, Z. Wang, Sci. Adv. 2019,
5, eaax7964.

Y. F. Chen, G. Y. Chen, C. H. Chang, Y. C. Su, Y. C. Chen, Y. S. Jiang,
J. S. Jan, Mater. Sci. Eng., C 2019, 102, 85.

K. M. Tewey, T. C. Rowe, L. Yang, B. D. Halligan, L. F. Liu, Science
1984, 226, 466.

S. A. Yuk, D. A. Sanchez-Rodriguez, M. D. Tsifansky, Y. Yeo, Ther.
Delivery 2018, 9, 435.

M. Alexander, R. Hu, M. C. Runtsch, D. A. Kagele, T. L. Mosbruger, T.
Tolmachova, M. C. Seabra, J. L. Round, D. M. Ward, R. M. O’Connell,
Nat. Commun. 2015, 6, 7321.

X. Wang, H. Gu, D. Qin, L. Yang, W. Huang, K. Essandoh, Y. Wang,
C. C. Caldwell, T. Peng, B. Zingarelli, G. C. Fan, Sci. Rep. 2015, 5,
13721.

P. Prabhu, V. Patravale, J. Biomed. Nanotechnol. 2012, 8, 859.

S. Aftab, A. Shah, A. Nadhman, S. Kurbanoglu, O. S. Aysil, D. D.
Dionysiou, S. S. Shukla, T. M. Aminabhavi, Int. J. Pharm. 2018, 540,
132.

J. Shi, P. W. Kantoff, R. Wooster, O. C. Farokhzad, Nature 2017, 17,
20.

J. Guo, K. Rahme, Y. He, L. L. Li, J. D. Holmes, C. M. O’Driscoll, Int.
J. Nanomed. 2017, 12, 6131.

F.Y.Kong, ). W. Zhang, R. F. Li, Z. X. Wang, W. Wang, Molecules 2017,
22, 1445,

L. A. Al-Ani, M. A. AlSaadi, F. A. Kadir, N. M. Hashim, N. M. Julkapli,
W. A. Yehye, Eur. J. Med. Chem. 2017, 139, 349.

U. Rajchakit, V. Sarojini, Bioconjugate Chem. 2017, 28, 2673.

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[164]
[165]
[166]
[167]

[168]

[169]
[170]
171]
172]
[173]
[174]
[175]

[176]

[177]
[178]

[179]

[180]
[181]
[182]
[183]
[184]

[185]

Adv. Healthcare Mater. 2020, 2001378

ADVANCED
HEALTHCARE
MATERIALS

R. S. Riley, E. S. Day, Wiley Interdiscip. Rev.: Nanomed. Nanobiotech-
nol. 2017, 9, e1449.

V. P. Zharov, K. E. Mercer, E. N. Galitovskaya, M. S. Smeltzer, Bio-
phys. J. 2006, 90, 619.

J.-W. Kim, E. V. Shashkov, E. I. Galanzha, N. Kotagiri, V. P. Zharov,
Lasers Surg. Med. 2007, 39, 622.

V. P. Zharov, E. I. Galanzha, E. V. Shashkov, J.-W. Kim, N. G.
Khlebtsov, V. V. Tuchin, J. Biomed. Opt. 2007, 12, 051503.

E. I. Galanzha, E. Shashkov, M. Sarimollaoglu, K. E. Beenken, A. G.
Basnakian, M. E. Shirtliff, J.-W. Kim, M. S. Smeltzer, V. P. Zharov,
PLoS One 2012, 7, 45557.

J.-W. Kim, E. I. Galanzha, D. A. Zaharoff, R. ). Griffin, V. P. Zharov,
Mol. Pharmaceutics 2013, 10, 813.

J. H. Wang, H. Wu, Y. M. Yang, R. Yan, Y. Zhao, Y. H. Wang, A. H.
Chen, S. L. Shao, P. . Jiang, Y. Q. Li, Nanoscale 2018, 10, 132.

V. Aaydha Chidambara, M.-A. Shahbazi, V. P. Dave, T. Ngo Anh, A.
Wolff, D. D. Bang, Infect. Immun. 2017, 45, S29.

M. Keel, L. Harter, T. Reding, L. K. Sun, M. Hersberger, B. Seifert, D.
Bimmier, R. Graf, Crit. Care Med. 2009, 37, 1642.

O. M. Fisher, C. E. Oberkofler, D. A. Raptis, C. Soll, M. Bechir, M.
Schiesser, R. Graf, BMJ Open 2014, 4, €004914.

Y. A. Que, F. Delodder, |. Guessous, R. Graf, M. Bain, T. Calandra, L.
Liaudet, P. Eggimann, Crit. Care 2012, 16, R114.

B. Hinz, O. Jauch, T. Noky, S. Friesecke, P. Abel, R. Kaiser, Int. J. Artif.
Organs 2015, 38, 461.

M. C. Gruda, K. G. Ruggeberg, P. O'Sullivan, T. Guliashvili, A. R.
Scheirer, T. D. Golobish, V. J. Capponi, P. P. Chan, PLoS One 2018,
13,e0191676.

W. P. Brouwer, S. Duran, M. Kuijper, C. Ince, Crit. Care 2019, 23,
317.

Y. Mehta, C. Mehta, A. Kumar, ). V. George, A. Gupta, S. Nanda, G.
Kochhar, A. Raizada, World J. Crit. Care Med. 2020, 9, 1.

D. Schadler, C. Pausch, D. Heise, A. Meier-Hellmann, |. Breder-
lau, N. Weiler, G. Marx, C. Putensen, C. Spies, A. Jorres, M. Quin-
tel, C. Engel, J. A. Kellum, M. K. Kuhlmann, PLoS One 2017, 12,
e0187015.

S. Friesecke, S. S. Stecher, S. Gross, S. B. Felix, A. Nierhaus, J. Artif.
Organs 2017, 20, 252.

S. Keshavan, P. Calligari, L. Stella, L. Fusco, L. G. Delogu, B. Fadeel,
Cell Death Dis. 2019, 10, 569.

H. Yang, T. N. Marion, Y. Liu, L. Zhang, X. Cao, H. Hu, Y. Zhao, M.
Herrmann, J. Immunol. Res. 2019, 2079, 3560180.

M. Bartneck, H. A. Keul, G. Zwadlo-Klarwasser, |. Groll, Nano Lett.
2010, 70, 59.

T. L. Hwang, I. A. Aljuffali, C. F. Hung, C. H. Chen, ). Y. Fang, Chem.-
Biol. Interact. 2015, 235, 106.

L. E. Munoz, R. Bilyy, M. H. Biermann, D. Kienhofer, C. Maueroder,
J. Hahn, J. M. Brauner, D. Weidner, |. Chen, M. Scharin-Mehlmann,

’ biomolecule corona.

2001378 (24 of 25)

[186]

[187]

[188]

[189]
[190]
[191]

[192]
[193]

[194]

[195]
[196]

[197]

[198]
[199]

[200]
[201]

[202]

www.advhealthmat.de

C. Janko, R. P. Friedrich, D. Mielenz, T. Dumych, M. D. Lootsik, C.
Schauer, G. Schett, M. Hoffmann, Y. Zhao, M. Herrmann, Proc. Natl.
Acad. Sci. USA 2016, 113, E5856.

R. Bilyy, H. Unterweger, B. Weigel, T. Dumych, S. Paryzhak, V. Vovk,
Z. Liao, C. Alexiou, M. Herrmann, C. Janko, Front. Immunol. 2018,
9, 2266.

S. M. Opal, P. F. Laterre, B. Francois, S. P. LaRosa, D. C. Angus,
J. P. Mira, X. Wittebole, T. Dugernier, D. Perrotin, M. Tidswell, L.
Jauregui, K. Krell, . Pachl, T. Takahashi, C. Peckelsen, E. Cordasco,
C. S. Chang, S. Oeyen, N. Aikawa, T. Maruyama, R. Schein, A. C.
Kalil, M. Van Nuffelen, M. Lynn, D. P. Rossignol, ]. Gogate, M. B.
Roberts, . L. Wheeler, . L. Vincent, A. S. Group, JAMA, J. Am. Med.
Assoc. 2013, 309, 1154.

J. K. Holger, C. Adam, F. Volkmar, S. Ksenija, R. Alain, S. Felix, C.
B. Hcector Rodriguez, T. S. Christoph, G. Rolf, PLoS One 2015, 10,
e0120276.

Y. Min, J. M. Caster, M. . Eblan, A. Z. Wang, Chem. Rev. 2015, 115,
11147.

L. Putallaz, P. van den Bogaard, P. Laub, F. Rebeaud, J. Nanomed.
Nanotechnol. 2019, 10, 536.

F. Farjadian, A. Ghasemi, O. Gohari, A. Roointan, M. Karimi, M. R.
Hamblin, Nanomedicine 2019, 14, 93.

J. P. Guggenbichler, Materialwiss. Werkstofftech. 2003, 34, 1145.

M. A. Rauschmann, T. A. Wichelhaus, V. Stirnal, E. Dingeldein, L.
Zichner, R. Schnettler, V. Alt, Biomaterials 2005, 26, 2677.

W. J. G. M. P. Susan, W. P. Wijnhoven, Carla, A. Herberts, Werner,
I. Hagens, Agnes, G. Oomen, Evelyn, H. W. Heugens, B. Roszek, J.
Bisschops, I. Gosens, D. Van De Meent, S. Dekkers, W. H. De Jong,
M. van Zijverden, A. |. A. M. Sips, R. E. Geertsma, Nanotoxicology
2009, 3, 109.

G. Kampf, B. Dietze, C. Grosse-Siestrup, C. Wendt, H. Martiny, An-
timicrob. Agents Chemother. 1998, 42, 2440.

A. Masse, A. Bruno, M. Bosetti, A. Biasibetti, M. Cannas, P. Galli-
naro, J. Biomed. Mater. Res. 2000, 53, 600.

T. W. Rice, A. P. Wheeler, G. R. Bernard, J. L. Vincent, D. C. Angus, N.
Aikawa, |. Demeyer, S. Sainati, N. Amlot, C. Cao, M. li, H. Matsuda,
K. Mouri, J. Cohen, Crit. Care Med. 2010, 38, 1685.

S. Bhattacharyya, W. Wang, Z. Tamaki, B. Shi, A. Yeldandi, Y. Tsukimi,
M. Yamasaki, ). Varga, Front. Immunol. 2018, 9, 2434.

T. Sha, M. Sunamoto, T. Kitazaki, ). Sato, M. Ii, Y. lizawa, Eur. J. Phar-
macol. 2007, 571, 231.

E. Segal, Methods Mol. Biol. 2017, 1625, 343.

ClinicalTrials.gov, Safety and Immunogenicity Study of a Virosomal
Vaccine against Recurrent Vulvovaginal Candida Infection (Clini-
cal Trial), NCT01067131 2010. https://clinicaltrials.gov/ct2/show/
NCT01067131 (accessed: October 2020).

J. M. Caster, A. N. Patel, T. Zhang, A. Wang, Wiley Interdiscip. Rev.:
Nanomed. Nanobiotechnol. 2017, 9, e1416.

"% Lana Papafilippou obtained an M.Eng. degree in chemical engineering at the Aristotle University of
Thessaloniki, Greece, in 2016. She joined the Nanomedicine Lab at the University of Manchester

| asaVisiting Researcher in January 2017 to study the interaction of lipid-based nanoparticles with
biological fluids. She is now a Ph.D. student at the Nanomedicine Lab and her research interests in-

. volvethediscovery and validation of blood biomarkers for several diseases utilizing the nanoparticle—

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS HEALTHCARE

www.advancedsciencenews.com www.advhealthmat.de

Andrew Claxton is an NIHR-funded academic clinical fellow and higher specialty trainee in intensive
care medicine in North West England, with an interest in sepsis diagnostics and management. He is
currently undertaking a fellowship at Sunnybrook Health Sciences Centre in Toronto, Canada.

Paul Dark is Chair in Critical Care Medicine at the University of Manchester and Honorary Consul-
tant at the Northern Care Alliance NHS Group, UK. He leads a research program in the diagnosis and
management of patients with severe infections and sepsis. As NIHR’s National Specialty Lead in the
UK, he provides oversight for large-scale acute care clinical trials. At the Humanitarian and Conflict
Response Institute, he provides interdisciplinary strategic leadership for research in low resource
settings.

Kostas Kostarelos obtained his Ph.D. in chemical engineering from Imperial College London. He
joined the research staff and faculty of medical schools in the USA (UCSF, CA; Memorial Sloan-
Kettering, NY, and Weill Medical College of Cornell University, NY) and biomedical research insti-
tutions in the UK (Imperial College Genetic Therapies Centre, UCL School of Pharmacy). Kostas
became the first named Chair of Nanomedicine in the UK (in 2007 at UCL) and was Professorial
Fellow, Japanese Society for the Promotion of Science (JSPS) in 2010. He is currently professor of
nanomedicine at the University of Manchester and the Severo Ochoa Distinguished Professor at the
Catalan Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona, Spain.

Marilena Hadjidemetriou obtained a B.Sc. in pharmacy from the University of Athens and an M.Sc.
in drug Delivery at UCL School of Pharmacy. In 2013, Marilena joined the Nanomedicine Lab at the
University of Manchester as a Marie Curie Early Stage Fellow and her Ph.D. project was focused on
the development of the nanoparticle biomolecule corona as a tool for cancer diagnostics. After her
Ph.D., Marilena was funded by the CRUK Pioneer Award and the MRC Momentum Award to work on
the nanoparticle-enabled discovery of blood biomarkers for cancer and neurodegenerative diseases.
In 2018, she was appointed as a Research Fellow at the University of Manchester and she is now Lec-
turerin Nano-Omics. Her team aims to develop multiomic nanotechnology platforms to uncover
molecular biomarkers and to explore disease pathways.

Adv. Healthcare Mater. 2020, 2001378 2001378 (25 of 25) © 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



