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Aim: There is a critical need to validate biofluid-based biomarkers as diagnostic and drug development
tools for traumatic brain injury (TBI). As part of the TBI Endpoints Development Initiative, we identified
four potentially predictive and pharmacodynamic biomarkers for TBI: astroglial markers GFAP and S100B
and the neuronal markers UCH-L1 and Tau. Materials & methods: Several commonly used platforms for
these four biomarkers were identified and compared on analytic performance and ability to detect gold
standard recombinant protein antigens and to pool control versus TBI cerebrospinal fluid (CSF). Results:
For each marker, only some assay formats could differentiate TBI CSF from the control CSF. Also, different
assays for the same biomarker reported divergent biomarker values for the same biosamples. Conclusion:
Due to the variability of TBI marker assay in performance and reported values, standardization strategies
are recommended when comparing reported biomarker levels across assay platforms.

Lay abstract: Traumatic brain injury (TBI) is a leading cause of mortality and morbidity around the world.
There is a critical need to validate biofluid-based biomarker tests as diagnostic and drug development
tools. For this study, we focused on four brain-derived proteins called GFAP, S100B, UCH-L1 and Tau. To
measure these biomarker proteins in human biofluid, one relies on either commercial or home-brew
assays. Here, we attempted to compare the performance of 2–4 assay formats for each biomarker. We
compared their assay sensitivity, ability to detect ‘gold standard’ protein analyte we procured, as well as
the ability to differentiated pooled TBI cerebrospinal fluid from healthy control cerebrospinal fluid. We
found that there are high variabilities among TBI marker assays in assay performance, reported biomarker
values and ability to differentiate TBI versus control biofluid. Thus, a standardization strategy is needed
when comparing reported biomarker levels across assay platforms.

First draft submitted: 9 April 2021; Accepted for publication: 28 July 2021; Published online:
22 October 2021

Keywords: biomarker qualification • GFAP • neurodegeneration • protein biomarkers • S100B • Tau • traumatic
brain injury • UCH-L1

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity around the world with a broad spectrum
of symptoms and disabilities. There are approximately 2.8 million emergency department and hospital visits for TBI
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annually in the USA alone [1], with 136,000 lives lost annually (Centers for Disease Control and Prevention, 2015).
TBI team and the TBI Endpoints Development (TED) Initiative Team put together a response document on ‘the
use of biofluid-based TBI biomarkers as therapy development tools’ as a new context of use [2]. The US FDA’s Center
for Drug Evaluation and Research (CDER) published a position paper describing different biomarker categories and
stressed the importance of the biomarker qualification process [3]. Based on these concepts, several candidate TBI
biomarkers have been intensively studied for their utility as predictive biomarkers (those that categorize patients by
their likelihood of response to a particular treatment relative to no treatment) and pharmacodynamic or response
biomarkers (those that show a biological response in patients after receiving a treatment intervention) [4]. A TBI
predictive biomarker could have potential use in redefining TBI patient severity – beyond relying on the Glasgow
Coma Scale (GCS) and/or computed tomography (CT) abnormality findings alone. If successfully implemented,
such TBI predictive biomarkers could also help enrich probable therapy responders in a clinical trial. Similarly, a
TBI pharmacodynamic biomarker could be used as a response indicator, in conjunction with primary outcome
measures. Using an evidence-based multicriteria approach, we identified the top four biofluid-based TBI protein
biomarkers with the highest potential for such purpose. They are the astroglial markers glial fibrillary acidic
protein (GFAP) and S100 calcium-binding protein B (S100B), and the neuronal markers ubiquitin C-terminal
hydrolase-L1 (UCH-L1) and Tau protein [5].

GFAP is an astrocyte-specific intermediate filament protein classically considered a marker of astrocyte activation.
More recently, the GFAP-breakdown product was identified as a marker for astroglia cell injury [6]. GFAP is released
into plasma in penetrating TBI models [7]. Serum GFAP levels in severe and moderate TBI with GCS <12 are
associated with unfavorable outcomes at 6 months [8]. ELISAs for GFAP and its breakdown products have been
reported to detect both mild to moderate TBI and the full spectrum of TBI in two independent studies [9,10].

S100B is a glia-specific protein. Serum S100B is elevated after blast brain injury in rats [11]. Elevated blood S100B
level rise seems to precede intracerebral pressure, neuroimaging and neurological examination findings. There is
in fact a large body of evidence of sign S100B as a TBI biomarker [12]. S100B has been considered a prognostic
biomarker of blood–brain barrier (BBB) permeability and CNS injury. Serum S100B measured 24 h after an injury
can predict the unfavorable outcome, in other words, GCS <4 or death at 3 months after injury in severe TBI
patients [13]. Serum S100B elevations were found after mTBI [14] and in some concussion subjects [15]. Although
S100B remains promising as an adjunctive marker, the main limitation of its use is the lack of specificity to brain
trauma, particularly because S100B can be released from other injured organs [16].

UCH-L1 is a deubiquitinating enzyme highly expressed in neuronal cells [17]. It was one of the markers identified
using proteomic methods and verified by us in the rat-controlled cortical impact model of TBI [18]. Cerebrospinal
fluid (CSF) and serum UCH-L1 levels are elevated in patients with severe TBI correlating with the severity and
outcome of injury [19]. Other studies showed detectability of UCH-L1 in blood following mild TBI and its levels
correlate with the traditional clinical assessment [20,21]. UCH-L1 has been used to assess concussions and mild blast
brain injury [22,23].

Tau protein is an intracellular, microtubule-associated protein (48–67 kDa) highly enriched in axons. Tau is
known to be hyperphosphorylated (P-Tau) at many sites by several protein kinases at multi sites (e.g., Ser-202,
Thr-181 and Thr-231) [24]. P-Tau is not capable of binding to the microtubule, but rather, is prone to form an
intracellular aggregate (tauopathy). Elevated levels of P-Tau are seen in the postmortem brain of chronic traumatic
encephalopathy (CTE) patients years after repetitive mTBI or concussions [25]. Using an ultrasensitive surround
optical fiber immunosorbent assay (SOFIA) format for Tau/P-Tau detection, we have also detected acute Tau and
P-tau (Ser-202) in serum in an animal model of repetitive closed head injury in mice [26]. We have also observed
elevated serum Tau and P-Tau (Thr-231) following severity TBI (within 24 h) [27]. In addition, an independent
study also showed that T-Tau elevation in post-concussion among hockey players using the sensitive Quanterix
SIMOA assay platform [28]. Elevated Tau levels were observed in post-deployment blood samples from military
veterans who experienced mild TBI (average of 18 months after deployment) [29]. Tau levels can be assayed with
the Quanterix Neurology 4-plex A kit (that includes Tau, UCH-L1, GFAP, NF-L and Tau) in assessing human
TBI blood samples [30] (Supplementary Table 1). Using a new version of Quanterix Neurology 4-plex B kit, Giza
et al. reported increased blood UCH-L1 and GFAP after concussion in military cadets [31]. Lastly, McDonald et al.
recently reported serum NF-L, tau and GFAP increase post-concussion among Australian footballers [32].

However, before one or more of these biomarkers could reach ‘regulatory readiness’ for use in clinical trials for
TBI therapeutics, there are several critical knowledge gaps and barriers to address: identification of more than one
assay format for each biomarker as there has yet to be standardization and the ability to cross-reference the results;
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incomplete assay performance datasets, including reproducibility, the lowest limit of detection and/or lowest limit
of quantification; the ability of each assay to detect recombinant versus naturally released human biomarker analyte;
and the lack of a systematic side-by-side comparison of all four biomarkers within the same TBI sample set. Lastly,
for FDA to formally endorse the use of a biomarker as a drug development tool, such biomarker must undergo a
formal ‘biomarker qualification program’ [3,33].

Materials &methods
Human TBI & control CSF procurement
The normal control CSF samples (n = 15) were purchased (Bioreclamation Co., NY, USA). Archived deidentified
CSF samples (n = 25) from a severe TBI study were collected from consenting adult subjects presenting to the
emergency department of the Ben Taub General Hospital, Baylor College of Medicine (TX, USA). The study
protocol was approved by the Baylor College of Medicine IRB, for subjects sustaining blunt trauma to the head
with a GCS ≤ 12 at 24 h postinjury (clinical trial registration: NCT00313716; study title: effects of erythropoietin
on cerebral vascular dysfunction and anemia in traumatic brain injury). CSF samples were collected with buretrol
for up to 10 days or until an intraventriculostomy was no longer clinically indicated. Timed CSF samples (10 ml)
with a total collection time not exceeding 1 h were diverted to 15 ml conical polypropylene centrifuge tubes (BD
Falcon, MI, USA) by a qualified and trained hospital employee according to the hospital’s standard procedures.
These CSF samples (5–10 ml) were then centrifuged at 4000× g with a tabletop centrifuge at room temperature
for 5–7 min to remove loose cells and debris. A volume of 1 ml aliquots of cleared CSF (supernatant) was pipetted
into a 2-ml cryogenic tube, snap-frozen and stored at -80◦C in an ultralow freezer until further use. For this study,
timed CSF samples collected within 48 h of injury were used.

Generating pooled TBI CSF & pooled control CSF biosamples
Pooling of TBI CSF samples were done as follows: five 200 μl aliquots from five TBI subjects were pooled into
one sample. This process was repeated with distinct subject biosamples until we had five pooled human TBI
CSF biosamples (1 ml each). Similarly, five 200 μl aliquots from five control subjects were combined into one
pooled sample. This process was repeated with distinct subject biosamples until we reach three pooled control CSF
biosamples (1 ml each).

Biomarker assays
For UCH-L1, we included Neuromics #EL22001, LifeSpan Biosciences LS-F258 and the Quanterix SIMOA
neurology 4-plex assay kit including UCH-L1. For GFAP, we used Biovendor #RD192072200R, LifeSpan
Biosciences LS-F12897 and Quanterix SIMOA neurology 4-plex kit; S100B assays included Biovendor ELISA
#RD192090100R, Millipore # EZHS100B-33K. Lastly, Tau assays included MSD assay, Fujirabio #Innotest-Tau,
SOFIA Total Tau assay (conducted at SUNY-Downstate) and Quanterix SIMOA neurology 4-plex kit. Commercial
assays were conducted according to the manufacturer’s instructions. The SOFIA assay (nonamplified) for Tau was
performed as previously described [27] (Supplementary Table 1).

Biomarker protein antigens
Biomarker protein antigens were procured from the following sources: human recombinant GFAP protein (E.
coli) DXAG-001 (Dx-sys, Inc., CA, USA), human recombinant UCH-L1 protein (E. coli) DXAG-002 (Dx-sys,
Inc.), human S100B (#S6677) (Sigma-Aldrich Co., MO, USA) and recombinant human Tau-441 protein (2N4R
isoform) (R-peptide; #T-1001) (GA, USA). Lot numbers for each protein antigen were tracked.

Statistical analysis
All statistical analyses were performed using GraphPad Prism (version 5.0). Data were expressed as mean ± standard
error of the mean (SEM) or median (interquartile range), as appropriate. All statistical tests were two-tailed and a
p-value <0.05 was considered significant.
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Figure 1. Human traumatic brain injury biomarker antigen used as a gold standard solution for this study. Left: source of the protein
antigen and properties. Right: purity quality control of the four protein biomarker standards (UCH-L1, GFAP, S100B and Tau-441). First
batch: SDS (10–20%) gradient polyacrylamide. Gel electrophoresis was performed followed by Coomassie blue R250 staining. Purity is
93–95% by densitometry analysis.

Results
Procuring commonly used assay formats for the four key TBI biomarkers (UCH-L1, GFAP, S100B, Tau)
& recombinant protein antigen as standards
Two to four commonly used assay formats we identified for the top four TBI biomarkers (UCH-L1, GFAP,
S100B, Tau) are presented following and in Table 1. For UCH-L1, we tested the Neuromics #EL22001, LifeSpan
Biosciences LS-F258, Quanterix SIMOA neurology 4-plex Neurology 4-Plex A (GFAP, NF-L, UCH-L1 and Tau)
(#102153). For GFAP, we tested the Biovendor #RD192072200R, LifeSpan Biosciences LS-F12897 and Quanterix
SIMOA neurology 4-plex A (#102153). S100B assays included the Biovendor ELISA #RD192090100R, Millipore
#EZHS100B-33K. Lastly, Tau assays tested were the Fujirabio #Innotest-Tau, SOFIA Total Tau assay (conducted at
SUNY-Downstate) and Quanterix SIMOA neurology 4-plex A (#102153) and MesoScale Discovery (#K15121D-
1).

We also searched for a number of recombinant protein antigen suppliers and identified the following human
protein standards based on purity, accurately reported molecular weight and confirmation by gel electrophoresis or
immunoblotting for authentication. We identified the following four recombinant human proteins: UCH-L1 (233
residues; Dx-Sys; DXAG-001), GFAP (432 residues; Dx-Sys; DXAG-002), S100B (92 residues; Sigma; #S6677)
and Tau (four repeat isoform with 441 residues; R-peptide; #T-1001) (Figure 1 left).

To determine the concentrations of the four TBI biomarkers (UCH-L1, GFAP, S100B and Tau-441), during
our preliminary method screens, we determined that while the MS/MS-MRM method is useful for antigen-
positive identification, it is not robust enough for quantification. Therefore, we produced solutions for each
of the four standard proteins adjusted to 0.500 mg/ml based on the manufactured-provided original protein
amount or concentration. We then used two protein assay methods (pierce protein microplate assay and SDS-gel
electrophoresis-Coomassie blue staining method). The former is a colorimetric 96-well-based assay. The latter was
conducted by loading 10 μl of the unknown samples in an SDS-PAGE lane alongside lanes loaded with various
protein amounts of BSA to generate a standard curve. Both of these assays gave variable results for each of the four
protein markers – likely due to different degrees of dye binding (Supplementary Table 2). Finally, we turned to a
UV absorbance (280 nm)-based quantification method. This is coupled with the target protein’s calculated molar
extinction coefficient or molar absorptivity (8855 M-1 cm-1 for UCH-L1, 20,400 M-1 cm-1 for GFAP, 1615 M-1

cm-1 for S100B and 7575 M-1 cm-1 for Tau441) (https://www.biomol.net/en/tools/proteinextinction.htm) as an
alternate protein biomarker qualification on a Quanterix 96-well plate (Supplementary Table 2) using this formula:

A = εCL (Eq. 1)

where absorbance (A), molar concentration (c), the light path length in centimeters (L) and molar absorptivity
(ε) for the dissolved substance is given at the specified wavelength (λ = 280 nm).
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Figure 2. Standard curve for three UCH-L1 assays based on vendors; standard and UF’s NNBR gold standard.
(Mean + SD are shown, n = 3).
SD: Standard deviation.

Taken together, we determined that the UV absorbance (280 nm)-based quantification method was the most
reliable method, as it does not rely on dye binding. Based on these values, we readjusted the protein concentration
to 0.5 mg/ml for each of the four protein stock solutions to be used as gold standards.

In addition, we also used the SDS-PAGE/Coomassie blue staining method to determine the quality of the four
protein markers. We found that their gel mobility was consistent with their predicted molecular weight. For Tau,
there is a high-molecular weight band – that is likely an oligomeric form of Tau411 – as it reacted with several
Tau antibodies, we have tested (e.g., polyclonal DAKO A0024, monoclonal DA9, DA31). In addition, by the
high-resolution scanner (Epson Flatbed scanner) and densitometry analysis with NIH Image J (version 1.7), we
also determined that all four proteins have greater than 93% purity (Figure 1). We termed these UF’s NNBR
standards.

Testing the four quantified gold-standard human TBI biomarker analyte solutions in all available
assay formats
The performance study was completed on 2–3 assay formats for each of of the four biomarkers on antigen standard
from a vendor along with UF’s NNBR standards as follows. For UCH-L1, Lifespan Biosciences and Neuromics
both demonstrated a detection range of 0.078–5.00 ng/ml, but the Quanterix N4PA was more sensitive (49–
3600 pg/ml). While the Quanterix assay could detect the UF’s NNBR standard almost 1:1, and Neuromics assay
could also detect UF’s NNBR UCH-L1 standard but at 2.2-fold-lower signals. The Lifespan assay entirely failed
to detect the NNBR standard UCH-L1 (Figure 2).

For GFAP, the Lifespan Biosciences assay detected a range of 0.156–10.0 ng/ml, Biovendor detected 0.195–
12.5 ng/ml, while Quatnerix N4PA detected 3.6–2250 pg/ml. Quanterix detected the NNBR standard, but gave
about twofold weaker signals (Figure 3). Again, the Lifespan assay failed to detect the NNBR GFAP standard.
Biovendor detected NNBR GFAP at 1:1 (Figure 3).
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Figure 3. Standard curve for three GFAP assays based on vendors; standard and UF’s NNBR gold standard.
(Mean + SD are shown, n = 3).
SD: Standard deviation.

For S100B, the Biovendor assay demonstrated a detection range of 5.0–320 pg/ml, while the Millipore assay
had a range of 2.74–2000 pg/ml. Both assays detected the vendor’s standards but failed to detect the NNBR S100B
protein standard (Figure 4).

For Tau, the Fujirebio INNOTEST R© HTAU AG had a range of detection of 42–2.39 ng/ml, the MesoScale Tau
assay demonstrated a range of 0.24–1000 pg/ml, however, the Quanterix N4PA Tau assay (0.49–7360 pg/ml) and
SOFIA Tau assay (0.01–10.0 ng/ml) were both more sensitive. All four assays detected the NNBR Tau standard,
however, Fujirabio and Quanterix yielded only a third of the signals of the NNBR Tau standards (Figure 5).

Since our recombinant protein standards were not detected in all assay formats – we also sought to identify
natively released TBI protein biomarker sources. We used pooled human TBI CSF samples (each pooled sample is
from five subjects with 200 μl of severe TBI CSF) and we used a total of five pooled CSF – thus – it represents
pooled samples from 25 TBI subjects. Similarly, we pooled from five normal control CSF samples (200 μl) into
one pooled control and utilized three such pooled sets.

Our collective results show that only some assay platforms were capable of detecting 5-μl positive controls
human TBI samples and could distinguish them from negative controls with a fold-difference of at least threefold.
For UCH-L1, the Lifespan UCH-L1 assay failed to distinguish pooled TBI CSF from pooled control CSF. The
Neuromics and Quanterix assays could both distinguish TBI CSF versus control CSF, with a signal fold ratio
TBI/control of 3.40- and 6.50-fold, respectively (Supplementary Figure 1 & Table 1).

For GFAP, the Lifespan assay failed to distinguish pooled TBI CSF from pooled control CSF samples, while
both the Biovendor and Quanterix assays were able to do so, with a TBI/control CSF ratio of 494- and 71.5-fold,
respectively (Supplementary Figure 2 & Table 1).

future science group www.futuremedicine.com 1727



Research Article Sarkis, et al.

Kit std
NNBR std

0.0

0.5

1.0

1.5

2.0

2.5

3.0

S100b (pg/ml)

S100b biovendor ELISA

O
D

-4
50

 n
m

1

3.5

10 100

Kit std
NNBR std

0.0

0.1

0.2

0.3

0.4

0.5

0.6

S100b (pg/ml)

S100b millipore ELISA

O
D

-4
50

 n
m

1 1000

0.7

10 100

Figure 4. Standard curve for two S100B assays based on vendors; standard and UF’s NNBR gold standard.
(Mean + SD are shown, n = 3).
SD: Standard deviation.

0

10

20

30

40

50

60

Tau (pg/ml)

SOFIA Tau assay

μ
V

o
lt

0.0001 10

70

0.001 0.01 0.1 1
0

Tau (pg/ml)

Quanterix Tau assay

A
E

B
 u

n
it

0.1

20

4

8

12

16

1 10 100

0

Tau (ng/ml)

MSD Tau assay

E
L

C
 u

n
it

s

0.1

2,000,000

500,000

1,000,000

1,500,000

101 100 1000
0

Tau (ng/ml)

Fujirebio Tau ELISA

(O
D

-4
50

)

0.001 10

4

1

2

3

0.01 0.1 1

NNBR std
Vendor std

NNBR std
Kit std

NNBR std
Kit std
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are shown, n = 3).
SD: Standard deviation; SOFIA: Surround optical fiber immunosorbent assay.

For S100B, both the Millipore and Biovendor assays could readily distinguish pooled TBI CSF and from pooled
control CSF samples, with a TBI/control CSF ratio of 42- and 559-fold, respectively (Supplementary Figure 3 &
Table 1).
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For Tau, all vendor assays tested could detect and distinguish Tau protein present in human-pooled TBI
CSF versus pooled control CSF. MesoScale, SOFIA, Fujirebio and Quanterix SIMOA Tau assays have a pooled
TBI/control CSF ratio of 7.48-, 932-, 5.71- and 3.8-fold, respectively (Supplementary Figure 4 & Table 1).

Across-assay standardization
The ultimate objective of using these biomarker assays is to reliably detect and report on TBI biomarker protein
levels and to be able to compare across existing studies and future studies. Thus, we used our findings to standardize
assays across the various platform.

We created an NNBR standard/vendor kit standard ratio, based on the second-highest concentration in the
standard curve. The second-highest concentration was chosen so we can compare performance with a subsaturation
level for each assay. These ratios are shown in the column of the same name in (Table 1). On the third column
from the right, we also applied this NNBR standard/vendor standard ratio to derive an adjusted pooled human
TBI CSF levels (in pg/ml), as both Lifespan UCH-L1 and GFAP failed to distinguish TBI versus control – we
did not include those in this analysis. Using this method, Biovendor versus Quanterix GFAP assays still reported
tenfold different values (310.8 vs 30.5 ng/ml). Similarly, Neuromics versus Quanterix UCH-L1 assays has tenfold
different values (1.7 vs 12.3 ng/ml). For S100B, the adjusted Biovendor assay versus nonadjusted Millipore assays
reported (0.16 vs 43 ng/ml). For Tau, SOFIA and Quanterix are now reported similarly TBI CSF tau values (33.9
vs 34.9 pg/ml). While Fujirebio reported about the tenfold high value (352.1 pg/ml). MSD assay reported the
highest Tau levels (8476 pg/ml; Table 1). Thus overall, despite the standardization attempts, these research-use
assays still reported different biomarker levels on the same human TBI CSF biosamples.

Our final attempt to standardize assays was to select the most sensitive platform for GFAP, UCH-L1 and Tau
(Quanterix) and S100B (Millipore) as standards, and calculate the comparison ratio based on the reported pooled
TBI CSF biomarker values. Thus, Quanterix GFAP, UCH-L1 and Tau, and the Millipore S100B assay have a
comparison ratio set to one, while the comparison ratio for the other assays are shown at the far right column
of Table 1. Using this principle, we propose to potentially use of such a comparison ratio when comparing reported
values from different assay platforms for these four TBI biomarkers.

Discussion
In this study, due to the emerging potential of using different TBi protein biomarkers in patient-derived biofluids,
we examined the performance of different assays platforms for the four most frequently used TBI biomarkers,
UCH-L1, GFAP, S100B and Tau. These four protein biomarkers were identified by a data-driven approach as
candidate predictive biomarkers and/or pharmacodynamic biomarkers or as clinical trial patient enrichment tools
in TBI therapeutic trials [4]. We also derived NNBR gold standard solutions using recombinant protein for these
four markers (at 0.500 mg/ml). We identified at least one assay format for each of four biomarkers that can robustly
detect 5-μl pooled TBI CSF and distinguish TBI CSF pooled from control CSF. We also noted that both S100B
assays performed well, suggesting that they can recognize natively released S100B. The objective of this study is to
systemically fill these gaps and to determine, which biomarker(s) are ‘regulatory ready’ and potentially enter these
biomarkers into the FDA Biomarker quantification program [3,33].

We learned that both Lifespan assays for GFAP and UCH-L1 failed to detect the gold standard solution.
Not surprisingly, they also fail to distinguish pooled TBI CSF versus pooled control CSF. The exception was
the Millipore S100B that did not detect our NNBR gold standard S100B, but still performs well in distinguish
TBI versus control pooled CSF. We also noted that even the Biovendor S100B only weakly detected the NNBR
S100B standard. Perhaps going forward native S100B protein standard needs to be procured. Our results show
that only some assay platforms can detect 5-μl positive controls human TBI samples and can distinguish them for
negative controls with a fold-difference of at least three. Thus, this component shows that this is a good strategy
to test assay platforms too with natively released protein antigens in human biofluid samples. We further derived
a comparison ratio based on the reported pooled TBI CSF biomarker values, using values reported for GFAP,
UCH-L1 with Quanterix platform, and Tau and the S100B with Millipore platform as the gold standard (Table 1).
Thus, these comparison ratios can be used to compare reported values from different assay platforms for these four
TBI biomarkers.

In summary, we have characterized several platforms of four TBI biomarkers. Gold standard solutions
(0.500 mg/ml) for these markers using recombinant proteins have been generated with the absorbance/extinction
coefficient method. We have also procured pooled positive control with a natively released biomarker (five pooled
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TBI CSF from five subjects each) and negative controls (three pooled control CSF from five controls each) generated
(initial vol. 1 ml each). We intend to make aliquots of these standard solutions available to other researchers who
might have additional biomarker assays for such markers upon request.

There are some limitations to our study. For example, our gold standard proteins are recombinant proteins
expressed in the prokaryotic system (E. coli), which may not mimic the post-translational modifications of the
eukaryotic systems. Secondary assay systems use different antibodies likely recognizing different epitopes. These
factors can affect the observed discrepancies and differences. At the time of our study, only the Quanterix Neurology
4-plex ‘A’ assay was available. This was used in our study. Since then, a Quanterix has produced a Neurology 4-plex
‘B’ assay that has a tenfold higher upper range for GFAP (40,000 pg/ml instead of 4000 pg/ml). Thus, this assay
might have better performance in quantifying GFAP levels. In addition, neurofilament-L has emerged as strong
candidate biomarkers for tracking TBI disease progression. In future work, we should also examine the performance
of TBI biomarker assays in TBI serum/plasma versus their health control counterparts.

Finally, the significance of this study is that our results show that currently available assay formats for the four
TBI markers we examined are variable in performance, sensitivity and in detecting natively derived antigens. The
implication is that caution should be exercised when comparing reported biomarker levels across assay platforms in
clinical research studies. Standardization strategies are strongly recommended when comparing reported biomarker
levels across assay platforms.

Conclusion
The currently available assay formats for these four TBI markers are variable in performance, sensitivity and
in detecting natively derived antigens. Standardization strategies are recommended when comparing reported
biomarker levels across assay platforms.

Summary points

• Currently, there are no US FDA-approved drugs to treat traumatic brain injury (TBI).
• Biofluid-based TBI biomarker assays can be used as predictive and pharmacodynamic biomarkers and facilitate

clinical trials for new drugs.
• The astroglial markers GFAP and S100B, the neuronal markers UCH-L1 and Tau are among the top candidates for

such purposes.
• To measure these biomarker proteins in human biofluids, one relies on either commercial or home-brew assays.
• However, when we compare two–four assay formats for each biomarker, we found that there are high variability

among TBI marker assays in terms of assay analytic performance, reported biomarker values and ability to
differentiate TBI versus healthy control biofluid.

• Caution should be exercised when comparing reported biomarker levels across assay platforms.
• Preferably, an assay standardization strategy should be applied.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup

pl/10.2217/bmm-2021-0284
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