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Quantitative Point of Care Tests for Timely Diagnosis of Early-Onset
Preeclampsia with High Sensitivity and Specificity
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Abstract: Preeclampsia is a heterogeneous and multi-
organ cardiovascular disorder of pregnancy. Here, we
report the development of a novel strip-based lateral
flow assay (LFA) using lanthanide-doped upconversion
nanoparticles conjugated to antibodies targeting two
different biomarkers for detection of preeclampsia. We
first measured circulating plasma FKBPL and CD44
protein concentrations from individuals with early-onset
preeclampsia (EOPE), using ELISA. We confirmed that
the CD44/FKBPL ratio is reduced in EOPE with a good
diagnostic potential. Using our rapid LFA prototypes,
we achieved an improved lower limit of detection:
10 pgml™ for FKBPL and 15 pgml ™ for CD44, which is
more than one order lower than the standard ELISA
method. Using clinical samples, a cut-off value of 1.24
for CD44/FKBPL ratio provided positive predictive
value of 100% and the negative predictive value of
91 %. Our LFA shows promise as a rapid and highly

sensitive point-of-care test for preeclampsia. )

[*] S. Masoumeh Ghorbanpour,* Assoc. Prof. L. McClements
School of Life Sciences & Institute for Biomedical Materials and
Devices, Faculty of Science, University of Technology Sydney
Sydney, NSW, 2007 (Australia)

E-mail: lana.mcclements@uts.edu.au

Dr. S. Wen,* Prof. D. Jin

Institute for Biomedical Materials and Devices, School of Mathe-
matical and Physical Sciences, Faculty of Science, University of
Technology Sydney

Sydney, NSW, 2007 (Australia)

Dr. S. Wen,” Prof. D. Jin, Assoc. Prof. L. McClements

ARC Research Hub for Integrated Device for End-user Analysis at
Low-levels (IDEAL), Faculty of Science, University of Technology
Sydney

Sydney, NSW, 2007 (Australia)

Prof. T.'u. | Kaitu'u-Lino, Prof. N. J. Hannan

Department of Obstetrics & Gynaecology, Mercy Hospital for
Women, The University of Melbourne

Heidelberg (Australia)

and

Mercy Perinatal, Mercy Hospital for Women

Heidelberg (Australia)

[+

These authors contributed equally to this work.

T © 2023 The Authors. Angewandte Chemie published by Wiley-VCH
GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, dis-
tribution and reproduction in any medium, provided the original
work is properly cited.

Angew. Chem. 2023, 135, 202301193 (1 of 10)

Introduction

Preeclampsia is a cardiovascular complication that can be
fatal for pregnant individuals and their offspring. It mani-
fests during the second half of pregnancy (after 20 weeks’
gestation), and it is the leading cause of morbidity and
mortality in pregnancy.l'! If not detected in a timely manner,
it can lead to severe pregnancy complications including
eclampsia, HELLP (haemolysis, elevated liver enzymes, low
platelet count) syndrome, preterm birth and death.”’ The
phenotypes of preeclampsia are classified according to the
gestational age of diagnosis: (i) early-onset preeclampsia is
diagnosed prior to 34 weeks of gestation, (ii) late-onset
preeclampsia is diagnosed from 34 weeks of gestation, and
(iii) postpartum preeclampsia that can develop up to
4 weeks after delivery.”! Although late-onset preeclampsia is
responsible for the vast majority of preeclampsia cases,
early-onset preeclampsia is particularly important as it is
more likely to be associated with placental insufficiency and
progressive deterioration of maternal condition.” Currently,
the established criteria for preeclampsia diagnosis include
new onset of hypertension after 20 weeks of gestation,
combined with the development of new onset of symptoms
including proteinuria, liver dysfunction, renal failure, neuro-
logical and/or hematological complications, impaired utero-
placental or fetoplacental perfusion.’™ Although pree-
clampsia-related mortality can be significantly reduced
through early detection, close monitoring, and timely treat-
ment of the symptoms, reliable diagnosis of this dangerous
condition is still challenging.! This is because preeclampsia
is a heterogeneous and multifactorial disease with varying
symptoms and features among pregnant individuals. Con-
sequently, there is an urgent need to develop sensitive
point-of-care tests that can identify the likelihood of
evolving preeclampsia and lead to timely diagnosis, enabling
immediate clinical decisions.

FKBPL is a divergent member of the immunophilin
protein family that plays a critical role in angiogenesis,
inflammation and vascular development.”” FKBPL is mainly
secreted by fibroblasts and human microvascular endothelial
cells and has an anti-angiogenic function.® A cross-sectional
study revealed a positive association between plasma
FKBPL concentration and B-type Natriuretic Peptide
(BNP), an established biomarker for cardiovascular disease,
and FKBPL was positively correlated with echocardio-
graphic parameters of diastolic dysfunction.’) Additionally,
FKBPL plasma concentration is negatively correlated with
HbAlc and blood glucose in people with type 2 diabetes
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mellitus (T2D) compared to people without T2D."! As such,
FKBPL seems to play an important role in the pathogenesis
and diagnosis of cardio-metabolic disease. FKBPL is also
one of the primary mediators of cellular stress response that
signals through the CD44 pathway.” Recently, FKBPL and
CD44 were identified, for the first time, as promising
predictive and diagnostic biomarkers of preeclampsia with
an essential role in its pathogenesis.'”! Based on the plasma
concentrations measured in pregnant individuals who pro-
ceeded to develop preeclampsia or healthy controls, the
CD44/FKBPL ratio could be used to predict the risk of
preeclampsia at week 20 of gestation hence stratifying those
high-risk pregnancies with evolving preeclampsia towards
timely diagnosis.'” Whilst this work was based on the
ELISA assay, CD44 and FKBPL utility was not yet explored
in the point of care settings.

Simple and low-cost strip-based lateral flow assays
(LFAs), such as pregnancy tests, have been widely used for
point of care detection of various diseases.!""! They often use
colorimetric reagents as signal tags to give an off/on signal
that is readable by the naked eye or a smartphone.
Compared with lab-based bulky instruments, these trans-
portable and low-cost devices are simple, affordable and
portable, and can give a fast response without the need of
trained personnel, sophisticated instruments and complex
sample preparation.'” Lanthanide-doped upconversion
nanoparticles (UCNPs) can combine two or more lower-
energy photons into one higher-energy photon for a range
of emerging applications, including single-molecule detec-
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tion and sensing,”” in vivo bioimaging,"” colour- and
lifetime-based optical multiplexing,'” and super-resolution
imaging."! Compared to the colorimetric changes of gold
NPs, which suffers from limited sensitivity and quantitative
ability, the intensity changes of UCNPs can be utilized to
accurately quantify the concentration of detected bio-
markers. Recently, we employed highly doped UCNPs with
enhanced luminescence intensity, as sensitive nanoprobes
for strip-based biomarker detection.™

In this study, we established a rapid lateral flow method
for the diagnosis of preeclampsia by quantifying the
concentration (and determining a ratio) of two biomarkers:
FKBPL and CD44, which was compared to the well-
established ELISA method. This is the first study that
sought to (i) evaluate the plasma concentration of a novel
vascular-related protein, FKBPL and its target CD44, in
established early-onset preeclampsia and (ii) design and
develop first-in-class point of care assay combining the novel
UCNPs with FKBPL and CD44 biomarkers. This platform
could establish a rapid and reliable method for the diagnosis
of preeclampsia, ultimately enabling faster clinical decisions
and better outcomes for pregnant individuals and their
offspring (Figure 1).
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Figure 1. Schematic summary of the study design. a) Healthy and early-onset preeclampsia plasma samples were interrogated for circulating
protein concentration of FKBPL and CD44. b) The UCNPs surface was modified with poly-acrylic acid (PAA) and bioconjugated with FKBPL
(FKBPL-UCNPs) or CD44 (CD44-UCNPs) antibodies. c) Lateral flow test strips for FKBPL and CD44 detection were designed. The FKBPL and CD44
signal intensity in early-onset preeclampsia and control plasma samples were measured using the corresponding test strips and CD44/FKBPL ratio

was calculated.
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Results and Discussion

FKBPL and CD44 Proteins as Reliable Diagnostic Markers for
Early-onset Preeclampsia

Given FKBPL's crucial role in developmental, physiological
and pathological angiogenesis and vasculature,™ through
binding to the cell surface protein, CD44,!'"! we determined
FKBPL and CD44 plasma concentration in early-onset
preeclampsia compared to normotensive pregnant controls
by ELISA. There was no significant difference between the
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early-onset preeclampsia and the control group in terms of
maternal age, gestational age (at blood collection) and
gravidity. However, BMI was higher, and as expected,
gestational age at delivery was significantly lower and,
systolic blood pressure (sBP), diastolic (dBP) and mean
arterial blood pressure (MABP), were significantly higher,
in the early-onset preeclampsia group (Table 1).

In the early-onset preeclampsia group, FKBPL plasma
concentration was significantly higher compared to the
control group (p=0.009, Figure 2a). In contrast to FKBPL,
CD44 plasma concentration was significantly lower in early-

Table 1: Clinical characteristics of normotensive pregnancies and pregnancies with established early-onset preeclampsia whose plasma was

collected.”

Control (n=15)

Age (years) 32.46 £5.22
Gestational age at blood collection (weeks) 29.08 +3.54
Gestational age at delivery (weeks) 39.07£1.15
BMI (kg/m?) 25.1445.63
sBP (mmHg) 120.44+8.02
dBP (mmHg) 75+6.34

MABP (mmHg) 88.9847.19
Gravidity 2.30 (1-5)

Infant birth weight (g) 3490+341.5

Early-onset preeclampsia (n=45) P value
30.95+5.09 0.36
29.25+2.65 0.85
29.47+2.75 <0.0001
30.50+7.74 0.02
174.24+15.06 0.01
103.5410.40 0.0003
127.24+10.39 0.0004
2 (1-5) 0.27
1181+509.2 <0.0001

[a] All clinical characteristics were presented as mean 4 SD. Bold indicated

statistical significance (p <0.05). Key: BMI, body mass index; sBP,

systolic blood pressure; dBP, diastolic blood pressure; MABP, mean arterial blood pressure.

o
=3

c
*k%
2.0 R 200- *k 800-
= -]
£ 15 E 1501 = 600
s E @
. 4
o ™. [CR
g 1.0 g 100 400-
o 3 o
o 0.54 ’7—‘ E 50 H 200
s g
0.0 ; . 0 T T 0-
> % S % > %
& ) & Q & {
s & & &f & &L
d e
20 2.0
= - %‘ .
75:11.5— .., 2 1.5 R
) o r2=0.128 2 1 r2=0.097
o . “
g 10] % g 107 *
u. —t . L . . * e »°
fd . . ] . e * .
g A T | L g . e ;
. - . . e
505{ * . e — 3 P4 —_—
& ': :. . '- . o * - P . .
0.0 T 1 T T 0.0+ F— T T T T 1
0 1000 2000 3000 4000 060 80 100 120 140 160 180
MABP [mmHg]

Infant birth weight [g]

Figure 2. Circulating FKBPL and CD44 concentration in the plasma of individuals with early-onset preeclampsia vs normotensive controls.

a) Plasma FKBPL concentration is higher in early-onset preeclampsia (n=38) compared with controls (n=13); b) CD44 concentration is lower in
the plasma of individuals with early-onset preeclampsia (n=38) compared with controls (n=13); c) CD44/FKBPL ratio is lower in early-onset
preeclampsia (n=38) compared with controls (n=13); d) FKBPL concentration is negatively correlated with infant birth weight (r*=0.128,
p=0.01); e) There is a significant positive association between FKBPL concentration and MABP (r*=0.097, p=0.028). EOPE: early-onset

preeclampsia. Each data point represents a single patient. Data plotted as
#eieidp < 0,0001.
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mean=+SD; n>13; n=>51 total, *p <0.05, **p <0.01, ***p <0.001,
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onset preeclampsia compared to controls (p=0.005, Fig-
ure 2b). The CD44/FKBPL ratio was also significantly lower
in early-onset preeclampsia compared to the control group
(p=0.0004, Figure 2c). Using linear regression analysis, a
significant negative association was observed between
FKBPL plasma concentration and gestational age at delivery
(r*=0.150, p=0.005, Figure Sla) or infant birth weight (r*=
0.128, p=0.01, Figure 2d), whereas a significant positive
association was observed between plasma FKBPL concen-
tration and MABP (1*=0.097, p=0.028, Figure 2e). There
was no association between plasma FKBPL concentration
and BMI (Figure S1b). There was no significant association
between CD44 and gestational age at delivery, BMI, MABP
or infant birth weight (Figures Slc—f). In terms of the CD44/
FKBPL ratio, there was no significant correlation with
gestational age at delivery, BMI, MABP or infant birth
weight (Figures S1g—k).

Since there was a difference in BMI between the early-
onset preeclampsia and healthy control groups, and BMI is
a known confounding factor for preeclampsia,l'® we per-
formed a partial correlation between the biomarkers and the
presence of early-onset preeclampsia adjusted for BMI. The
correlation remained significant suggesting BMI does not
influence the concentration of FKBPL, CD44 and CD44/

a NaYF,:40%Yb,4%Er b
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FKBPL ratio (FKBPL r=0.315, p=0.027, CD44 r=-0.371,
p=0.009, CD44/FKBPL r=-0.311, p=0.03) and this is
aligned with a non-significant correlation between the
biomarkers and BMI (Figures S1b, d and h). Based on the
CD44/FKBPL ROC curve (AUC=0.81, p=0.0007), patients
with a cut-off value (CD44/FKBPL ratio) less than 152.1
(sensitivity of 73.68 % and specificity of 92.31 %, Table S1
and Figure S2) are 9.6 times more likely to be diagnosed
with early-onset preeclampsia. According to the CD44/
FKBPL ratio of less than 152.1, the positive and negative
predictive values for detection of early-onset preeclampsia
are 90 % and 77 %, respectively.

Surface Modification and Characterization of UCNPs

Highly doped nanoparticles with 40% Yb*" and 4% Er’"
were synthesized based on the previously reported method
(Figure 3a).l') The growth of inert shells was used to
passivate non-radiative pathways to surface quenchers to
improve their brightness (Figure 3b).2" After the shell
coating, the size of UCNPs increased from 31 nm to 36 nm,
indicating the thickness of the inert shell of 2.5 nm (Fig-
ure S3a-b). In order to transfer UCNPs from hydrophobic to
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Figure 3. Synthesis and characterization of UCNPs. a) TEM images of NaYF,:40%Yb,4 %Er; b) NaYF,:40%Yb,4 %Er@NaYF,; c) NaYF,:40%
Yb,4 %Er@NaYF, modified with PAA; Scale bar is 100 nm. d) Dynamic Light Scattering (DLS) CONTIN plot of UCNPs modified with PAA;
e) Fourier transform infrared spectra (FTIR) of UCNPs with OA and without OA; f) Luminescence spectra of UCNPs under 980 nm excitation

before and after the modification of PAA.
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hydrophilic state, we modified the UCNPs with poly-acrylic
acid (PAA). The TEM results confirmed that the surface
modifications did not change the morphology of UCNPs
(Figure 3c), and the size of the particles remains uniform
with a diameter of around 36 nm after two-step surface
modifications (Figure S3c). The DLS data showed the
average size of PAA-UCNPs in the solution was around
65 nm with narrow size distribution (Figure 3d). To measure
the stability of PAA-UCNPs in water solution, we systemati-
cally tested the DLS size of the nanoparticles from 1 day to
7 days after PAA modification. The result showed no
change in size for the PAA-UCNPs over one week (Fig-
ure S3d).

Fourier transform infrared (FTIR) spectroscopy also
confirmed the existence of oleate ligands on the surface of
OA-UCNPs, which has typical peaks at 2900 and 1625 cm™'
belonging to the —CH,—, —CH;, C=C and C=O vibration
stretches of OA ligands, respectively (Figure 3e and Fig-
ure S3e). The absence of these characteristic peaks indicates
surface OA was mostly removed after acidic treatment.
FTIR confirmed the successful coating of PAA ligands on
the surface of PAA-UCNPs. The spectrum showed clear
absorption bands of PAA at 1638 cm ™ (asymmetric stretch-
ing vibrations of CO,), and 1563 cm™" (asymmetric stretching
vibrations of CO) (Figure 3e), which agrees with the FTIR
spectrum of PAA at pH 8.0 (Figure S3e). Since the PAA
polymer contained carboxylic groups that can be ionized in
water solutions, the surface charge of the nanoparticles was
—25 mV as measured by zeta potential measurement. Under
the 980nm excitation, OA-UCNPs and PAA-UCNPs
display similar optical properties with multiple emission
bands at 540 and 654 nm (Figure 3f), corresponding to the
*S3,—*115, Fopp—"*1;5,, transitions of Er*", respectively.

When we conjugated antibodies (monoclonal FKBPL
and monoclonal CD44, antibody) onto the surface of PAA-
UCNPs, AnteoTech Nano Kit was used to enable the
reaction between the carboxylic groups of PAA-UCNPs and
the amino groups of antibodies. TEM images demonstrated
that the conjugation of antibodies did not disrupt the
monodispersion of the nanoparticles. The DLS measure-
ments showed that the size of the antibody/PAA-UCNPs in
solution increased from 65 nm to 96 nm and 104 nm for anti-
FKBPL and anti-CD44 antibodies, respectively (Figure S4).
Notably, the zeta potential of the antibody/PAA-UCNPs in
solution also increased from —-25mV to —15mV and
—13mV for anti-FKBPL and anti-CD44, respectively. For
the conjugated product FKBPL-UCNPs, the A280 values of
the initial concentration of monoclonal FKBPL antibody
(0.23) and supernatants (0.04) indicate 82.6 % of antibody
was coupled to PAA-UCNPs, with each nanoparticle having
around 89 antibody molecules (Figure S5a,d). Similarly,
according to the A280 values of the initial concentration of
monoclonal CD44 antibody (0.22) and supernatants (0.052)
in each nanoparticle contained roughly 41 CD44 antibody
molecules (Figure S5b,d). To verify the activity of the
monoclonal FKBPL antibody after conjugation onto the
surface of PAA-UCNPs, a sandwich ELISA experiments
was performed and analyzed with confocal microscopy. The
experimental group containing 25 ngmL~' FKBPL protein
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displayed a significant brighter fluorescence signal compared
with the control group without any FKBPL protein, which
indicates the construction of a sandwich structure between
capture antibody, protein, and the detection antibody on the
surface of FKBPL-UCNPs (p=0.0117, Figures S6a-b). Us-
ing the same ELISA experimental set-up, the signal intensity
of the experimental group containing 25ngmL~' CD44
protein was significantly higher than the control group (p=
0.0031, Figures S6¢c-d).

Development of UCNPs-based Lateral Flow Assay

To show the potential of the FKBPL- and CD44-UCNPs for
rapid and accurate quantification of FKBPL and CD44
protein concentration in plasma, we designed the strip-based
LFA (Figure 4a). In our design, FKBPL and CD44 proteins
with a different concentration in the running buffer were
mixed with the bioconjugated UCNPs for 10 min. The
sample mix was then added to the sample pad, which
migrated along the nitrocellulose membrane until the
protein was bound to the capture antibody on the test line.
The luminescent intensity of the UCNPs on the test line was
read using a strip reader equipped with a 980 nm laser. As
shown in Figure 4b, the luminescent intensity of the test line
increased with the protein concentration in the running
buffer (from 0.025 to 100 ngml™"), indicating that the nanop-
robes correlate with the concentration of the targets.

Based on the one-phase exponential decay function
model, a relationship was obtained between the signal
intensity of UCNPs at 654 nm and FKBPL protein with
concentrations ranging from 0.025 to 100 ngmL™' (R*=
0.998, Figure 4b). The limit of detection for FKBPL protein
was around 10 pgmL~' which was ~15 times lower than that
of the ELISA method.” LOD in this work is defined as the
target concentration where the intensity is equal to the sum
of the background noise and three times the standard
deviation above the background noise. Similarly, there was a
clear positive correlation between the fluorescence signals of
UCNPs and CD44 concentration (range from 0.04 to
100 ngmL™") with the limit of detection calculated at around
15 pgmL~"' (R*=0.994, Figure 4c) which was ~9 times lower
than that obtained by ELISA.*

We individually evaluated this LFA's specificity for both
FKBPL and CD44. We tested the detection signal intensity
for FKBPL with a concentration of 2.5ngmL™"' in the
presence and absence of a high concentration of CD44
(400 ngmL™") using FKBPL-UCNPs LFA. There was no
significant reduction or increase of the signals for FKBPL
detection in the presence of CD44 (p=0.099; Figure 4d).
Similarly, there were no significant changes in the CD44
detection signal in the presence of high concentration of
FKBPL (400 ngmL™) using CD44-UCNPs LFA (p=0.618;
Figure 4e). The results indicate that there were negligible
cross-interactions between FKBPL and CD44.
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Figure 4. Characterization of FKBPL and CD44 UCNPs-base LFA. a) schematic illustration and image of FKBPL and CD44 strip; b) The calibration
curve of the FKBPL-UCNPs LFA for the detection of FKBPL protein at concentrations of 0.025, 0.1, 0.25, 1, 2.5, 10, 25, and 100 ngmL™", R?=0.998 ;
c) The calibration curve of the CD44-UCNPs LFA for the detection of CD44 protein at concentrations of 0.04, 0.1, 0.4, 1, 4, 10, 40, and 100 ngmL™",
R?=0.994; d) There is no reduction in FKBPL signal in the presence of high concentrations of CD44 in samples (2.5 ngmL™' FKBPL and

400 ngmL™" CD44); e) There is no reduction in CD44 signal in the presence of high concentrations of FKBPL in samples (10 ngmL™" CD44 and

400 ngmL™" FKBPL).

Detection of the CD44/FKBPL Biomarker Ratio in Clinical
Samples Using LFA

Given satisfactory FKBPL and CD44 biomarker detection
performance of the developed LFA, the next step was to
validate the UCNPs-based LFA for rapid and reliable
detection of the concentration of FKBPL and CD44 in
clinical samples. This type of test will be beneficial for the
diagnosis of preeclampsia at the point of care settings. Based
on the limit of detection of our LFA, we reduced the plasma
concentration by diluting the samples (1:40) in running
buffer and mixing with FKBPL-UCNPs or CD44-UCNPs
probes. Then UCNPs-plasma conjugates flew through the
strips, and the fluorescence signal from FKBPL and CD44
was measured separately (Figure 1c). While the plasma
FKBPL signal was significantly higher (=20%) in early-
onset preeclampsia compared to the control group (p<
0.0001, Figure 5a), there was a significant reduction (=240 %)
in CD44 signal intensity within preeclampsia samples (p <
0.0001, Figure 5b). This translated to a much lower CD44/
FKBPL intensity ratio in early-onset preeclampsia compared
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to controls (p<0.0001, Figure 5c), which was aligned with
the results of the ELISA test.

Interestingly, AUC increased to 0.98 when FKBPL
(AUC=0.83, p=0.0001, Figure 5d) and CD44 (AUC=0.93,
p<0.0001, Figure Se) biomarkers were combined as the
CD44/FKBPL ratio (AUC=0.98, p <0.0001, Figure 5f). The
ROC curves analysis demonstrated that a cut-off value of
1.24 for the CD44/FKBPL ratio (sensitivity of 90.48 % and
specificity of 100 %, Table S2) was appropriate for diagnos-
ing preeclampsia during pregnancy. The positive and
negative predictive values based on this cut-off value were
respectable 100 % and 91 %, respectively. We further tested
the sensitivity of LFAs by mixing the 2.5 ngml ' of FKBPL
or 10 ngml~' of CD44, spike protein, with plasma samples.
Using FKBPL-LFA, we were able to detect the total
concentration of FKBPL protein in plasma mixed with
25ngml™t FKBPL antigen (% Recovery=97.57% +
20.31 %; Figure S7a and Table S3). Similarly, CD44-UCNPs
LFA was able to detect the total concentration of CD44
protein in plasma mixed with 10 ngml™' CD44 protein (%
Recovery =110.2 % £ 12.78 %; Figure S7b and Table S4).

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 5. Using UCNPs-based LFAs to determine differences in FKBPL and CD44 intensities between early-onset preeclampsia and healthy
pregnancy. a) FKBPL signal intensity is higher in early-onset preeclampsia (n=42) compared to the control group (n=15); b) CD44 signal intensity
is lower in early-onset preeclampsia (n=42) compared to controls (n=15); c) CD44/FKBPL ratio is around 50% lower in early-onset preeclampsia
(n=42) compared to the control group (n=15); d) ROC curve of FKBPL with AUC 0.83, p=0.0001; e) ROC curve of CD44 with AUC of 0.93,

p <0.0001; (f) ROC curve of CD44/FKBPL ratio with AUC of 0.98, p <0.0001. EOPE: early-onset preeclampsia. Each data point represents a single

patient. Data plotted as mean 4 SD; n=>57 total, *p <0.05, **p < 0.01, **+*p <0.001, *

Preeclampsia is a multisystem and multifactorial cardio-
vascular disorder that occurs in the final stages of pregnancy
or postpartum. Although preeclampsia can contribute to
intrauterine growth restriction, maternal and perinatal
morbidity, and mortality around the world,” the only
known cure at present is delivery of the baby and
placenta.”! However, this is often premature and can lead
to complications and hospitalization.”™ Due to inter-patient
variations in symptoms and features of preeclampsia and
different phenotypes of preeclampsia, timely diagnosis is still
challenging particularly in rural and remote areas, which is
critical for good pregnancy outcomes. In this study, we
validated FKBPL and CD44 as useful diagnostic biomarkers
for early-onset preeclampsia and developed a first-in-class
point of care LFA for detection and quantification of
FKBPL and CD44 plasma protein concentration. The results
are obtainable within a short period of time (=15 min), and
the FKBPL- and CD44-point of care LFAs were validated
using clinical plasma samples showing high sensitivity and
specificity.

FKBPL plays a critical role in angiogenesis and has been
implicated in the pathogenesis of preeclampsia.'**! We
have previously demonstrated that FKBPL and its target
protein, CD44, can predict the risk of preeclampsia at
20 weeks of gestation and facilitate the diagnosis of
preeclampsia, particularly late-onset preeclampsia.'” Addi-
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*p < 0.0001.

tionally, high FKBPL plasma concentrations are also
observed in patients with diastolic dysfunction and cardio-
vascular disease!” and FKBPL shows increased expression in
3D cardiac spheroids exposed to plasma from individuals
with late-onset preeclampsia compared to healthy
controls.?”’ Here, plasma FKBPL is also increased and
CD44 & CD44/FKBPL ratio decreased in -early-onset
preeclampsia compared to normotensive pregnancies, which
is reflective of restricted angiogenesis and endothelial
dysfunction,[s] hallmark features in the development of
preeclampsia.” Interestingly, we also demonstrated that a
higher circulating concentration of FKBPL,"®! is associated
with infant growth restriction and shorter gestational age at
delivery in pregnancy, which is typical for early-onset
preeclampsia.®™! Studies have shown that individuals with
preeclampsia exhibit elevated concentrations of anti-angio-
genic factors, including soluble fms-like tyrosine kinase 1
(sFltl) and soluble endoglin (sEng)?® that may act in
concert with FKBPL restricting the development of the
placental vascular network, thereby inhibiting normal pla-
cental growth and leading to earlier delivery. However,
Yakundi et al. demonstrated that FKBPL-mediated effects
are independent of VEGF signalling."™ Preeclampsia is also
associated with an increase in the production of pro-
inflammatory cytokines, including tumour necrosis factor
alpha (TNF-0)P” and interleukin (IL)-6.* In contrast, anti-

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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inflammatory cytokines such as IL-10PY and IL-4P? are
decreased, often leading to a reduction in VE-cadherin®”
and ultimately impaired vascular integrity.? The positive
correlation between high circulating FKBPL concentration
and high MABP in this cohort may reflect the upregulation
of FKBPL as a compensatory mechanism to restore
endothelial dysfunction following the reduction of FKBPL
early in pregnancy and preceding preeclampsia as reported
previously."”! The FKBPL-based therapeutic peptide, AD-
01, has been shown to inhibit endothelial dysfunction and
inflammatory cytokines in low FKBPL settings using in vitro
and in vivo models suggesting that AD-01 may have
therapeutic potential at low doses to restore FKBPL early in
pregnancy that may prevent preeclampsia if proven safe in
pregnancy.®

Here, for the first time, we established a prototype of the
nanoparticles-based point of care testing that has the
potential for rapid and accurate detection of preeclampsia
by quantifying the circulating CD44 to FKBPL protein ratio
in plasma samples. The high-quality UCNPs, employed in
this work, have presented significant advances in this field of
biodetections, due to their high brightness, nonbleaching,
nonblinking, and uniformity in size and intensity.’® In this
paper, we incorporated the unique properties of UCNPs and
novel biomarkers, FKBPL and its target, CD44, to design
high-sensitivity LFA to aid diagnosis of preeclampsia in
pregnancy, particularly in the point of care settings.
Compared to previous research on UCNPs-based LFA >3]
we have demonstrated our capability to quantitatively detect
two different biomarkers related to the same disease. By
leveraging the ratio changes of the different biomarkers, we
have made disease diagnosis more accurate. Using clinical
samples, our rapid test showed significantly improved
sensitivity (90.5% vs. 73.7%) and specificity (100 % vs.
92.3 %) compared to the ELISA method. This could provide
a novel method in the future for assessing the risk of
preeclampsia at 20 weeks of pregnancy and detecting cases
of evolving preeclampsia towards timely diagnosis. While
the cost of the strips is &$2, the strip reader can be more
expensive due to the need for a 980 nm laser and related
optical system. However, based on our previous work, we
estimate that the total cost of the strip reader should not
exceed $100.'7 With the advancement of strip reader
technology that can detect signals from different positions, it
is possible to include both a test line for FKBPL and a test
line for CD44 in a single strip, providing an optimal
approach for detecting these simultaneously. Also, high-
performance antibodies and simultaneously multiplexed
detections will significantly improve the accuracy of pree-
clampsia diagnosis towards better pregnancy outcomes.

Conclusion

In summary, in established early-onset preeclampsia, circu-
lating plasma FKBPL and CD44 concentrations were
increased and decreased, respectively, with the CD44/
FKBPL ratio also decreased. This study showed for the first
time that FKBPL and CD44 can be specifically used for
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early-onset preeclampsia diagnosis where high FKBPL
plasma concentration is associated with restricted foetal
growth and early delivery. The potential of FKBPL and its
target, CD44, as novel biomarkers for early-onset pree-
clampsia diagnosis could increase the likelihood of more
accurate and timely diagnosis of preeclampsia and prevent
pregnancy complications. In addition, we developed an
innovative and quantitative first-in-class nanoparticles-based
LFA for rapid and accurate preeclampsia diagnosis in the
point of care settings capable of quantifying the ratio of
CD44 and FKBPL. Interestingly, we achieved the ultra-
sensitive detection of both CD44 and FKBPL with the limit
of detection of 15 and 10 pgmL™", respectively, without
cross-talk. Finally, we applied our rapid LFA to quantitively
detect the concentration of both CD44 and FKBPL in
clinical plasma samples, where the biomarker intensity ratio
in the preeclampsia group was 50 % lower compared to the
controls with excellent sensitivity and specificity, showing
improved utility compared to our previous findings.'"*!
This fully developed LFA could be potentially applied in
detecting a wide range of biomarkers for early diagnosis of
various diseases in the point of care settings, which would be
particularly beneficial for remote and rural areas.
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