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ABSTRACT

Determining ultratrace amounts of protein biomarkers in patient samples in a straightforward and
quantitative manner is extremely important for early disease diagnosis and treatment. Here, we
successfully demonstrate the novel use of zinc oxide nanorods (ZnO NRs) in the ultrasensitive and
quantitative detection of two acute kidney injury (AKI)-related protein biomarkers, tumor necrosis
factor (TNF)-a and interleukin (IL)-8, directly from patient samples. We first validate the ZnO NRs-
based IL-8 results via comparison with those obtained from using a conventional enzyme-linked
immunosorbent method in samples from 38 individuals. We further assess the full detection capability
of the ZnO NRs-based technique by quantifying TNF-a, whose levels in human urine are often below
the detection limits of conventional methods. Using the ZnO NR platforms, we determine the TNF-
o concentrations of all 46 patient samples tested, down to the fg/mL level. Subsequently, we screen for
TNF-a levels in approximately 50 additional samples collected from different patient groups in order to
demonstrate a potential use of the ZnO NRs-based assay in assessing cytokine levels useful for further
clinical monitoring. Our research efforts demonstrate that ZnO NRs can be straightforwardly employed
in the rapid, ultrasensitive, quantitative, and simultaneous detection of multiple AKI-related biomarkers
directly in patient urine samples, providing an unparalleled detection capability beyond those of
conventional analysis methods. Additional key advantages of the ZnO NRs-based approach include a
fast detection speed, low-volume assay condition, multiplexing ability, and easy automation/integration
capability to existing fluorescence instrumentation. Therefore, we anticipate that our ZnO NRs-based
detection method will be highly beneficial for overcoming the frequent challenges in early biomarker
development and treatment assessment, pertaining to the facile and ultrasensitive quantification of hard-

to-trace biomolecules.
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Introduction
Cytokines and a subgroup of chemoattractant cytokines known as chemokines are signaling proteins

produced by many cells such as neutrophils, monocytes, macrophages, and T-cells."” Cytokines and
chemokines regulate immune responses and are known as important biomarkers of inflammatory
diseases. Hence, they are widely used to track and predict disease progressions as well as to monitor
patient treatment outcomes.®” One such example is acute kidney injury (AKI), a common disorder with
high morbidity and mortality rates in the hospital setting whose biomarkers include various cytokines
and chemokines such as interleukins (ILs) and tumor necrosis factors (TNFs).*!?

The potentially decisive diagnostic importance of cytokine and chemokine biomarkers continues to

13-15

drive new assay development. The most common methods of detecting cytokines rely on enzyme-

31617 Yet, such traditional diagnostic procedures widely

linked immunosorbent assays (ELISAs).
employed for the measurement of biomarkers tend to require long assay times and extensive workflows.
In addition, these standard methods are often limited to measuring a single type of protein per run.
Moreover, typical detection sensitivities of conventional ELISA assays may be insufficient to discern
biologically significant perturbations in weakly expressed cytokines. To overcome these challenges,

819 and polymerase chain reaction (PCR)-based

approaches such as microsphere-based assays
assays’*! have been developed. For example, previous studies have used bioluminescent proteins as
alternative labeling sources to reduce autofluorescence and to permit IL-6 and IL-8 detection in the low
pg/mL range.”” Immuno-PCR methods, generally employing single DNA-coupled antibodies whose
signals are amplified with additional steps such as rolling cycle amplification, have yielded a detection
range of less than 10 pg/mL for many cytokines.”” Electroluminescence and square-wave voltammetry
methods have also been used to measure TNF-a. levels in the range of 3~7 pg/mL.** Surface plasmon
resonance (SPR) and local surface plasmon resonance (LSPR) effects have been more recently exploited
for cytokine measurements as well. The lowest concentration levels of IL-13 and TNF-a in

physiologically relevant samples tested with a SPR-based sensor have been reported to be in the 1

ng/mL range® and further improved to ~50 pg/mL with the addition of Au nanoparticles for signal
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amplification.’® An optical fiber sensor coupled with Au nanoparticles for LSPR can detect IL-1f of
concentrations as low as several tens of pg/mL.27 These and the wealth of other studies in the literature
underscore the significance of cytokines and chemokines in both basic biological and biomedical
research as well as the high demand for achieving ultrasensitive detection limits (DLs) of these
biomarker proteins in more applied clinical contexts.

The levels of disease-implicated cytokines and chemokines in humans are often well below the tens of
pg/mL range which is the customary DLs of conventional techniques. Accordingly, there is a great
interest in reducing the lower limits of detection down to the fg/mL range. In particular, the ever-
growing need for early diagnosis and treatment in AKI and other cytokine-implicated diseases further
warrants an innovative detection means capable of reaching even lower DLs than those currently
offered. In this context, we have shown that ZnO NRs permit enhanced detection of fluorescence
signals emitted by biomolecules in the form of custom-prepared oligonucleotide constructs and highly
purified single-composition proteins in simple media.**>*

In this study, we quantify TNF-a and IL-8, two AKI-related biomarkers, in urine samples obtained
from patients at risk for AKI by using ZnO NR platforms in fluorescence-based assays. We
demonstrate that ultralow amounts of the biomarker proteins can be quantified rapidly and
simultaneously in biologically complex, clinical samples using the newly developed ZnO NR
fluorescence assay platform. Furthermore, we compare the biomarker readings determined using the
ZnO NR platform with the results obtained using a conventional ELISA-based assay on the same patient
samples. We determine that the ZnO NR platform can quantify TNF-a and IL-8 levels in urine down to
the concentration range of several fg/mL. Lastly, we assess the feasibility of our ZnO NRs-based
approach to distinguish between different patient groups to serve as a guide in clinical monitoring. Our
efforts presented in this study verify that the exquisite levels of detection for urine cytokines can be
conveniently and straightforwardly achieved from minimally processed patient samples, well beyond

the detection limits of other standard techniques. Hence, exciting future applications of the ZnO NRs-
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based assay schemes are envisaged both in basic biology research and clinical biomarker studies by

accommodating other protein systems.

Experimental Methods

ZnO NR Platform Synthesis. The ZnO NR platforms employed for the chemokine and cytokine assays
were fabricated by synthesizing vertically oriented ZnO NRs atop a Si substrate in a preconfigured
square array pattern. A gas phase synthesis was performed in a home-built chemical vapor deposition

o - - 28-31,34-39
reactor, similar to the previously described procedures.” "

Briefly, the Si substrate was
prepatterned by microcontact printing 20 nm Au colloidal catalysts (Ted Pella, Inc.; Redding, CA) using
an elastomeric poly(dimethylsiloxane) stamp containing periodic square features with side lengths of 10
um. Subsequent growth of ZnO NRs was carried out by heating a 2:1 by weight mixture of zinc oxide
(99.999% purity; Alfa Aesar Inc.) and graphite (99.99% purity; Alfa Aesar, Inc) to 950 °C for 1 h under
a constant Ar gas flow.

Preparation of the Proteins and Antibodies. Unlabeled monoclonal anti-human IL-8 (clone 6217, R&D
Systems) and TNF-a (clone 6401, R&D Systems) antibodies were used as the primary capture
antibodies in the duplexed sandwich assay. Recombinant human IL-8 and TNF-a (R&D Systems),
were reconstituted in deionized water (DI) to a concentration of 2 ng/mL and 10 ng/mL, respectively,
and stored in small aliquots at -70 °C until use. IL-8 and TNF-a calibration standards were prepared
fresh each assay day by serial dilution of the human IL-8 and TNF-a to the following concentrations:
1000, 100, 10, 1, 0.1, 0.01, and 0.001 pg/mL in phosphate-buffered saline (PBS). Lyophilized bovine
serum albumin (BSA) was purchased from VWR Scientific, Inc. (West Chester, PA) and reconstituted
and diluted per manufacturing recommendations in PBS. Polyclonal human TNF-a (AB 210-NA, R &
D Systems) and IL-8 (AB 208-NA, R & D Systems) antibodies were labeled with Alexa 488 and Alexa

546, respectively, using the Monoclonal Antibody Labeling kit (Invitrogen Molecular Probes, Eugene,
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OR) following manufacturer’s instructions. After labeling, the unreactive, free dye was removed by gel
filtration. Post-filtration, the final protein concentration and degree of labeling (DOL) were determined
spectrophotometrically using 280 nm, 494 nm, and 554 nm wavelengths for the proteins, Alexa 488-
labeled TNF-ca, and Alexa 546-labeled IL-8, respectively. The labeled antibody yields were generally
60-80% with 7-9 molecules of dye/molecule of antibody DOL.

Urine Sample Collection. Urine samples were collected from patients admitted to the medical intensive
care unit (ICU) of the Penn State Hershey Medical Center. After obtaining informed consent, and
within the first 24 h of ICU admission, a urine sample was obtained as either a freely voided specimen
or was collected from an indwelling urine drainage system. Urine samples were placed on ice if
processing was not performed within 30 min of sample collection. Urine was processed by
centrifugation at 3000 g for 10 min at 4 °C. One mL aliquots of the supernatant urine were transferred
into cryovials and stored at -70 °C until used for the cytokine assays. Clinical and laboratory
information was abstracted from the patient record including results of serum creatinine measurements,
which were typically measured at least once daily. The diagnosis of AKI was made based on changes in
serum creatinine levels using the Acute Kidney Injury Network criteria.”’ All procedures involving
human subjects were approved by the Institutional Review Board of the Penn State College of
Medicine.

Sandwich Protein Assays on ZnO NRs. Prior to performing the duplexed cytokine assays on the ZnO
NR platforms, the as-grown NRs were first cleaned by rinsing thoroughly with ethanol and DI followed
by drying with N, gas. For the first step, a 15 pL aliquot of a 1:1 mixture of 1 pg/mL TNF-a and 1
pg/mL IL-8 unlabeled primary antibodies was deposited on the ZnO NR platform for 15 min. This and
subsequent incubation steps of the sandwich assay on the ZnO NR platform were conducted inside a
humidity-controlled chamber at room temperature and protected from light. The ZnO NR platform was

then thoroughly rinsed using 40 uL aliquots of PBS and subjected to blocking by incubation with 15 uL

of 5 png/mL BSA for 15 minutes. Post-passivation, the ZnO NR platform was again amply rinsed with
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40 pL aliquots of DI. Then, a 15 pL volume of either a 1:1 mixture of TNF-o and IL-8 calibration
standards or a 1:5 dilution of human urine samples in PBS was deposited onto the platform. After 15
min incubation with standards of known concentrations or patient samples of unknown concentration,
the platform was rinsed with DI thoroughly and lastly incubated with 15 puL of a 1:1 mixture of 1.5
pg/mL Alexa 488-labeled TNF and 1.5 pg/mL Alexa 546-labeled IL-8 antibodies for 30 min. Post
incubation with the labeled antibodies, the platform was rinsed amply with DI and dried gently under a
stream of N, gas before immediately being imaged for fluorescence. For regenerating the ZnO NR
platform after the fluorescence detection, the biomolecules and residual fluorescence were removed by
exposing the ZnO NR platform to N, plasma for 5 min under vacuum in a Harrick PDC-32G plasma
cleaner at a setting of 18 W radio frequency followed by thorough rinsing in ethanol and then DI.

ELISA Assays. TNF-a and IL-8 were measured in the same urine samples using commercially available
ELISA kits (Quantikine IL-8/CXCLS8 kit and Quantikine TNF-a kit, R and D Systems, Minneapolis,
MN) per manufacturers’ protocols. All assays were performed in duplicate. After color development,
the absorbance at 450 nm wavelength was determined using a plate reading spectrophotometer. The
absorbance values for the standards were fit using a 4-parameter polynomial regression (Origin9, Origin
Labs) which was then used to calculate the concentrations of the unknown patient samples.

ZnO NR Characterization, Fluorescence Measurements, and Data Analysis. For morphological and
structural characterization, as-grown ZnO NRs were evaluated and imaged using a FEI/Philips XL 20
scanning electron microscope (SEM) operating at 20 kV. All optical measurements for the ZnO NRs-
based assays were conducted using a Zeiss Axio Imager A2M microscope (Carl Zeiss, Inc., Thornwood,
NY) equipped with an AxioCAM HRm digital camera. The reflected bright-field illumination and
unpolarized fluorescence excitation were produced by a 12 V/100 W halogen lamp and 120 W mercury
vapor lamp (X-Cite 120Q), respectively. Two different filter modules allowed for the duplexed
fluorescence characterization of the green emission from Alexa 488-labeled TNF-a (450-490 nm

excitation and 510-540 nm collection) and red emission from Alexa 546-labeled IL-8 (540-552 nm



Nanoscale Page 8 of 29
excitation and 575-640 nm collection). Dichromatic beam splitters operating at 495 nm and 560 nm
were also employed to separate the excitation light from the collected biomolecular signal for TNF-a
and IL-8, respectively. Images were acquired in a dark room setting using a 2 sec exposure through an
EC Epiplan-NEOFLUAR 50x magnification objective lens (numerical aperture, NA = 0.8). Images
were analyzed using the processing software AxioVision (Carl Zeiss, Inc), Image J (a Java-based

program), and Origin 8 (OriginLab Corp.).

Results and Discussion

TNF-a and IL-8 were selected as model cytokines and chemokines in our study due to their pertinence
in the pathophysiology and diagnosis of AKI as well as their typical concentration levels found in urine.
The relevance of the TNF-a and IL-8 markers to AKI has been reported in the past.”® In addition to
their biomedical relevance, the differences in the typical ranges of TNF-a and IL-8 in urine samples
make them ideal to evaluate our ZnO NRs-based detection approach. The typical concentration levels
of TNF-a. in human urine samples are often below the DLs of conventional cytokine detection
platforms.*' Those of IL-8, on the other hand, typically exhibit values above several tens of pg/mL and

424 which can be determined with traditional techniques. Therefore, we

well into the ng/mL range,
carried out both ELISA- and ZnO NRs-based assays from the same set of patient samples. By
performing the two comparative assays of the ELISA- and ZnO NRs-based detection on the same set of
patient samples, we first examined whether the IL-8 levels from the highly-expressed samples agree
between the two detection methods. Next, we assessed the detection capability of the ZnO NRs in

ascertaining those ultralow protein levels of TNF-a in the patient samples that fall below the ELISA

DL.
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Figure 1. (A) The bright field optical microscope image of a ZnO NR square array displays the typical
NR platforms used in the chemokine and cytokine assays. The ZnO NRs were vertically grown on a Si
substrate prepatterned with microcontact-printed catalysts into a square array. The view frame
corresponds to 0.5 x 0.5 mm? in size. (B) Overall schematics of the duplexed detection of IL-8 and
TNF-a using the ZnO NR platforms are presented. The simultaneous sandwich assay scheme involved
primary as well as labelled secondary antibodies targeting either known concentrations of IL-8 and

TNF-a to establish calibration curves or patient urine samples to determine the unknown IL-8 and TNF-

o amounts in subject individuals.

The assay method is outlined in Fig. 1. Square arrays of vertically grown ZnO NRs were prepared as

2831 and further employed directly after their synthesis as the patient

described in our previous studies
cytokine and chemokine detection platforms. The crystal and chemical structures of the as-grown
nanomaterials were reported previously along with their X-ray diffraction and photoluminescence
data.*** In short, the patterned ZnO NR ensembles were obtained by localizing catalysts only to

predetermined locations of the growth substrate via microcontact printing. An optical micrograph of a

typical ZnO NR square array produced via the microcontact-printed catalyst delivery method is shown
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in Fig. 1(A), presenting a 0.5 x 0.5 mm? view frame of the ZnO NR patches. The ZnO NR arrays used
in our bioassays contain square blocks of 10 um in length spaced 10 um apart. With no post-synthetic
modifications, the ZnO NR arrays were employed to carry out the sandwich protein assay, whose key
biomedical procedures are depicted step by step in Fig. 1(B). The typical diameters and lengths of the
NRs employed in our measurements range from 150 to 300 nm and from 5 to 10 um, respectively,
depending on the array plates. The chosen NR size ranges are known to couple and guide visible
light***” and the typical SEM images of these ZnO NRs are provided in ESI, Fig. S1t. The key steps
outlined in Fig. 1(B) include the deposition of TNF-o and IL-8 primary antibodies on the NRs, the
blocking of any exposed platform surface with bovine serum albumin (BSA), the introduction of either
standards of known TNF-a and IL-8 concentrations for obtaining calibration curves or patient urine
samples of unknown TNF-a and IL-8 concentrations for evaluating the AKI biomarkers in clinical
samples, and subsequent addition of Alexa 488-labeled TNF-o and Alexa 546-labeled IL-8 secondary
antibodies. Fluorescence signals arising after the multi-layer protein interactions were obtained by
sequentially imaging the samples under the excitation and emission settings appropriate for Alexa 488
and Alexa 546. Representative emission data are qualitatively presented in Fig. 2(A). The TNF-a (left)
and IL-8 (right) fluorescence images were obtained from the same assay to demonstrate the
multiplexing capability of the platform. As a direct comparison, the panels in Fig. 2(B) display SEM
images of the ZnO NR array platform used in the bioassays to show the morphology and dimensions of
the individual square patches of vertically oriented ZnO NRs. As evidenced by the fluorescence panel
(F) in the inset of the left image in Fig. 2(B), ZnO NRs exhibit no background fluorescence emission
upon excitation at the wavelength ranges used to detect the proteins. Although the inset shows the
fluorescence panel from ZnO NRs when using the excitation (ex) and collection (col) wavelength ranges
of Aex = 450-490 nm and Ao = 510-540 nm, the absence of background fluorescence from ZnO NRs
was also confirmed under other visible wavelength settings commonly employed for biologically

relevant fluorescence measurements.

10
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The fluorescence intensities obtained from different patient samples were further quantified. Several
examples of the fluorescence readings are shown in Fig. 2(C) for the selected patient samples. In our
measurements, all NR square patches in an array were treated with the same patient sample per assay
from which eight fluorescence frames were acquired at various platform areas. The fluorescence signals
from ~550 NR square patches per sample were subsequently analyzed to attain the average fluorescence
intensity as well as the associated error bars reported for each patient sample in Fig. 2(C). The relative
amounts of the TNF-a and IL-8 biomarkers present in the individual subjects are represented by the bar
graphs of the fluorescence intensities. For example, it can be seen that patient 17 had a comparable
urine IL-8 level with the rest of the group, whereas the TNF-a level was lower than the others. The
reproducibility of the fluorescence signal in the ZnO NRs-based protein detection method was also
assessed by repeating the cytokine and chemokine measurements for two selected patients (17 and 19).
For each of these patients, the ZnO NRs-based assays were repeated five times on the same NR plate,
and the average fluorescence intensities obtained from these five independent runs per patient are shown
in the bar graph sets indicated with ** in Fig. 2(D). In addition, the potential variability in the
biomarker detection due to ZnO NR array-to-array differences was also evaluated by assaying the same
samples on three different ZnO NR plates. The results are displayed in the paired bar graphs marked
with * in Fig. 2(D). The inter-assay (the assessment of ZnO NR plate-to-plate consistency) coefficients
of variation for TNF-a and IL-8 were 12 and 2.8 % while the intra-assay (the assessment from repeated
measurements on the same ZnO NR plate) coefficients of variation were 16.5 and 2.5 %. Both are

below the generally accepted value of 10-20%.*

11
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Figure 2. (A) The two fluorescence panels are representative emission data collected after performing
the sandwich assays on the ZnO NRs against the patient samples and simultaneously measuring the
protein concentrations. The left and right panels are the fluorescence signals corresponding to TNF-a

and IL-8, respectively, from the patient No 24. (B) The SEM panels display the morphology and

12
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dimensions of the square platforms of vertical ZnO NRs used in the fluorescence detection of TNF-a
and IL-8. The inset in the left image, indicated as F, shows the fluorescence panel of the as-synthesized
ZnO NR array probed with A = 450-490 nm. ZnO NRs exhibit no background fluorescence emission
upon excitation at the wavelength ranges used to detect the proteins. (C) Exemplar fluorescence
intensity plots from selected patients are presented to show the different amounts of TNF-a and IL-8
present in the urine. (D) The bar graphs display the variability in the fluorescence signals measured
from repeated TNF-a and IL-8 assays of the same sample performed via the ZnO NRs-based method.
In order to evaluate the inter- and intra-assay variability, TNF-a and IL-8 assays for the two selected
patients (Nos 17 & 19) were carried out on three different ZnO NR arrays (data shown under *) as well

as on the same ZnO NR array five consecutive times (data provided with **), respectively.

To assess the effectiveness of our ZnO NRs-based approach in simultaneously detecting the levels of
TNF-o and IL-8 in patient urine samples, the concentrations obtained from the ZnO NR sandwich
assays were compared directly to those determined in the same patient samples using commercially

available ELISA kits. In order to make quantitative comparisons, calibration curves were generated for
each protein using standard solutions containing known amounts of IL-8 and TNF-a. Fig. 3 displays
the calibration curves for IL-8 and TNF-a obtained by the ELISA- and ZnO NRs-based assays. Figs.
3(A) and 3(B) are the standard curves of IL-8 and TNF-a, respectively, using commercially obtained
ELISA kits. Per kit instructions, the calibration data points were fitted using a four-parameter nonlinear
function whose fitting results were subsequently used to calculate the unknown IL-8 and TNF-
o concentrations in patient samples. The DL of the ELISA-based method was 7.5 pg/mL for IL-8 and
5.5 pg/mL for TNF-a as defined by 2 standard deviations above the mean value for 20 zero

concentration replicates. On the other hand, Figs. 3(C) and 3(D) correspond to the standard curves of

13
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IL-8 and TNF-q, respectively, evaluated on the ZnO NR platforms. The regressions using the
normalized fluorescence intensity versus the log-transformed protein concentrations yielded linear fits
with adjusted coefficient of determination values as specified in each graph. On the ZnO NR platforms,
DLs assessed via a methodology involving the upper boundary of blank samples measured in the
absence of the measurand proteins®’ were 5.5 fg/mL for IL-8 and 4.2 fg/mL for TNF-o with a 95%
accuracy goal. An alternative approach with the Hubaux-Vos methodology,” involving the linear
calibration curves and the associated 95% confidence bands in Figs. 3(C and D), yielded DLs of 58.9
fg/mL for IL-8 and 39.8 fg/mL for TNF-a. DL estimations from the Hubaux-Vos methodology are
typically reported to be higher than the previously described approach as calibration data deviate from
the homoscedasticity hypothesis assumed throughout the range of concentrations used in the

°152 Regardless of the methods used to estimate the biomarker detection capability, the

calibration.
DLs of the two different assay techniques reveal an unparalleled sensitivity down to several fg/mL for

the ZnO NRs-based assay compared with several pg/mL for the ELISA assay.
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Figure 3. (A and B) Calibration curves of IL-8 and TNF-a produced by the ELISA method are
displayed in panel (A) and (B), respectively. Absorbance readings from IL-8 and TNF-a standards
were plotted against its concentration. The solid lines in the graphs are the 4-parameter fitting curves
yielding the reported values of adjusted coefficient of determination (R?). (C and D) Calibration curves
for IL-8 and TNF-a established on the ZnO NR detection platform are shown in panel (C) and (D),
respectively. The standard curves were generated by evaluating fluorescence intensities measured from
known amounts of each protein. The solid black line in each graph corresponds to a linear fit through

the data points with the indicated R* value. The dotted black lines indicate 95% confidence intervals.

IL-8 levels in the urine of 38 patients were measured by the ELISA- and ZnO NRs-based assays and
the concentrations obtained by the two methods were compared for each patient. The 3-dimensional
(3D) bar graphs in Fig. 4(A) display the patient IL-8 levels from the two techniques based on their
respective calibration curves in Fig. 3. Urine IL-8 could be detected in all of the individuals with either
the ELISA- or ZnO NRs-based method and ranged between several tens of pg/mL to a few ng/mL. The
bar graphs in Fig. 4(B), plotted using an upper limit of 400 pg/mL, more clearly illustrate the agreement

between the two methods for samples with lower IL-8 levels.

15
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Figure 4. (A) The 3D bar graphs display the IL-8 concentrations in the patients’ samples determined by

using the ELISA- and ZnO NRs-based platforms. (B) In order to show the lower range data more

clearly, the 3D bar graphs of the patients’ IL-8 values from the two methods are compared by using the

upper concentration limit of 400 pg/mL. The truncated bars indicate that the IL-8 levels exceed the

upper limit of the 3D graph.

For additional quantitative comparison between the IL-8 results acquired by the ELISA and ZnO NR
approaches, the readings were evaluated using the Bland-Altman analysis.”> The results from the
analysis are summarized in Fig. 5. The correlative plot in Fig. 5(A) displays the IL-8 readings from the

same patients determined by the ELISA and ZnO NRs method on the x and y axis, respectively, as well

as the linear fit of the data points shown as the dashed red line. The solid black line, signifying identical
IL-8 readings from the two methods, is superimposed on the scatter plot as a guide to the eye. Our data
points lie on or close to the guide line, indicating excellent agreement between the IL-8 values
established by the two assay techniques. Additionally, the histogram distribution chart in Fig. 5(B)

shows the number of samples exhibiting the various differences between the IL-8 concentrations using
16
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each assay method. The majority of the IL-8 readings from the two methods fell within the range of
+2.5 pg/mL. The IL-8 concentrations obtained from the two methods were also compared by plotting
the differences between the ELISA and ZnO NR readings versus the mean concentration values between
the two techniques. The analyzed data centered near the black lines inserted in Figs. 5(C and D) whose
traces represent equivalent IL-8 readings from the same patient when assayed by the two methods.
Hence, based on these comparative IL-8 results, we demonstrate that the ZnO NR platform can be

successfully employed for the accurate quantification of urinary biomarker proteins directly from patient

samples.
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Figure 5. (A) The ELISA and ZnO NR assay results are directly compared from the same set of patients
by plotting each patient’s IL-8 reading in pg/mL evaluated by the different methods along the x
(ELISA) and y (ZnO NRs) axis. The dashed red line is the linear fit through the data. The ELISA and

ZnO NRs assay results fall on or near the black line of y = x, indicating good agreement between the
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patient IL-8 values established by the two assay techniques. (B) The histogram distributions chart
patient counts versus the differences in the evaluated IL-8 concentrations between the two assay
techniques for the (ZnO NRs-ELISA) range of less than 40 pg/mL. The majority of the patients’ IL-8
readings fall within the range of +2.5 pg/mL from the reading of each technique. (C) The IL-8
concentrations in pg/mL determined from the ZnO NR and ELISA assays are compared by plotting the
differences between the two techniques, (ZnO NRs-ELISA), on the y-axis and the means of the two
techniques, (ZnO NRs + ELISA)/2, on the x-axis. The evaluated data lie close to the black line of y =0
whose trace corresponds to equivalent readings of IL-8 concentrations in the two assays from the same

patients. (D) The scatter plot shown in (C) is rescaled to clearly present the lower range data.

In order to substantiate the applicability of ZnO NRs-based platforms in ultrasensitive cytokine
detection, comparative measurements of urine TNF-a were performed on samples from 46 individuals.
The 3D bar graphs in Fig. 6 (A) summarize the TNF-a levels of each patient determined by the ELISA-
and ZnO NRs-based assays. Many of the values were near or below the DL of the ELISA assay. The
undetermined concentration data of these patients are marked as grey blocks in the ELISA row in Fig.
6(A). In contrast, urine TNF-a could be measured using the ZnO NR platforms in all patients,
including those who could not be readily measured with the ELISA assay. These low-level samples are
marked with the magnifier sign in the ZnO NR row of Fig. 6(A) and, are displayed on different scales in
Fig. 6(B and C) for clarity. As also supported by these results, urine TNF-a values well below tens of
pg/mL could be successfully measured by the ZnO NR technique. The demonstrated detection level
suggests that the potential application of our ZnO NRs-based approach is not limited just to serving as
an alternative or a tandem detection platform to an existing measurement method, but rather, its role can
be extended to the much needed, ultrasensitive detection of biomarker proteins in samples below the

concentration levels that standard techniques can ascertain.
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A)

(B)

©

Figure 6. (A) The 3D bar graphs display the TNF-a concentrations in the urine samples measured by
the ELISA- and ZnO NRs-based platforms for comparison. The grey regions in the ELISA row
correspond to missing concentration data, indicating that the TNF-a levels in the samples were below
the ELISA DL of 5.5 pg/mL. In contrast, ZnO NRs were able to measure TNF-o concentrations of all
46 patients. The magnifier signs inserted in the ZnO NRs row correspond to the patients that belong to
the grey area of the ELISA-based assay, and the bar graphs of these patients are shown separately in (B
and C) for clarity. (B and C) The zoomed-in 3D bar graphs are the missing TNF-a concentrations that

were revealed by the ZnO NRs-based assay. The upper limits of the vertical ranges in (B) and (C) are
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adjusted to 2 pg/mL and 350 fg/mL, respectively, in order to show the variations in the TNF-a
concentrations between patients more clearly. The truncated bars indicate that their TNF-o

concentrations exceed the upper limit of the 3D graph.

As a proof-of-principle, we examined whether quantitation of low levels of urine cytokines may have
clinical value in detecting or predicting AKI. Specifically, we measured urine TNF-o levels in an
additional set of 52 intensive care unit (ICU) patients using ZnO NRs-based assays and correlated them
with the clinical diagnosis of kidney injury. Subjects were assigned to three categories: no AKI (stable
kidney function throughout their ICU admission); Day I AKI (AKI was present within 24 h of
admission to the ICU) and ICU AKI (AKI developed after the first 24 h of ICU admission). TNF-a
levels of all 52 patients were successfully assayed on the ZnO NR platforms and the results are
summarized in Fig. 7. The majority of these levels were below the DL of the ELISA assay. The data
presented in Fig. 7 suggest that the typical range of the urine TNF-a concentrations in the no AKI group
is below several hundreds of fg/mL whereas the TNF-a levels of the majority of patients associated
with the Day 1 AKI group lie above a few pg/mL. The data from the patients in the /CU AKI category
separate into two concentration blocks, one close to that of the no AKI and the other similar to that of
the Day 1 AKI patients. Hence, the ZnO NR method may enable diagnostic or predictive use of urine
TNF-a levels for clinical use by providing information that cannot be facilely deduced from

conventional, lower sensitivity assays.
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Assayed on ZnO NR platforms

Log(TNF-o. Concentration in fg/ml)

noAKI —  ICUAKI  Day 1 AKI

Figure 7. The scatter plots show the distribution patterns of TNF-o concentrations for subjects in the
three different categories of no AKI, ICU AKI, and Day I AKI. The ZnO NR assay enables highly
sensitive TNF-a detection of all patients. In addition, the characteristic distribution of the TNF-a
concentration values associated with each AKI category can be identified, as indicated by the green and

red circles in the graph.

The typical concentrations of IL-8 and TNF-a in healthy subjects are reported to be approximately in
the range of 40 pg/mL and 5 pg/mL, respectively, in a study involving human serum samples.”* In
another study involving urine samples, the control (no AKI) group showed IL-8 and TNF-a levels of
1.5 pg/mL and 0.12 pg/mL, respectively, whereas these values changed significantly to 74 pg/mL and
14 pg/mL, respectively, for the test (AKI) group.” While these values are provided as a point of
reference, it should be also noted that various factors such as the age, gender, ethnicity, simultaneous
occurring health problems, and dates of sample collection can all affect the exact baseline levels of the

proteins.
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Our ZnO NRs-based approach presents several advantages compared with existing methods. Our
ZnO NRs-based detection requires approximately 90 min of total assay time and 60 pL of total
bioreagent/patient sample volume for a typical run, including the biomedical reaction steps and
subsequent fluorescence measurements. The rapid time and low volume associated with the ZnO NRs-
based detection can be beneficial in a clinical setting. Additional benefits of the ZnO NR approach
include factors related to its automation and integration potential. Although the different square patches
in the ZnO NR array platform were treated with the same patient sample per run in our assays, each
square feature has a potential to serve as a discrete detection element when coupled with appropriate
patient sample delivery and fluorescence readout mechanisms. Future automation strategies, involving
the simultaneous robotic delivery of many samples onto different NR patches and multichannel
fluorescence detection of multiple analytes labelled with different fluorophores, may increase the
scalability of our methodology. As fluorescence is one of the most extensively utilized mechanisms to
produce optical signals in biomedical and clinical detection, breakthrough technologies via seamless and
integration-ready means have been long sought to promote rapid and ultrasensitive fluorescence
detection. When considering this need, our demonstrated ZnO NRs-based approach may be particularly
attractive since it offers increased fluorescence detection capability that can be readily attained without
involving extensive alterations or improvements to existing fluorescence imaging instruments and
array/plate readers. In addition, the NRs can be directly used after their synthesis through well-known

growth methods®®>!*%

without any post-synthetic modifications. The spectroscopic property of the
ZnO NRs, showing no absorption or emission in the visible wavelength range, prevents the detection
platform from potentially interfering with the optical profiles of common fluorophores®® used in
biodetection. Furthermore, the ZnO NR plates are durable and sturdy enough to withstand the
biological and chemical reaction environments of our assays directly involving patient samples. In our

typical assay environment of urine samples, the ZnO NR platforms were confirmed to withstand at least

25 repeated uses. These advantages contribute to the potential utility of our ZnO NRs as a low-volume
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and low-cost assay much needed in screening of clinically relevant samples. The promising results
obtained using the ZnO NRs may be beneficial for the identification and development of additional
biomarkers beyond the cytokine and chemokine examples presented in this study, especially in the early

clinical profiling of low-abundance biomarker levels in physiological fluids.

Summary

In summary, we have demonstrated that ZnO NRs can be successfully employed in the rapid,
ultrasensitive, quantitative, and simultaneous detection of multiple AKI-related biomarkers in patient
urine. Using the model protein of IL-8 for an AKI-implicated chemokine, we validated and
benchmarked the detection readouts and the performance parameters of our ZnO NRs-based
fluorescence technique against a conventional ELISA-based method on the same patient samples. We
further evaluated the full detection capability of the ZnO NRs-based technique by quantifying the
amounts of another AKI-related cytokine, TNF-a, whose levels in urine are often below the DLs of
conventional detection methods. We first established the DLs of the ZnO NRs-based platform to be in
the several fg/mL range. We subsequently employed the technique for the reliable and repeated
quantification of the low-expressed, hard-to-trace TNF-a concentrations in patient urine samples. We
have also demonstrated the feasibility of using our ZnO NRs-based approach for differentiating
cytokine concentration ranges in different patient groups and for serving as a potential guide for further
clinical monitoring. The fact that the ultrahigh detection sensitivity can be conveniently and
straightforwardly achieved from minimally processed patient samples suggests potentially exciting and
useful applications of the presented ZnO NRs-based assay schemes both in basic biology research and
clinical studies for early disease diagnosis and treatments. In conjunction with the other advantages of
our ZnO NRs-based detection approach as detailed in the discussion section, its application may be
readily extended to other biomarker systems in physiological samples, beyond the model proteins in this

study.
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A ZnO NRs-based approach is employed in the rapid, quantitative, and simultaneous detection of

multiple biomarkers directly in patient samples, providing an unparalleled detection capability beyond

those of conventional methods.
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