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Kidney is the most frequently transplanted among all solid organs worldwide. Kidney transplant recipients

(KTRs) undergo regular follow-up examinations for the early detection of acute rejections. The gold stan-

dard for proving a T-cell mediated rejection (TCMR) is a biopsy of the renal graft often occurring as indi-

cation biopsy, in parallel to an increased serum creatinine that may indicate deterioration of renal trans-

plant function. The goal of the current work was to establish a lateral flow assay (LFA) for diagnosing

acute TCMR to avoid harmful, invasive biopsies. Soluble interleukin-2 (IL-2) receptor (sIl-2R) is a potential

biomarker representing the α-subunit of the IL-2 receptor produced by activated T-cells, e.g., after

allogen contact. To explore the diagnostic potential of sIL-2R as a biomarker for TCMR and borderline

TCMR, plasma and urine samples were collected from three independent KTR cohorts with various dis-

tinct histopathological diagnostic findings according to BANFF (containing 112 rsp. 71 rsp. 61 KTRs).

Samples were analyzed by a Luminex-based multiplex technique and cut off-ranges were determined. An

LFA was established with two specific sIL-2R-antibodies immobilized on a nitrocellulose membrane. A

significant association between TCMR, borderline TCMR and sIL-2R in plasma and between TCMR and

sIL-2R in urine of KTRs was confirmed using the Mann–Whitney U test. The LFA was tested with sIL-2R-

spiked buffer samples establishing a detection limit of 25 pM. The performance of the new LFA was

confirmed by analyzing urine samples of the 2nd and 3rd patient cohort with 35 KTRs with biopsy proven

TCMRs, 3 KTRs diagnosed with borderline TCMR, 1 mixed AMR/TCMR rsp. AMR/borderline TCMR and 13

control patients with a rejection-free kidney graft proven by protocol biopsies. The new point-of-care

assay showed a specificity of 84.6% and sensitivity of 87.5%, and a superior estimated glomerular filtration

rate (eGFR) at the time point of biopsy (specificity 30.8%, sensitivity 85%).

Introduction

Transplantations of kidneys largely outnumber those of other
solid organs and according to the Global Observatory on
Donation and Transplantation 75 664 kidneys were trans-
planted in 2018 worldwide.1 Furthermore, kidney transplant
recipients (KTRs) require intensive immunosuppression even
years after kidney transplantation (Ktx) especially when com-

pared to liver recipients in whom a state of graft tolerance can
develop.2–4 These treatments have severe side effects for the
patients and it is therefore most desirable to decrease the
intensity of the immunosuppressive regimen. Despite tremen-
dous improvements in the quality and tolerability of immuno-
suppressive medications, numerous kidney grafts are rejected
by the recipient’s immune system and further graft function
loss can occur.5 According to the U.S. Department of Health &
Human Services, within the first year after transplantation, in
2.5% of the living donor organs and 6.8% of the deceased
donor organs rejection episodes occur, most of which are
acute T-cell mediated rejections (TCMRs). Although this form
of rejection can be effectively treated e.g. by immediate high
pulse corticoid therapy and increase of basic immunosuppres-
sion, the detection in due time is crucial for a complete remis-
sion. Ongoing rejection activity may favor later rejection epi-
sodes and facilitate late rejections, and there may be an associ-
ation with the occurrence of antibody-mediated rejection
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(AMR) after frequent T-cell allogen recognition.6 In general,
five years after transplantation, the probability of rejection
increases up to 14.4% (living donations) and 25.6% (deceased
donor organs). To detect and treat acute rejection as early as
possible, regular follow-up examinations after Ktx are manda-
tory. Surveillance examinations after Ktx e.g. at the transplant
centre of Hannover Medical School were usually performed
two times weekly in the first month after transplantation,
weekly in between month one and three and at least monthly
until the end of the first year after Ktx, later on quarterly. The
screening examinations in kidney transplanted children is
even more frequent.7,8 An acute rejection can be assumed,
when function parameters such as serum creatinine in KTRs
rapidly increase, but this indicator is vague and may also indi-
cate an unspecific function failure not triggered by the
immune system. Actually, there is a wide range of specific (e.g.
BKV nephritis, TMA, glomerulonephritis, pyelonephritis) and
non-specific injury which can be reflected by kidney function
loss. An acute TCMR or a T-cell driven borderline rejection
(borderline TCMR) can be confirmed only by biopsy, categor-
ized according to the BANFF classification.9 Therefore, a graft
biopsy is the gold standard for diagnosing transplant rejection.
However, this procedure is associated with potential severe
clinical complications such as bleeding and infection.10–12

Moreover, such invasive procedures are time-consuming and
costly, because they require hospitalization. Therefore, specific
markers for kidney transplant rejection monitoring must be
determined and it is crucial to develop a reliable and statisti-
cally validated non-invasive test that physicians and potentially
even patients themselves can apply easily within minutes,
which does not cause any pain.

A variety of immunological biomarkers have been proposed
that could be relevant as indicators of acute rejection, e.g.
chemokines such as CXCL 9 or CXCL 10,13,14 growth factors
such as PDGF-BB15 or cell receptors reflecting the state of
immune-cell activity such as sIL-2R. Various candidate non-
invasive biomarkers have been linked with the immunological
status of the allograft and have shown potential in preliminary
studies, but widespread translation of these biomarkers to the
clinic will require robust validation studies, stringent standard-
ization of assays and the availability of commercial assays.16

Levels of the interleukin-2 receptor (IL-2R) are increased on
activated T-cells and may become detectable after cell shed-
ding as soluble factors in human bodily fluids,17 therefore
sIL-2R seemed suitable for the development of an LFA. Among
three different subunits of this receptor (IL-2Rα, IL-2Rβ and
IL-2Rγc), IL-2Rα is solely expressed by activated T-cells, has a
unique structure and is specific for interleukin 2 (IL-2). When
IL-2 binds to this cell-standing receptor, activation and pro-
liferation of resting T-helper, T-suppressor and cytotoxic
T-cells occur. These activated T-cells initiate and regulate
immune reactions, also within pathogenic contexts.

IL-2R appears to be involved in auto-immune diseases that
are characterized by a disturbed Treg/Teff balance. For
example, elevated serum levels of sIL-2R correlate with disease
activity in rheumatoid arthritis, sarcoidosis and complex

regional pain syndrome18,19 and here increased serum sIL2R,
with respect to IgG4, is accurate in monitoring disease activity
and predicting the response of glucocorticoid therapy (91% vs.
41%). T-cell activity in myelofibrosis accompanied by hypers-
plenismus and anemia20 or within microinflammation of
patients affected by diabetes mellitus type II21 was indicated
by increased sIL-2R levels. A disturbed Treg/Teff balance also
occurs after allogen contact within the context of cell trans-
plantation. As a consequence, sIL-2R plasma levels were shown
to be elevated within T-cell mediated graft-versus-host-disease
after hematopoietic stem cell transplantation.22–24

sIL-2R levels have also been shown to be up-regulated early
after organ transplantation.25 In cardiac graft recipients,
“ISHLT rejection type 3” corresponding to a TCMR within the
first year after heart transplantation correlated with increased
sIL-2R plasma levels.26 Recently, sIL-2R was also shown to be
increased in serum of children with an acute kidney graft
rejection.27,28

The general problem with immunological markers after
organ transplantation is, that their detection can be sup-
pressed by immunosuppressive drug effects. In contrast,
sIL-2R was already used as a marker of complications, e.g.
after the introduction of the IL-2R antibody basiliximab into
routine initial immunosuppressive therapy after renal trans-
plantation at many transplant centers worldwide.29,30

Transcriptomics,31–33 modern digital polymerase chain
reaction (dPCR),34–36 cell-free DNA37–39 and proteomics40–44

have already been examined as possible screening tools after
Ktx. Due to the comprehensive analysis and low practicability
within a short time interval at a transplant outpatient clinic,
most of these diagnostic tools have not yet gained clinical
acceptance, so a renal biopsy remains the tool of choice. Thus,
antibody-dependent test assays such as an LFA and also an
enzyme-linked immunosorbent assay (ELISA) appear to be
suitable alternatives, but currently only some ELISAs for the
detection of sIL-2R are available. Although ELISAs are sensitive
methods for protein detection, they require expertise and
additional equipment. Generally speaking, ELISAs do not rep-
resent point-of-care tests (POCT).

In contrast, an LFA can be read out by the naked eye within
minutes. If the test is positive, the user can verify the result
himself and turn to his physician for further evaluation of a
suspected diagnosis. It is the aim of this study to develop an
LFA as a POCT for KTRs to analyze urine samples in the case
of a suggested acute TCMR.

Materials

Polyclonal goat anti-human sIL-2R antibody (AF-223-NA) was
used as the capture antibody and polyclonal biotinylated goat
anti-human sIL-2R antibody (BAF223) was used as the detec-
tion antibody. Both antibodies were purchased from R&D
Systems (Minneapolis, USA). Rabbit anti-goat antibody (31 105)
was obtained from Thermo Fisher Scientific (Rockford, USA)
and served as the capture antibody in the control line of the
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LFA. sIL-2R was obtained from Abbexa Ltd (Cambridge, UK).
Conjugate and absorbent pads (Grade 6615, Grade 222) were
purchased from Åhlstrom-Munksjö (Helsinki, Finland).
Nitrocellulose membrane (Sartorius Unisart® CN180 backed)
was kindly provided by Sartorius Stedim Biotech (Goettingen,
Germany) and gold nanoparticles (AuNPs) were kindly pro-
vided by Fassisi GmbH (Goettingen, Germany). Trehalose was
obtained from Fluka BioChemika (Steinheim, Germany) and
Tween20 was obtained from PanReac AppliChem (Darmstadt,
Germany). As negative controls, C-reactive protein (CRP, Bio-
Rad, Hercules, USA), human serum albumin (HSA, Sigma-
Aldrich GmbH, Munich), as a further immunological para-
meter “monokine induced by gamma interferon” (MIG, also
called CXCL9; Acris Antibodies GmbH, Herford, Germany) and
immunoglobulin from human serum (I4506, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) were used.

Phosphate buffered saline (PBS) was prepared with 137 mM
sodium chloride, 2.7 mM calcium chloride, 10.1 mM disodium
hydrogen phosphate and 1.8 mM calcium hydrogen phosphate
(all purchased from Sigma-Aldrich Chemie GmbH). Solution
pH was adjusted to 7.4. Sodium borate buffer was prepared
with 2 mM sodium tetraborate (Sigma-Aldrich Chemie GmbH)
and set to pH 9. Running buffer was prepared with 0.1%
bovine serum albumin (BSA, Sigma-Aldrich Chemie GmbH) in
PBS. Running buffer for patient samples was prepared with
0.2% bovine serum albumin (BSA, Sigma-Aldrich GmbH) in
PBS. Tris buffer (100 mM, pH 8.0, Carl Roth) was prepared
with 1% BSA and 0.05% Tween20. All solutions were prepared
with distilled water and sterilized by filtration if not indicated
otherwise. For the adjustment of pH of all solutions sodium
hydroxide (1 M NaOH, Sigma-Aldrich Chemie GmbH) or
hydrochloride acid (1 M HCl, Sigma-Aldrich Chemie GmbH)
was used.

Methods
Patient sample collection and ethic vote

The samples used in this study (plasma of 1st and 2nd patient
cohort, urine of 2nd and 3rd patient cohort) were derived from
three independent sample collections in the transplant depart-
ment of the Hannover Medical School. The 120 KTRs of the 1st

patient cohort – aged between 18 and 75 years – were trans-
planted between 1990 and 2012 (Ethic approval Medical
school Hannover (MHH) no. 9682011 and 2765). The 2nd

patient cohort contained 87 KTRs – aged between 4 and 81
years – which were transplanted between 1986 and 2017
(Ethical approval MHH no. 7370). The 3rd patient cohort con-
tained 64 KTRs – aged between 26 and 75 – which were trans-
planted between 2010 and 2015. All experiments were per-
formed with the guidelines according to the Helsinki
Declaration and approved by the ethics committee at
Hannover Medical School. Informed consent was obtained
from human participants of this study. Clinical parameters
were collected in a pseudonymized form after informed
consent from clinical databases, from the patients’ clinical

files and from a transplantation platform presented by https://
www.eurotransplant.org. Biopsies were taken either as protocol
or as for-cause biopsies (Table S1†) and analyzed using the
BANFF classification including AMR, Borderline TCMR, TCMR
and non-rejection, using the BANFF classification version valid
at the time of biopsy.45 A borderline TCMR is a T-cell driven
borderline rejection and non-rejection refers to samples of
patients with a non-rejection biopsy finding. 8 data sets out of
120 patients in the 1st cohort and 16 data sets out of the 87
patients in the 2nd cohort were excluded from this analysis due
to missing values or diagnoses other than rejection, which
possibly interfere with the detection of sIL-2R (such as recur-
ring glomerulopathies and others). Information on KTR
characteristics, transplant characteristics and the immunosup-
pressive therapy was collected (Tables S2 and S3†). For sample
collection, EDTA plasma was obtained by centrifugation of
blood specimens at room temperature. Plasma and urine
samples were collected at the time of the biopsy before poss-
ible anti-rejection therapies were given. Samples were pro-
cessed within 3 hours after collection and stored in cryotubes
(500–1000 µL) at −80 °C until utilization.

Determination of assay relevant biomarker concentrations

Plasma and urine samples from the 1st and 2nd cohort were
analyzed by multiplex testing (Bio-Plex MAGPIX Multiplex
Reader, Bio-Rad Laboratories GmbH, Munich) to quantify the
concentration of sIL-2R among up to 56 diverse immunologi-
cal parameters (growth factors, cytokines and chemokines) in
KTRs’ samples and determine the relevant protein concen-
trations for the here established LFA. According to the manu-
facturer’s instructions, all samples were thawed on ice and
immediately diluted 1 : 4 with Bio-Rad sample diluent, before
they underwent Luminex-based multiplex protein assay. Here,
65 markers out of the Bio-Plex Pro™ Human Cytokine
Screening Panel and the Bio-Plex Pro™ Human Chemokine
Assay were used and scored using a machine learning feature
(see statistics) together with four clinical parameters (age at
Ktx, time between biopsy and Ktx (in months), gender and
serum creatinine at biopsy (µM L−1)). In the multiplex protein
assay, plasma samples of 112 KTRs of the 1st cohort and urine
and plasma samples of 71 KTRs of the 2nd cohort were used to
determine the relevant concentration of sIL-2R. This assay is
based on color-coded, magnetic microbeads coated with
recombinant antibodies against the target protein. Target pro-
teins in the patient sample bind to the antibodies and are
detected by a fluorescent-labeled second antibody against the
target protein. Both, the color-coding of microbeads as well as
the fluorescence labeling of secondary antibodies, were
detected and used for the calculation of the target protein
concentration.

Patient urine samples of the 3rd cohort were analyzed by
enzyme-linked immunosorbent assay (ELISA; Human CXCL9/
MIG DuoSetELISA, R&D Systems, Minneapolis, USA) to deter-
mine the sIL-2R concentration. 42 of these samples were
applied on the here developed LFA. For standardization of
sIL-2Rα-concentration of the samples used for the LFAs, 11
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samples of the 2nd cohort (4 TCMRs, 2 borderline TCMRs,
2 mixed rejections with either AMR/TCMR or AMR/borderline
TCMR and 3 non-rejection samples) were additionally analyzed
by ELISA. The assay was performed according to the general
ELISA protocol of the manufacturer.

Preparation of gold nanoparticle (AuNP)–antibody conjugates

Size and concentration determination of AuNPs. To deter-
mine the size of the AuNPs used for the LFA, 150 µL of AuNP
solution was treated ultrasonically before it was placed on a
graphite block and dried overnight at room temperature.
Exemplary pictures were obtained with JEOL JSM-6700 F (field
emission scanning electron microscope) using an acceleration
voltage of 2.0 kV. Pictures were analyzed by using the parallel
dimension tool in CorelDraw.

The concentration of the nanoparticle solution was
measured over 90 seconds by nanoparticle tracking analysis
(Nanoparticle Analysis System, Firefly Camera, NanoSight,
Modul LM10). The result was analyzed with NanoSight
Nanoparticle Tracking Analysis, Version 2.3 Build 0033.

Flocculation test for AuNP–antibody conjugates

For the visualization of the tested biomarker, AuNP-labeled
detection antibodies were part of the sandwich assay in the
LFA. In order to find the lowest antibody concentration necess-
ary to completely cover the gold nanoparticles and create
stable particles, a flocculation test was performed.

During the flocculation test, possible aggregations of gold
nanoparticles due to the addition of NaCl as the electrolyte
solution were formed. Aggregation generally occurs, if gold
nanoparticles are not fully covered by antibodies, and can be
photometrically visualized as a color change.46 Within the floc-
culation test, 20 µL of AuNPs and different volumes of the
detection antibody were adjusted to a final volume of 23 µL by
the addition of sodium borate buffer. Solutions were incubated
in the dark for 20 min at 115 rpm at room temperature. The
absorption spectrum was measured using NanoDrop (Peqlab
ND-1000) from 300 to 745 nm.47,48

AuNP-detection antibody conjugation and characterization

Based on the highest observed particle stability, the AuNP-
detection antibody conjugation was performed using the deter-
mined optimal antibody concentration (5.9 µg mL−1, see
above). Therefore, AuNPs (54 pM, 500 µL, pH 9.5), detection
antibody (90 µg mL−1, 37.5 µL) and sodium borate buffer
(2 mM, 37.5 µL) were mixed and incubated for 20 min at 115
rpm at room temperature. After adding 10% BSA to the AuNP–
antibody mixture, the solution was incubated for 20 minutes
at 115 rpm at room temperature and subsequently centrifuged
at 1300g for 30 min at 20 °C. The supernatant was removed
and the pellet was resuspended in 290 µL of H2O to a final
concentration of 70.4 pM.

Lateral flow assay (LFA)

Preparation of test strips. LFA strips were prepared by stick-
ing the nitrocellulose membrane, release pad (pretreated

with Tris buffer for 4 hours) and absorbent pad on the
backing card, with pieces overlapping. Antibodies for the test
and control line were applied on the nitrocellulose mem-
brane using a Nano-Plotter (GeSim NP 2.1,), which was set to
20 droplets per spot and 705 rows (1 spot per row) with a
spot row distance of 0.1 mm. For the definition of the
control line on the nitrocellulose membrane of the LFA,
approximately 7 µL of rabbit anti-goat capture antibody
(1 mg mL−1, 0.4 µL per 4 mm strip) in total was applied. For
the test line 7 µL of goat anti-human sIL-2R capture antibody
(1 mg mL−1, 0.4 µL per 4 mm strip) was immobilized. LFA
cards were dried overnight at room temperature before they
were cut into 4 mm strips (Dahle, 562). 10 µL of the AuNP-
labeled detection antibody (70.4 pM) was pipetted on the
release pad. For the assay with pre-incubation, conjugates
were not pipetted on the release pad but directly in the
sample.

Assay procedure

For each strip, 100 µL of protein sample was prepared in
running buffer using different concentrations of sIL-2R,
analyte sample or negative control samples. As negative con-
trols, HSA (750 µM), MIG (145 pM) and human IgG (67 mM)
were used for pre-testing, while patient samples from KTRs
with a kidney graft judged as non-rejection after biopsy served
as negative controls for the final LFA testing. Patient samples
were diluted (1 : 2) in running buffer. In general, 53 patient
urine samples were used, therefrom 35 were derived from
patients with TCMR (4 from 2nd cohort, 31 from 3rd cohort), 3
from patients with borderline TCMR (2 from 2nd cohort, 1
from 1st cohort), 1 each from patients suffering from mixed
rejection (AMR/TCMR or AMR/borderline TCMR; both 2nd

cohort) and 13 samples from patients with a non-rejection
biopsy finding (3 from 2nd cohort, 10 from 3rd cohort). Protein
samples, controls and patient samples were provided in wells
of a 96 well plate. The prepared strips were placed into the
respective well to start the assay.

For optimization, assays were performed after a pre-incu-
bation of the protein samples with the AuNP-labeled detection
antibody solution. Here, 2 µL of the AuNP-labeled detection
antibody (70.4 pM) were added to protein samples, negative
controls or patient samples in the 96 well plate and incubated
under exclusion of light for 15 minutes at room temperature
before the LFA assay was started.

Analysis of the lateral flow assay (LFA)

The strips were analyzed by semi-quantitative visual analysis of
scans (Epson Perfection V370) after 20 and 60 minutes of
running time. The LFA scans were analyzed according to the
histogram of intensities of the red lines using ImageJ. Here,
the analysis window was adjusted to 126 × 738 pixels. During
optimization, each LFA was repeated three times. When urine
patient samples were applied, LFAs were run once. To compare
the different strips of the pretests of different runs with each
other, for each run the mean of the control line of 0 pM sIL-2R
was set to 100%.
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Statistical methods

To identify the key immunological biomarkers for categoriz-
ation into ‘rejection’ or ‘non-rejection’ and subsequently for
acute TCMR, two different statistic approaches were used.
First, a feature selection (FS) process was performed with
neural net analysis. This analysis was based on 112 patient’s
files of the 1st cohort with a total of 69 features (65 biomarkers
and 4 clinical features such as age at Ktx, time between biopsy
and Ktx (in months), gender and serum creatinine at biopsy
(µM L−1)). A set of training samples contained input values
together with the desired output. In combination with an error
function, the training set was used to adjust the internal para-
meters of the network and mapped the values of the immuno-
logical parameters to ‘rejection’ or ‘non-rejection’. For the
evaluation of the method, two-layer feed-forward networks
with 5–20 neurons in the hidden layer were used. For each
neuron, 250 FS runs were carried out. A ranking order for the
various markers was calculated by the evaluation of score
values and the 15 candidates with the highest score were
elected (ESI Table S1†). Second, the Wilcoxon test (Mann–
Whitney U test, suitable for a non-parametric value distri-
bution) was used for subgroup analysis of multiplex testing
results according to BANFF scores (borderline TCMR, TCMR or
AMR versus non-rejection samples), and asterisk indicates the
level of statistical significance reached (* p < 0.05, ** p < 0.01;
*** p < 0.001).

Sensitivity and specificity were defined according to a
binary classification test for sIL-2R in the LFA and the esti-
mated glomerular filtration rate (eGFR) at the time of biopsy.
For eGFR, 25 mL min−1 was set as the cut off. The eGFR was
calculated using the chronic kidney disease epidemiology col-
laboration (CKD-EPI-) equation:49

GFR ¼ 141�min
Scr
κ

; 1
� �α

�max
Scr
κ

; 1
� ��1:209

� 0:993Age � 1:018½if female�=� 1:159½if black�

Scr = serum creatinine, κ = 0.7 for females/0.9 for males, α =
0.329 for females/−0.411 for males, serum creatinine levels
were taken at the time of graft biopsy.

MS Excel XLSTAT 2020 (Addinsoft Inc., New York, USA) was
used to plot receiver operating characteristics (ROC) curves
and to calculate the area under curve (AUC); for the determi-
nation of the eGFR, the serum creatinine values at the time of
graft biopsy were used and GFR estimates according to
CKD-EPI, whereas for the LFA the intensity of the test line was
used.

Results and discussion
Determination of assay relevant biomarker concentrations

To investigate whether sIL-2R is a biomarker for TCMR,
plasma and urine samples from three independent KTR
cohorts were included in the current study. In the applied
multiplex assay, up to 65 different immunological para-
meters and additional clinical parameters had been ana-
lyzed in parallel, 15 best candidates were chosen by scoring
(ESI Table S1†) and validated in a 2nd patient cohort.
Among those, sIL-2R was found to be increased significantly
in plasma and urine of KTRs with acute TCMR and also in
the plasma of KTRs with borderline TCMR (Fig. 1). In
detail, according to the BANFF classification, biopsies of the
1st and 2nd patient cohort (recruited between 2011 and 2012
rsp. recruited from 2017 and 2018) were categorized as
“biopsy proven rejection-free sample” – termed “non-rejec-
tion sample” in the following borderline TCMR, acute
TCMR and AMR (for details see ESI Tables S1–S3†). The
term ‘rejection’ comprises the above-mentioned rejection
categories.

The sIL-2R-selected results of a multiplex protein assay as
well as ELISA for sIL-2R are shown in Fig. 1. In the 1st

patient cohort, sIL-2R concentrations in samples of the KTR
group with all kinds of reception (‘rejection’) and the KTR

Fig. 1 Boxplots of the sIL-2R concentration in patient samples (A: 1st cohort, plasma, B: 2nd cohort, plasma, C: 3rd cohort, urine) from 112 (A) and
71 KTRs (B) and 61 KTRs (C), analysis according to Luminex-based multiplex protein assay (Biorad) or ELISA (R&D systems, C) with asterisks indicating
the level of significance compared to samples from patients with a non-rejection-biopsy finding (* p < 0.05, ** p < 0.01; *** p < 0.001 according to
Mann–Whitney U test). TCMR: acute T-cell mediated rejection, AMR: antibody mediated rejection, borderline TCMR: T-cell driven borderline rejec-
tion, rejection: all rejection categories combined, non-rejection: samples from patients with a non-rejection-biopsy finding.
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group with ‘TCMR’ or ‘borderline TCMR’ were significantly
higher (‘rejection’: 282.5 ± 498.5 pg mL−1; ‘TCMR’: 595.6 ±
817.4 pg mL−1, ‘borderline TCMR’ 264 ± 400 pg mL−1, ‘AMR’
n. s. with 126.4 ± 95.5 pg mL−1) compared to samples of
patients with a non-rejection biopsy finding (149.7 ± 324.6 pg
mL−1). In the 2nd patient cohort, sIL-2R concentrations were
significantly higher in plasma samples of patients with
TCMR (plasma: ‘TCMR’: 217.61 ± 124.9 pg mL−1, N = 7; ‘bor-
derline TCMR’ with 132 ± 29.6 pg mL−1; N = 12) compared
to those of non-rejecters (plasma: non-rejecters: 76.5 ± 35.4
pg mL−1, N = 37). To answer the question, whether increased
sIL-2R levels are also detectable in the urine of KTRs with
acute TCMR rejection, urine samples from KTRs out of a 3rd

cohort were tested with 35 urine samples being categorized
as TCMRs, 26 as non-rejection samples (Fig. 1C and ESI
Table S4† for details according the KTRs, data documenting
a homogeneous distribution of different immunosuppressive
regimens in these groups). ELISA results showed an sIL-2R
mean concentration of 124.3 ± 103.3 pg mL−1 for the urine
samples of KTRs with TCMR. The mean concentration of
sIL-2R in patients with non-rejection as determined by histo-
pathological classification of graft biopsies was significantly
lower (48.9 ± 35.5 pg mL−1).

The significantly elevated sIL-2R concentration in acute
TCMR after Ktx corresponds to the findings of others.28,50,51

For example, Rasool et al. showed that up-regulation of sIL-2R
levels occur at an earlier time than that of serum creatinine52

indicating that sIL-2R might be an early immunological
specific marker for TCMR.

Thus, it has been successfully demonstrated in all three
patient cohorts that sIL-2R is an indicator of TCMR and –

according to plasma levels – possibly also in borderline TCMR
after Ktx. Furthermore, it was successfully shown that the bio-
marker sIL-2R is not only statistically reliably detectable in
plasma, but also in urine (from the 3rd patient cohort), and
the medium preferably used for commonly utilized POC
testing due to its easy availability for the patient and lower con-
centration of other proteins may be competitive in antibody-
binding.

Sadeghi et al. showed that elevated sIL-2R plasma levels
within a TCMR were accompanied by low CD8+ lymphocyte
plasma counts53 presumably because peripheral activated
T-cells in rejecting patients infiltrate the allograft.54

These Th1 cells normally used to lead to an increased
cell-mediated response against external antigens oppose
graft specific allogens in transplantation settings.55

Furthermore, in Sadeghi’s study with mainly cyclosporine-
treated KTRs, sIL-2R-increase was part of a Th2-cytokine
pattern with increased IL-5 and IL-13 – levels. The latter
result was not confirmed by our results (no elevated IL-5
and IL-13 levels, ESI Table S1†). This may be due to a
higher percentage of samples deriving from tacrolimus-
and mycophenolate-treated KTRs in the study presented
here, in which Th2 immune responses are suppressed by
higher mycophenolate-levels overtime under treatment with
tacrolimus.56

Characterization and preparation of AuNP–antibody
conjugates

Size determination of AuNPs. The scanning electron micro-
scope A450e (SEM) was used to visualize the AuNPs and to
verify the manufacturer’s specification (20–30 nm). In the
applied solution of AuNPs, mostly single particles and some
small aggregates of few single particles were observed (ESI
Fig. S1†). SEM images were used to calculate the average size
of the AuNPs as 28.62 ± 13.29 nm. According to Haiss et al.,
the size of the AuNPs was additionally calculated based upon
UV-Vis spectra (ESI Fig. S2†).57 Specifically, the ratio of the
absorbance of AuNPs at the surface plasma resonance peak to
the absorbance at 450 nm was calculated. According to the
latter method, the AuNPs had a size of 25 nm, which coincides
with the size range of the SEM image pixel estimation (ESI
Fig. S1 and S2†). According to ‘Nanoparticle Tracking Analysis’
(NTA) measurements, the total concentration of the original
AuNP solution was determined to be 5.09 × 108 particles per mL.

Determination of antibody concentrations

A critical step in manufacturing an LFA is to prepare conju-
gates consisting of detection antibodies bound to AuNPs.
These conjugates are used for the visualization of the target
biomarker on the test line as well as to confirm the functional-
ity of the test on the control line. As described in the Methods
section, the flocculation test was used to optimize the theore-
tical ratio of antibody concentration to nanoparticles when
antibodies completely cover the surface of the AuNPs. This test
relies on the fact that optimized conjugates reach the highest
possible stability without aggregation. Since antibodies con-
tribute to the colloidal state of AuNPs, aggregation occurs
within a salty milieu, when the surface of the AuNPs is not
fully covered by these micromolecules.58 The appearance of
aggregates was recognized photometrically within the floccula-
tion test (ESI Fig. S3†) using non-antibody-conjugated AuNPs
as the control.

Antibody-loaded AuNPs were considered stable, when the
AuNP-concentration curve converged with the curve of AuNPs
without antibodies and an antibody concentration of 1.17 µg
mL−1 did not stabilize the gold nanoparticles (ESI Fig. S3†).
Beginning with an antibody concentration of 3.13 µg mL−1,
stable conjugates were detected and the curve converged with
the curve of AuNPs without antibodies. Gold nanoparticles
reached maximum stability at an antibody concentration of
5.87 µg mL−1 (no color change due to agglomeration after the
addition of NaCl), which was used for all further AuNP prep-
arations. Adding even higher antibody concentrations did not
improve the stability of AuNP-conjugates.

Lateral flow assay

An LFA is made up of at least four different components:
sample pad, nitrocellulose membrane, absorbent pad and
backing card. The sample fluid is placed on the sample pad
and migrates driven by capillary forces to the particle-bound
detection antibodies directed against the analyte. AuNPs were
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applied here for visualization of the target. The migrating
sample couples the complex of analyte and AuNP-labeled
detection antibody and this complex passes the test line first
and the control line second. On the test line, capture anti-
bodies specific for the analyte are immobilized, whereas
capture antibodies specific for the detection antibody are
immobilized on the control line (Fig. 2). If the analyte is
present in the applied sample, a sandwich consisting of
capture antibody–analyte–AuNP-labeled detection antibody is
formed and a red line appears as recognized by the naked eye.
In this study, lines were additionally and objectively quantified
with a scanner and ImageJ for pixel estimation. In each LFA,
the control line indicates whether the test performance is
appropriate by proper complex formation of immobilized anti-
bodies with the detection antibody bound to AuNPs (Fig. 2B).
If the protein of interest is not present in the sample, only the
control line is visible (Fig. 2C). The unbound sample is col-
lected in the absorbent pad.

In this work, the sIL-2R molecules (analyte) present in the
sample were bound to the AuNP-labeled detection antibody
and detected at the test line. The remaining AuNP-labeled
detection antibodies were bound by the capture antibody at
the control line directed against the detection antibody.

Assay procedure and sensitivity

Various parameters are critical for the test performance, sensi-
tivity and specificity of an LFA. Membrane properties corres-
ponding to capillary flow are relevant for sensitivity. To
increase the formation of antigen conjugates with the AuNP-
labeled detection antibody, a nitrocellulose membrane with a
low capillary speed was chosen (Sartorius Stedim Biotech;
Unisart® CN180 backed), on which pure water exhibited a
capillary speed of 135 to 175 seconds to move along 40 mm.59

The slow sample mobility on the membrane favors the sustain-
able formation of sIL-2R-AuNP-detection antibody-complexes;
the test line therefore gains intensity. Furthermore, the right
choice of antibodies is important. Three different monoclonal
antibodies and one polyclonal antibody were tested as capture
antibodies. Additionally, two polyclonal antibodies where
tested as detection antibodies (ESI Fig. S4†). Of these, only the
polyclonal capture antibody showed a remarkable result on the

test line. For all further experiments, the polyclonal antibody
was chosen as the capture antibody.

To test the here developed LFA system, different concen-
trations of sIL-2R in running buffer (0 to 250 pM) were applied
on the strip. The introduction of a 15 minute-pre-incubation
of conjugates and target led to a stronger intensity of the test
line (ESI Fig. S5†).

To determine the optimal test performance time, the LFA
strips were analyzed qualitatively by visual observation of the
color change of the test line after 20 and 60 minutes. After
60 minutes, sIL-2R concentrations as low as 25 pM and even
10 pM were visible (Fig. 3A). The control line which indicates a
reliable test performance was detectable on all strips after two
minutes.

Since polyclonal antibodies may exhibit unspecific binding
to other proteins, three proteins with a certain probability to
occur in patients’ urine after Ktx were tested competitively as
negative controls: human serum albumin (HSA), CXCL9 and
human immunoglobulin G (IgG). MIG is a chemokine and has
been described as an indicator for acute rejections in trans-
planted organs.60 HSA is the most abundant protein in serum
and is excreted in urine within proteinuria in the case of a
damaged glomerular filtration barrier of the kidney graft.61

The LFA system revealed negative test lines and positive
control lines for these negative control proteins (Fig. 2C, 3B &
D) indicating specificity for the detection of sIL-2R.

In addition to visual control, scans of the red bands of the
test lines were additionally quantified with ImageJ. The initial

Fig. 2 Schematic illustration of a lateral flow assay. (A) Test compo-
sition, (B) positive test (two red lines) and (C) negative test (one red line).

Fig. 3 LFAs run with various concentrations of sIL-2R and control
protein in running buffer. Samples were pre-incubated with AuNP-
labeled detection antibody for 15 minutes before test performance.
Scans were taken 60 minutes after sample application. Membranes with
test and control lines are shown. (A) LFAs with 0–250 pM of sIL-2R in
running buffer. (B) LFA with different negative controls (HSA = human
serum albumin, 750 µM; MIG = Monokine induced by Gamma-
Interferon, 145 pM; human IgG, 67 mM). (C) and (D) Columns showing
intensity of the test rsp. control line of A and B for the comparison of
different LFA strips, evaluated with ImageJ while setting the mean value
of the control line of 0 pM sIL-2R at 100% (red bars: control line (CL);
blue bars: test line (TL); N = 3, mean ± SD for each concentration and
the negative controls.
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scan after 20 minutes was not distinct and clear whereas the
second scan after 60 minutes exhibited accurately formed
lines. Color intensities of test lines appeared to decrease with
lower analyte concentrations, which was proportional to the
sIL-2R concentrations (ESI Fig. S6†). Using the scan quantifi-
cation method, the subjective results by visual estimation were
confirmed and sIL-2R-levels as low as 10 pM were detectable.

Determination of sIL-2R in patient samples

This LFA developed as POCT for patients in the monitoring
interval after Ktx represents a qualitative test with a binary
diagnostic answer. If a red test line is visible, the patient
should receive a consultation of a transplant physician.

After running the newly developed LFA firstly with running
buffer containing defined concentrations of sIL-2R (so called
spiked samples), plasma and urine samples of KTRs with
acute TCMR, borderline TCMR or mixed AMR/borderline
TCMR or mixed AMR/TCMR or non-rejection were applied
(Fig. 4).

As the application of plasma samples only exhibit a faint
control line on a yellowish membrane, the LFA appeared not
to be suitable for plasma samples. The low test performance
here might be due to the fact, that plasma contains a huge

amount of competing binding proteins for the antibodies used
in the LFA and specific binding of sIL-2R is therefore
decreased.

53 exemplary patients’ urine samples (deriving form KTRs
with either TCMR, borderline TCMR or mixed rejections or
non-rejection samples) were diluted with running buffer (1 : 2),
pre-incubated for 15 minutes with conjugates of AuNP-labeled
detection antibodies as described above and applied on the
LFA (for details of patient samples see ESI Table S6†). The
resulting LFA strips were scanned after 20 and 60 minutes.
Scans taken after 20 minutes were more distinct and clearer
and therefore chosen for analysis. Most of these LFAs showed
an intensive, defined red color at the test and at the control
line, indicating that the strip is functional and detects sIL-2R.
It is plausible, that a KTR with a borderline TCMR (which rep-
resents a limited form of a TCMR according to BANFF classifi-
cation) is also identified by this LFA test.

Furthermore, we tested samples of kidney grafts classified
as mixed rejections (AMR/TCMR and AMR/borderline TCMR).
The threshold between rejection and non-rejection samples
was set to 400 000 A.U. of the scan taken 20 min after starting
the LFA due to a distinct discrimination of the test line devel-
opment. Five LFAs out of 40 show a very weak test line and are

Fig. 4 LFAs (membranes with test and control line are shown) run with 53 patient samples (A–D). In A, 35 urine samples of KTRs with the biopsy
finding of a TCMR were run. In B, three urine samples of KTRs with a biopsy proven borderline TCMR were applied on the LFA. C illustrates LFA
signals of patients’ urine samples deriving from KTRs with a mixed rejection (AMR/TCMR and AMR/borderline TCMR). 13 urine samples of KTRs with
an unsuspicious graft biopsy are represented in D. All urine samples were diluted with running buffer (1 : 2) and pre-incubated with AuNP-labeled
detection antibody for 15 minutes before the LFA run was started. The membrane scans were taken 20 minutes after sample application. Below each
membrane the corresponding columns reflecting the signal intensity of test line are shown for the comparison of the LFA strips, evaluated with
ImageJ.
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therefore below this threshold (Fig. 4A–C), although the urine
samples derived from patients with a biopsy proven rejection.

To verify that the test line is specific for sIL-2R, 13 samples
of patients with a non-rejection biopsy finding (for details of
patient samples see ESI Table S6†) were also tested on the
LFAs (Fig. 4D). Here, a control line was formed but mostly just
a very weak test line. Only two out of 13 LFAs showed a test
line higher than 400 000 A. U.

As to the correct classification of KTR samples according to
the graft biopsy (TCMR yes or no), a specificity of 84.6% and a
sensitivity of the LFA of 87.5% were determined. In compari-
son, serum creatinine values at the time point of biopsy of the
3rd cohort showed a sensitivity of 85% and a specificity of
30.8% for TCMR and an AUC of 0.565 in receiver operating
curve analysis (ESI Fig. S7†). Comparison of sIL-2R-LFA ROC
curves with eGFR at the day of biopsy shows that the applied
LFA is clearly more specific and even slightly more sensitive
than the eGFR on the day of diagnosing TCMR per biopsy
(Fig. 5 and ESI Fig. S7†). It cannot be excluded that a signifi-
cant decrease of eGFR within a distinct time interval before
graft biopsy would be more specific and indicative of TCMR,
but patients’ clinical files used did not comprise all historical
laboratory data to judge the alteration of kidney graft function
over time which frequently occurs in clinical practice.

As LFAs are qualitative assays and target-binding may be
influenced by the individual sample consistency, sIL-2R con-
centrations do not necessarily correspond with the intensity of
the test lines. In our study, the irregular width and intensity of
the test and control lines may also be due to the (not industry
standardized) use of a printing device. This device sets drops
not creating defined lines. It may also be due to the variable
content of the individual urine sample that may contain rele-
vant amounts of other proteins cross reacting, some of which
were ruled out by competing binding proteins (Fig. 3B and D).
Hence, our results show that sIL-2R is a suitable indicator for

TCMR and the newly developed antibody-based LFA is able to
categorize urine samples of KTRs with a biopsy proven TCMR,
borderline TCMR or a non-rejection biopsy finding. It cannot
be ruled out that sIL-2R is detected in the urine of KTRs with a
polyomavirus infection62 or an unspecific bacterial urogenital
infection or another state of inflammatory or autoimmune
disease. Furthermore, the number of urine samples of KTRs
with a borderline TCMR did not suffice to evaluate the test’s
potency for this specificity and ambiguous biopsy diagnosis,
in which the need-to-treat is still a matter of current debate
among transplant physicians. These questions have to be eval-
uated in prospective clinical studies using an even broader
variety of patients’ samples.

Conclusions

In this work, a novel LFA was established for detecting
increased sIL-2R levels with high specificity (84.6%) and sensi-
tivity (87.5%) in TCMR. In a first step, samples from patients
with a biopsy proven acute TCMR and other biopsy proven
forms of rejection (borderline TCMR or AMR according to the
BANFF classification) were examined by the Luminex-based
multiplex technique. It was successfully shown, that the bio-
marker sIL-2R is an indicator of TCMR and statistically reliably
detectable in plasma and urine of patients with TCMR. Based
on these studies, the relevant mean concentration of sIL-2R
was determined in patient samples during TCMR. In the next
step, an antibody-based LFA for sIL-2R in running buffer was
established. After optimization of the test by introducing a pre-
incubation of 15 minutes of the AuNP-labeled detection anti-
body with the antigen, the LFA reached a limit of detection of
10 pM. Quantification of the LFA test lines also corroborated
these results. Finally, 53 samples of KTRs were tested on the
LFA. Specificity and sensitivity were calculated for discrimi-
nation between TCMR, borderline TCMR, mixed rejections
(AMR/TCMR and AMR/borderline TCMR) and non-rejection
samples (negative).

The newly developed LFA for the detection of sIL-2R is
highly sensitive and specific for TCMR and easy to use.
Moreover, it was also developed with low material resources
and represents a rapid and reproducible test method. The
results of the test are unambiguous and can be interpreted by
non-experts. The LFA has the limitations – however – that it
affords a relatively long pre-incubation time of 15 minutes and
that the maximum level of the marker lines can be read out as
late as after 20 minutes. Of note, the LFA can be performed as
a POCT method by the KTRs at home using urine samples.
The KTRs can check specifically, if a TCMR rejection might
have occurred, and then turn to an expert specialized trans-
plant physician. We expect KTRs with an increased serum crea-
tinine specific for e.g. TCMR can check the plausibility of this
specific rejection condition using the test. We suggest a higher
TCMR-specificity for the test than for serum creatinine, and
this may help to identify KTRs with the urgent need for a graft
biopsy.

Fig. 5 Receiver operating characteristics (ROC) curve of the perform-
ance of the developed lateral flow assay using kidney transplanted
patients with either biopsy proven TCMR or non-rejection (AUC =
0.894).
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