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Abstract

The urgent need to start anti-infective therapeutic interventions in suspected sepsis, and the lack of specific time-critical
diagnostic information often lead to the widespread administration of broad-spectrum antimicrobial therapies, increasing
the risk of unwanted patient harms and contributing to rising pathogen antimicrobial resistance. Nanotechnology, which
involves engineering at the nanoscale, allows for the bespoke development of diagnostic solutions with multi-functionality
and high sensitivity that has the potential to help provide time-critical information to make more accurate diagnoses and
treatment decisions for sepsis. Nanotechnologies also have the potential to improve upon the current strategies used for
novel biomarker discovery. Here we describe some of the current limitations to identifying sepsis and explore the

potential role for nanotechnology solutions.
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Introduction

Despite advances in health technology and its deliv-
ery, the mortality rate associated with sepsis remains
at around 35%," in part due to difficulties in recognis-
ing sepsis early and instigating appropriate treat-
ment.? Recognising sepsis in the early stages remains
a challenge as the characteristic clinical signs and
symptoms are seen in a variety of acute non-infective
insults as well as common self-limiting infections.’

The current clinical paradigm in suspecting sepsis is
to recognise that a patient is unwell with new organ
dysfunction, and to consider if an infection could be
the cause. Commonly available non-specific acute
phase reactants such as C-reactive protein (CRP)
and procalcitonin (PCT) may be used as an adjunct
to clinical acumen; however, in patients presenting
with tissue injuries such as following major surgery,
polytrauma or burns, a complex clinical picture may
obscure a co-developing episode of sepsis.

The last few years have seen a rapid rise in the
number and variety of health technologies at a nano-
scale (nanotechnologies), some of which have the
potential to impact on the recognition of sepsis.
Nanomedicine, as the application of nanoscale technol-
ogies in healthcare, exploits changes in material prop-
erties that occur at the nanoscale (1-100 nm in a single
dimension). Engineering diagnostic systems of this
scale provide the potential for rapid, multi-functional

diagnostic solutions to complex disease processes such
as sepsis.* In this article, we highlight some of the main
clinical challenges associated with identifying sepsis
and we review how the most promising nanotechnolo-
gies may help provide solutions. The overall aim of this
article is to help identify key hypotheses to test for the
translation of nanoscale technologies in the manage-
ment of patients with sepsis.

Diagnosing infection

Currently, microbiological cultures from biofluids
such as blood and urine are the gold standard for
pathogen identification. They offer useful information
but are limited by long incubations times, making
them unsuitable for rapid diagnostics. A significant
proportion of patients (around 40%) with sepsis are
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blood culture-negative,” often as a result of antibiotic
administration prior to culture sampling, low concen-
trations of pathogen colony-forming units, or atypical
pathogens that are not recognised by standard labora-
tory analysis.’

Polymerase chain reaction (PCR) is an established
technique that multiplies DNA sequences found
within biofluids (most often blood in the setting of
undifferentiated sepsis) across several orders of mag-
nitude to allow detection of target pathogen DNA
sequences. PCR has been used for some time in micro-
biological laboratories to accelerate time-consuming
steps in traditional culture-based amplification, pro-
viding faster pathogen identification.®

The use of multiple simultaneous PCR reactions
(multiplex PCR) to amplify pathogenic DNA direct
from patient blood samples is a potential solution to
time delays associated with traditional microbio-
logical cultures. Pathogenic DNA in the blood can
be multiplied significantly faster and compared
against a pre-set library of known common bacterial
and fungal DNA sequences;’ however, this technique
does not provide functional information about micro-
bial antibiotic susceptibility. There are also technical
limitations to using PCR in this setting. Due to the
potential for high laboratory analytical sensitivity,
any contamination could lead to the production of
false-positive results due to amplification of contam-
inant DNA. The primers used in multiplex PCR are
necessarily broad, as there is significant diversity in
the potential causative pathogens, and thus common
pathogenic sequences are targeted by the primers.
Host or contaminative DNA that are similar, but
not identical to the target sequence can bind to the
primer, resulting in a false positive.® It is therefore
essential to ensure ultra-pure reaction reagents.’

There is an urgent need to develop technologies
capable of identifying infection quickly, limiting the
administration of antimicrobials to patients with a
sterile pathology. Technologies that can reliably iden-
tify infective pathogens would allow for antimicro-
bials to be used with greater precision; improving
outcomes, reducing the burden of broad-spectrum
antimicrobials and limiting the progression of multi-
drug-resistant organisms.

Nanotechnology solutions: Magnetic
nanoparticles

The use of magnetic nanoparticles has been explored
in a number of innovative ways to provide rapid iden-
tification of bloodstream pathogens. One solution has
been used to develop a T2 magnetic resonance
(T2MR) diagnostic platform, which uses superpara-
magnetic iron oxide nanoparticles (SPIONs) that have
been functionalised with short sequences of a specific
DNA (targeted oligonucleotides — Figure 1). These
oligonucleotides bind to Candida species within
whole blood, forming agglomerates that can be

detected via a T2MR biosensing platform. Different
magnetic nanoparticles are functionalised with differ-
ent oligonucleotides, enabling the T2MR sensor to
differentiate between Candida species. This technol-
ogy is able to detect five clinically relevant Candida
species within 3h, without the need for blood cul-
tures.'” The T2MR technology has been used to
design automated diagnostic platforms, 72Dx, and
T2Candida panels, which have been approved by the
U.S. Food and Drug Administration (FDA). The first
extensive multicentre clinical trial of the T2Candida
panel demonstrated an overall specificity and sensitiv-
ity of 98.1% and 91.0%, respectively, with an average
time to species identification of 4.4 + 1.0 h."" A similar
technology has been developed for bacterial detection
and identification, this time using magnetic nanopar-
ticles that have been functionalised with oligonucleo-
tides designed to specifically target bacterial 16S
ribosomal RNA. A micro-nuclear magnetic resonance
system detects the change in signal output due to
agglomeration, and has been able to accurately and
differentially detect and phenotype a large pool of 13
bacterial species within 2h.'? The first clinical trial of
the T2Bacteria Panel has recently been published,
with promising results. Across 140 samples from 129
patients with suspected blood stream infection (BSI),
the sensitivity and specificity were 89% and 98%,
respectively for identifying patients who had clinical
indicators of BSI, regardless of blood culture result.
The negative predictive value of the technology was
99.8%. The mean time to a negative result was
6.1 & 1.5h, whereas the mean time to species identifi-
cation was 5.5+ 1.4h."?

Magnetic microparticles (MMPs) have been devel-
oped to isolate pathogens and pathogen-associated
molecular patterns from blood samples by attaching
an engineered version of mannose-binding lectin (a
protein that binds a wide range of pathogens and
PAMPs) to the MMPs surface.'* The MMPs are
added to a blood sample, and bind to pathogens or
their released PAMPs. The MMPs are extracted via a
magnetic field, and the presence of pathogens or
PAMPs is quantified by a modified enzyme-linked
immunosorbant assay (ELISA). This technology has
been trialled using samples obtained from patients
with sepsis against two control groups; healthy volun-
teers and patients admitted with traumatic injuries.
Diagnostic accuracy was reported at 87%.'* This
technology has also been incorporated into an extra-
corporeal circuit. MMPs were added in a rodent
sepsis model, with blood passing through a microflui-
dic apparatus surrounded by an electromagnetic field.
Pathogens and PAMPs bound to MMPs were elimi-
nated, and cleansed blood was returned.'” In the
model following injection of a lethal dose of LPS
(» <0.02), there was a noticeable improvement of
various physiological responses (breathing rate, tem-
perature and restoration of circulating leukocyte
counts), with survival increasing from 14% to 89%.
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Figure |. Schematic demonstrating T2ZMR detection of SPION-DNA nanoparticle agglomerates. (a) The SPION is functionalised
with oligonucleotide probes. For each fungal DNA target, two SPIONs are generated. (b) Fungal DNA is amplified by PCR. (c) As the
probes bind to the target DNA, the nanoparticles agglomerate. The degree of agglomeration is detected by T2MR and increases with

fungal DNA concentration.

Whilst there appears to be early promise with these
technologies, further translational research will be
required to evaluate clinical applicability as well as
cost effectiveness

Identifying organ dysfunction

The Sepsis-3 consensus definitions emphasise organ
dysfunction as an integral component of recognising
sepsis.'® Detecting organ dysfunction at the bedside
can be challenging as compensatory mechanisms
may result in some organs appearing to function
normally despite huge physiological insults, with dys-
function only becoming apparent at a comparatively
later stage.

The 2016 Surviving Sepsis guidelines encourage the
use of the sequential organ failure assessment (SOFA)
score as a means of identifying organ dysfunction in
sepsis.'” As the SOFA score requires a period of 24 h
to observe and calculate the nadir in organ function, it
is not appropriate as an early indicator of organ dys-
function. To address this, the surviving sepsis guide-
lines recommend using the quick SOFA (qSOFA)
tool; a 3-point scoring system designed to help clin-
icians identify patients at greater risk of mortality out-
side of intensive care. When used as a screening tool
to identify patients who may have sepsis, qSOFA is
more specific than the systemic inflammatory
response syndrome (SIRS) score it replaced,'®
although its sensitivity is lower.'” Early warning
scores such as the National Early Warning Score-2
(NEWS2) are increasingly used in hospitals. These
scores measure a variety of physiological variables
and when compared to qSOFA and SIRS scores,
they may be of more value in helping clinicians iden-
tify and prognosticate patients with sepsis.'”*°

The qSOFA, SIRS and NEWS systems provide a
quick non-invasive means of identifying unwell
patients; however, they provide no information on the
function of specific organs. In a patient who has been
identified as being compromised, in order to more fully

assess their clinical situation, blood tests of specific
organ function are taken. Serum bilirubin and creatin-
ine are often used as markers of end organ function;
however, due to compensatory mechanisms that try to
preserve regional blood flow to major organs, these
markers are acutely elevated only relatively late in
response to sepsis.”'?* Patients may also have pre-
morbid conditions which may result in these markers
being comparatively high, or low, as the patient’s base-
line, confounding the recognition of dysfunction.
Experimental rodent models have indicated that liver
function is impacted early in sepsis, with phosphatidy-
linositol-3-kinase (PI3K) signalling playing a crucial
role in the development of sepsis-induced cholestasis.
Increases in PI3K signalling significantly preceded
plasma elevation of traditional markers, providing
early evidence of hepatic dysfunction.”® Similarly, a
murine model of renal dysfunction in sepsis has
shown that damage to the renal endothelium occurs
within hours of a septic insult.** Neutrophil gelati-
nase-associated lipocalin (NGAL) is produced by
damaged nephron epithelium and is a potential early
marker of acute kidney injury (AKI), with elevation in
the blood detectable within 3 h of injury.” Within the
critical care setting, NGAL levels on admission to ICU
were able to predict who would develop AKI.*

Detecting specific markers of organ dysfunction as
soon as possible is essential to identifying patients
who are deteriorating, allowing for earlier interven-
tion and guiding resource allocation. Highly sensitive
analytical techniques, with very low limits of detection
will play an important role in identifying the deterior-
ating patient earlier than ever.

Nanotechnology solutions: Gold
nanoparticles

Gold nanoparticles (AuNPs) exhibit unique optical
properties as a result of a phenomenon called surface
plasmon resonance (SPR). In this phenomenon, inci-
dence light reflects off of colloidal AuNPs in a manner
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Figure 2. The process of biobarcode analysis. (a) An MMP is conjugated with monoclonal antibodies. (b) Analyte of interest binds to
monoclonal antibody. (c) MMP-analyte complex binds to polyclonal antibody of AuNP. (d) Magnetic field separates the MMP-analyte-
AuNP complex from sample. (e) De-conjugation of specific oligonucleotides occurs prior to PCR analysis.

determined by the size and surface properties of the
nanoparticle. Any changes in the surface refractive
index will alter the SPR. AulNPs conjugated with anti-
bodies will therefore shift the SPR when the analyte
is bound to the antibody.?” Plasmonic sensors based
on gold nanoparticle growth have already shown to
be able to detect single molecules in serum by the
naked eye.?®

AuNPs have also been used as part of a bio-bar-
code system to detect ultralow plasma concentrations
of prostate-specific antigen (330 femto-g/mL) after
radical prostatectomy. A bio-barcode system employs
both MMPs that have been functionalised with tar-
geted monoclonal antibodies, and AuNPs that have
been dual-functionalised with oligonucleotides (short
DNA sequences assigned to a specific analyte of inter-
est) and a target polyclonal antibody. The target ana-
lyte then binds to both the poly and monoclonal
antibodies forming an AuNP-analyte-MMP complex.
A magnetic field then removes the complex from the
sample fluid and the oligonucleotide undergoes PCR
after removal from the AuNP (Figure 2). This tech-
nique can be several orders of magnitude more sensi-
tive than the standard enzyme-linked immunosorbant
assays (ELISA).?>* Whilst this technique has yet to
be used within sepsis diagnostics, coated AuNP bio-
barcodes have been investigated in detecting early
HIV infection, with a 1000-fold increase in sensitivity
over conventional ELISA assays.’' With pathogens
and their constituents (surface proteins, microbial
DNA) only being present in very low concentrations,

the use of AuNP bio-barcodes could prove a useful
technique for increasing detection sensitivity.

Recognising immune dysregulation

A dysregulated immune response to an infection is the
mechanistic cause of organ dysfunction and failure in
sepsis; however, like the variety of causative patho-
gens, there is also variation in the host response.
Recently, the Molecular Diagnosis and Risk
Stratification in Sepsis (MARS) study group pub-
lished data identifying four genetic endotypes
(MARS-1 to MARS-4) in patients with sepsis,
with significant variations in survival between these
groups. Patients of the MARS-1 endotype had con-
sistently worse mortality, and notably decreased
expression of genes involved in innate and adaptive
immune functions, whereas those of the MARS-3
endotype have a lower risk of mortality and had an
increase in the expression of genes involved in T-cell
function. A systematic review of the genomic expres-
sion in the host response during sepsis revealed that
the expression of traditional cytokine markers of
inflammation was highly variable, challenging the
traditional two-phase model of a septic response.*?
There is clear evidence of the wide heterogeneity of
the septic response and it is clear that clinical trials that
homogenise patients despite differences in the causative
mechanisms and host responses are likely to produce
equivocal results.* Consequently, the failure of clinical
trials to demonstrate a clear benefit of treatments such



Claxton et al.

245

as activated protein C*° or glucocorticoids*® may in
part be due to regarding these patients as part of a
single well-defined disease population, where in fact
there may be subgroups of patients, or periods within
a septic response where these treatments are beneficial.
It is becoming increasingly clear that managing sepsis
patients as part of a homogenised population is
inappropriate,’” * and that in order to maximise out-
comes treatments will need to be tailored to suit the
individual needs of a patient.

A diagnostic platform designed to monitor an
array of key pro and anti-inflammatory biomarkers
would be able to monitor the pattern of an individual
patient’s immune response allowing clinicians to iden-
tify the onset of sepsis. The real-time inflammatory
profile of a patient could then help guide a persona-
lised approach.

Nanotechnology solutions: Quantum
dots

Quantum dots are semi-conductor nanocrystals com-
prised of atoms from groups II-VI, IV-VI or III-V in
the periodic table.*” When stimulated they emit light of
varying wavelengths, which can be tuned depending on
the size and material of the crystal.*' Han et al.** have
developed a multiplex panel of different quantum-dot-
tagged microbeads, which have been engineered to
detect specific nucleic acid and protein sequences.
This technology uses polymer beads that have targeting
antibodies attached to the surface, while on the inside
quantum dots are imbedded that fluoresce when the
antibodies bind to their target. This multiplex panel
allows for the parallel detection of specific analytes.

Quantum dot technology has also been incorpo-
rated into point-of-care (POC) settings. Lateral flow
strip (LFS) analysis is a simple, quick, and robust
technique that is widely used in POC diagnostics
such as pregnancy tests. LFS assays which have
been labelled with two different quantum dot-anti-
body conjugates, with different fluorescence emission
spectra, have been able to simultaneously detect CRP
and PCT with greater sensitivity than traditional ana-
lysis (down to 0.1ug/mL and 1ng/mL, respectively).**

A multiplex panel of quantum dots or diagnostic
packs with multiple quantum dot LFS assays that are
engineered to detect specific inflammatory mediators
may provide a real-time representation of the inflam-
matory response at the bedside, arming clinicians with
information on which to base a personalised manage-
ment plan.

Panels of biomarkers are being investigated as a
method to diagnose sepsis,**** with some success.*
Clinical validation of these panels to elucidate the
most effective combination of markers will be
required ahead of their implementation within a
quantum dot technology. If successful, however,
these quantum dot panels will aid clinicians in diag-
nosing sepsis at the bedside.

Conclusion

Sepsis is a complex pathophysiological challenge
with early recognition and treatment key to improving
outcome. A central challenge is to quickly and accur-
ately recognise infection as the cause of an acutely ill
patient, limiting the wider use of antimicrobials to all
patients with disordered physiology. Nanotechnology
solutions to diagnostic challenges are continually
being developed across the medical world, including
in infection diagnostics. Further translational studies
of relatively mature nanotechnologies will be required
to allow evaluation of their clinical and cost-effective-
ness against the current standard of care, while early
collaboration of clinicians with material scientists will
be crucial in guiding the development of novel
nanotechnologies.
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