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Purpose: Neuron-specific enolase (NSE) is an isoform of the glycolytic enzyme enolase. For 

decades, changes in NSE levels in biofluids have been studied for their clinical value in diag-

nosis, prognosis and monitoring of a plethora of pathologies and conditions, including brain 

injuries, various kinds of cancers and tumors, and other diseases (eg, Guillain-Barré syndrome 

and Creutzfeldt-Jakob). However, because of its long 24–30 hours half-life, NSE’s diagnostic 

and prognostic power, specifically for brain injuries, was found to be limiting in respect to other 

biomarkers with faster dynamics (eg, S100β). Thus, we hypothesize that measuring NSEs fast 

decaying enzymatic activity, rather than only amounts of protein, will provide improved resolu-

tion of dynamic temporal changes. 

Methods: Our previously reported tethered enzyme-based biosensor was used here to provide 

rapid measurement of changes in NSE activity as measured in vitro following incubation in 

canine and human serum or plasma. NSE activity was then compared with total protein amounts 

to assess the relative changes of these two parameters.

Results: We find that in serum, recovered plasma, and fresh plasma at 37°C, NSE protein 

levels (NSEP) are highly stable, whereas the enzymatic activity (NSEA) decays at a consider-

ably faster rate.

Conclusion: Because the decay rate of NSEA is significantly higher as measured in vitro than 

its reported half-life in biofluids, and taking into account physiological clearance rates, measur-

ing its enzymatic activity can provide better assessment of dynamic changes in the levels of 

this biomarker. A convenient and rapid technology for measurement of NSE enzymatic activity 

would improve understanding of NSE temporal dynamics, in comparison to more commonly 

used diagnostic methods.

Keywords: biomarker, enzyme activity, tethered enzymes, biosensor, brain injuries, tumor 

markers

Introduction
Neuron-specific enolase (NSE) is expressed predominantly in neurons and peripheral 

neuroendocrine cells.1 Remarkably, in some neurons NSE accounts for 3–4% of the 

total soluble protein, which led to common use of NSE as a clinical marker for neuronal 

and neuroendocrine cells.2

Levels of NSE in biofluids have been used extensively in diagnostics of various 

pathologies and conditions. Specifically, NSE has been one of the most extensively studied 

biomarkers for the diagnosis and prognosis of brain injuries,3 including ischemic stroke,4 

seizures,5 comatose after cardiopulmonary resuscitation for cardiac arrest,6 neurological 
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outcome after cardiac arrest,7 severe or mild traumatic brain 

injury (mTBI, concussion8), and Creutzfeldt–Jakob disease.3

NSE has also been broadly suggested as a diagnostic 

marker for various kinds of cancers, including small cell 

lung cancer9,10 and neuroblastoma,11 where its concentration 

correlates with tumor burden, number of metastatic sites, 

and response to treatment.3

The overwhelming majority of NSE biomarker studies 

have utilized antibody-based methods to detect and quantify 

protein amounts in biological samples (primarily blood and 

cerebrospinal fluid [CSF]). NSE’s clinical value as a bio-

marker is predominantly determined from its total circulating 

protein amounts (NSE protein, NSEP), using protein analytic 

methods including various solid-phase immunoassays,12,13 

sandwich-type enzyme immunoassay14 (using polyclonal or 

monoclonal antibodies15), electrophoretic determination,16 

and analysis by liquid chromatography-selected reaction 

monitoring/mass spectrometry (LC-SRM-MS).17 With these 

protein-centered approaches, it has been shown that the bio-

logical half-life for NSEP in human body fluids is between 

24 and 30 hours.16,18 Importantly, the length of half-life influ-

ences both a biomarker’s predictive capabilities and optimal 

timing of sampling.19

The biological function of enolase (2-phospho-d-

glycerate hydrolyase; EC 4.2.1.11) has long been known. 

These metal-activated metalloenzymes catalyze the dehydra-

tion of 2-phospho-d-glycerate (2-PG) to phosphoenolpyru-

vate (PEP) in the glycolytic pathway and the reverse reaction, 

the hydration of PEP to 2-PG, in gluconeogenesis.1 However, 

only a few attempts were made to detect NSE in biofluids 

by its enzymatic activity (ie, NSE activity, NSEA), either by 

directly measuring kinetics20 or by an immunocapture step 

followed by enolase activity bioluminescence assay.21 Inter-

estingly, these reported methods have not been employed for 

mainstream NSE detection tests.

Here, we utilized our tethered enzyme biosensor technol-

ogy (tethered enzyme technology [TET]), where pyruvate 

kinase (PK) and luciferase (Luc) are immobilized onto 

nanoparticles22 to detect NSE via its enzyme activity and 

determine the rates at which NSE protein or its activity are 

changing in serum and plasma. We have previously shown, 

both as a broad observation for glycolytic enzymes,23 and 

specifically for NSE detection,22 that solid-state enzyme reac-

tions using oriented protein immobilization conferred more 

efficient coupled activity, and thus higher assay sensitivity, 

than non-tethered enzymes. This novel method enabled us 

to detect NSE in a rat model for brain injury and in human 

subjects with a rapid (<10 minutes), sensitive, and convenient 

assay.22 Here, we hypothesize that through its advantages and 

improved temporal resolution, it will offer a better approach 

to utilizing the clinical value of using NSEA as a biomarker.

Methods
Reagents
2-PG, PEP, ADP, ATP, inactivated human serum, and luciferin 

were purchased from Sigma (St Louis, MO, USA). Silica 

nanoparticles (Si-NPs) (500 nm) were purchased from Sphe-

rotech Inc (Lake Forest, IL, USA). Recombinant human NSE 

was purchased from MyBioSource (San Diego, CA, USA). 

Recovered human plasma of healthy adults was purchased 

from Zen-Bio Inc (Research Triangle Park, NC, USA), and 

samples were shipped overnight at 4°C.

Preparation of tethered enzyme assay
NP-PK and NP-Luc were generated and prepared as previ-

ously described.22 Briefly, His-Si4-PK and His-Si4-Luc were 

purified using Ni-NTA beads, and their enzymatic activity 

was tested in sodium phosphate buffer (50  mM) supple-

mented with MgCl
2
 (5 mM) and KCl (20 mM). The forward 

reaction for PK is PEP + ADP → pyruvate + ATP. The forward 

reaction for Luc is ATP + luciferin + Mg2+ → hv.

Collection of canine plasma
All experimental protocols were reviewed and approved by 

the Institutional Animal Care and Use Committee of Cornell 

University (protocol #2011–0004). A total of 3 mL of blood 

was collected from 3 adult dogs using Na-heparin 6  mL 

tubes. Tubes were spun at 1000× g for 5 minutes, and then 

plasma was aspirated and placed at 37°C for the duration of 

the experiments.

Measuring NSEA in plasma or serum 
samples
To measure NSE activity using the TET enzyme assay, reac-

tion mixtures included a 1:1 ratio of NP-PK and NP-Luc, 

based on mass amounts of each enzyme bound to the NPs, 

resulting in roughly a 2:1 molar ratio of Luc to PK and a 2:1 

activity ratio.22,31 NP-PK and NP-Luc were then supplemented 

with ADP, 2-PG, luciferin, Mg2+, and K+. A total of 10 µL 

samples of serum or plasma were added to individual wells 

in a 96-well plate, and the TET reaction mix (10 μL) was 

added just before luminescence measurements were initiated. 

To minimize variation among samples, a single batch of pre-

mixed TET reaction enzymes and substrates was used for all 

time points per each experiment. Although the TET reaction 

mixture was kept on ice throughout the experiments, some 
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decay with a linear fashion was observed due to rundown 

of ADP and luciferin. Thus, the data presented in Figures 

1–5 were corrected according to the measured decay rate as 

calculated from control reactions. The readout luminescence 

signal was integrated for 0.4 seconds and read continuously 

for 25 minutes using a TECAN Safire plate reader (TECAN 

US Inc., Morrisville, NC, USA). For calculation of NSE 

activity levels, the linear regression slope for the initial activ-

ity was calculated per well. Then, control wells (2-PG) were 

subtracted from the test channels, and the results normalized 

to the positive control wells (with 2-PG and enolase). At the 

last time point of each experiments, samples were brought up 

to 50–55°C (for plasma, due to heat-dependent coagulation) 

or 80°C (for serum), to inactivate NSE as a final negative 

control.

Measuring NSEP in plasma or serum 
samples
Serum or plasma samples were collected at the indicated 

time points and kept at −80°C until the end of the experi-

ment. Then, samples were shipped frozen on dry ice to ARUP 

laboratories (Salt Lake City, UT, USA) for quantification 

of amounts of NSE protein (provider uses the CanAg NSE 

EIA assay).

Theoretical calculation of NSEA decay 
rate in circulation
Using the standard half-life decay rate formulation: N(t) = 

N
0
(1/

2
)t/t

1/2, where N
0
 is the initial quantity of NSEA or NSEP, 

N(t) is the remaining quantity, and t
1/2

 is the reported half-

time for NSE protein in vivo (24 hours).16,18

Statistical analysis
Experiments were performed 3 times, and all samples were 

measured in triplicates. Data processing and analysis were 

carried out using Excel (Microsoft) and Origin (OriginLab, 

Northampton, MA, USA). Variability for PK and Luc activity 

between batches was addressed by preparing mixtures of the 

enzymes with equal activities. For Figure 4, a simple linear 

regression model was used to determine the decay rate of 

NSEA (using Excel function for linear regression). Data are 

presented as average ± standard deviation.

Results
To determine the rate of protein degradation versus the loss of 

enzymatic activity, we conducted a comparative examination 

utilizing a “traditional” detection method (ie, CanAg NSE 

EIA assay) in parallel with the TET assay.

First, to examine the extent and dynamics of passive 

changes in activity, recombinant human NSE was added 

to heat-inactivated human serum at a final concentration of 

100 ng/mL. The spiked serum was then incubated at 37°C, 

while samples were collected at 0, 1, 2, 3, 6, 11, 22, and 

34  hours (Figure 1A). For each time point, the collected 

sample was divided, where one aliquot was used for testing 

the NSE activity using the tethered enzyme assay and the 

second was frozen (−80°C) for protein amount analysis. As 

previously reported, the TET assay includes PK and Luc that 

are immobilized on to Si-NPs (NPs, NP-PK, and NP-Luc 

respectively), through a bio-affinity tag specific for silica 

(Si4).22 The NPs with tethered enzymes were supplemented 

with reagents necessary for the forward reaction as described 

in the “Methods” section. The enzymatic activity of NSE 

Figure 1 Human NSE activity (NSEA) versus total protein (NSEP) as measured in inactivated human serum.
Notes: (A) Commercially available inactivated human serum was spiked with recombinant human NSE and incubated at 37°C. Samples were collected at different time points 
as indicated and tested for NSE activity (via TET assay) or for total protein (samples sent to a commercial diagnostic laboratory, ARUP Labs, Salt Lake City, UT, USA). Data 
points for NSEA (blue circles) and NSEP (green squares) are presented as percentages of their initial values at time point zero. (B) At the last time point, samples were placed 
at 80°C for 30 minutes to achieve full inactivation and protein breakdown. Values are provided as avg ± SD, n=3.
Abbreviations: NSE, neuron-specific enolase; TET, tethered enzyme technology; avg, average.
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in each sample was calculated from the initial slopes of 

the luminescent signal coming out of the test reaction, in 

comparison with the negative control, in which the enolase 

substrate 2-PG was omitted (refer the “Methods” section and 

Cohen et al22 for details). Immediately following the collec-

tion of the last time point sample, the remaining serum was 

incubated at 80°C for 30 minutes for complete inactivation 

of NSE activity (Figure 1B).

Our analysis showed that in heat-inactivated serum, 60% 

of NSE’s activity was lost within 10 hours of start of the 

experiment, whereas minimal decrease was observed for the 

total amount of NSEP (Figure 1A). Heating the serum to 80°C 

not only completely inactivated the remaining enzymatic 

activity but also denatured the protein to a point where it is 

undetectable by the antibody-based assay (Figure 1B).

Because heat inactivation (by the provider) potentially 

minimizes any intrinsic protein-degrading activity, we next 

sought to determine the NSEA and NSEP changes in recovered 

human plasma (ie, commercially available plasma that is 

collected as a byproduct from patients who underwent blood 

collection for other purposes). Importantly, plasma, which 

is more representative of whole blood, might also contain 

factors that could affect both enzyme activity and protein sta-

bility (eg, through oxidation24 and proteolytic degradation25).

As described for the serum experiment, recombinant 

human NSE was then added to recovered human plasma at 

a final concentration of 100 ng/mL. The human plasma was 

collected by Zen-Bio Inc via Li-heparin tubes from healthy 

adult donors and shipped to us at 4°C overnight. Human 

plasma samples were tested with the tethered enzyme 

assay for NSEA at 0, 1, 2, 3, 6, 9, 12, 24, and 28 hour time 

points, and corresponding aliquots were saved at −80°C for 

protein analysis (NSEP). At the last time point, the plasma 

was heat treated to 55°C, resulting in 3-fold decrease in 

NSE activity and over 2-fold decrease in protein levels 

(using higher temperatures for inactivation, such as 80°C 

used for serum, caused coagulation, and thus could not be 

used in this case).

Our data showed that although minimal protein degrada-

tion was observed, NSEA decay dynamics were comparable 

to these found in human serum (Figure 2).

Finding only small differences in enzymatic activity decay 

rates between serum and the 24-hour-old recovered plasma 

encouraged us to test whether fresh plasma would have a 

more pronounced effect on NSEA. Thus, canine plasma was 

chosen for its availability in close proximity to the testing 

site, in addition to the fact that in laboratory-maintained 

dogs, drugs or confounding substances are not present and 

that no long-term, inducible changes in the composition 

of the plasma would be present from prior consumption or 

exposure to environmental factors.

As with previous experiments, recombinant human NSE 

was added to plasma collected from adult dogs maintained 

in a laboratory colony at a final concentration of 100 ng/mL. 

The spiked plasma was then incubated at 37°C, and samples 

were collected at 0, 1, 2, 3, 6, 9, 12, 24, and 30  hours 

(Figure  3). Similar to our findings in human serum and 

plasma, as indicated in Figure 3, our data show that NSEP was 

stable over the whole incubation period. Attempted enzyme 

inactivation by heat treatment of the plasma to 50°C for 

30 minutes at the last time point resulted in only a marginal 

loss in NSEA and NSEP; however, higher temperatures had 

strong coagulation effect and could not be used (refer the 

“Discussion” section).

Figure 2 Human NSE activity (NSEA) versus total protein (NSEP) as measured in human plasma.
Notes: (A) Recovered human plasma was spiked with recombinant human NSE and incubated at 37°C. Samples were collected at different time points as indicated and tested 
for NSE activity (via TET assay) or for total protein (samples sent to external diagnostic laboratory service at ARUP Labs, Salt Lake City, UT, USA). Data points for NSEA 
(blue circles) and NSEP (green squares) are presented as percentage of initial values. (B) At the last time point, samples were placed at 55°C for 30 minutes to inactivate the 
enzyme activity. Values are provided as avg ± SD, n=3.
Abbreviations: NSE, neuron-specific enolase; TET, tethered enzyme technology; avg, average.
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Nonetheless, as shown in Figure 4C, our results exhibit 

biphasic decay dynamics in fresh dog plasma for NSEA, 

demonstrating an initial decay rate of t
1/2

=4 hours, which was 

reduced to t
1/2

=11 hours for the second component.

The different rates at which NSEA decayed during the 

first 12 hours of experiments in fresh plasma, as shown in 

Figure 4, revealed an initial 12% per hour NSEA decay rate, 

followed by a slower component of ~2% per hour. In contrast, 

over the same time frame, the loss of NSE enzymatic activity 

in recovered serum or plasma samples (Figure 4A and B) 

was mostly linear with rates of 4–6% per hour, respectively.

Because the total amounts of NSEP did not demonstrate 

any significant changes in serum or plasma over the incuba-

tion times, we hypothesize that a physiological clearance 

process must be the major mechanism driving the reported 

changes in protein half-life in vivo.16,18 Thus, as seen in 

Figure  5, combining the expected effects of physiologi-

cal clearance (t
1/2

=24 hours) and enzymatic activity decay 

determined here, we calculated a theoretical in vivo half-life 

of ~4.5 hours for NSEA (Figure 5), which is more than 5 times 

faster than the reported t
1/2

 for NSEP.

Discussion
NSE is widely used as a diagnostic and prognostic marker for 

various diseases; however, because of its relatively long half-

life (24–30 hours16), the predictive power of this biomarker is 

reduced.19 In addition, there is debate regarding the usefulness 

of NSE levels in measuring the extent of mTBI (concussion), 

thought to stem from the long half-life of NSE in blood.26 

Here, we hypothesized that measuring the decay of NSE’s 

enzymatic activity, rather than its protein amount, would 

provide higher temporal resolution regarding the dynamics 

of its changes in biofluids.

Indeed, although some small variations in the dynamics 

of NSEA decay rates were found, our data revealed a dramatic 

difference between the loss of NSE activity and the stability 

Figure 3 Human NSE activity (NSEA) versus total protein (NSEP) as measured in fresh dog plasma.
Notes: (A) Collected dog plasma was spiked with recombinant human NSE and incubated at 37°C. Samples were collected at different time points as indicated and tested 
for NSE activity (via TET assay) or for total protein (samples sent to a commercial diagnostic laboratory, ARUP Labs, Salt Lake City, UT, USA). Data points for NSEA (blue 
circles) and NSEP (green squares) are presented as percentage of initial values. (B) At the last time point, samples were placed at 50°C for 30 minutes to achieve NSE enzyme 
inactivation. Values are provided as avg ± SD, n=3.
Abbreviations: NSE, neuron-specific enolase; TET, tethered enzyme technology; avg, average.
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of the NSE protein, when measured in serum, recovered 

plasma, and fresh plasma. The stability of NSEP observed 

here is in agreement with previous reports13 and suggests that 

the indicated half-life of NSE is predominantly regulated by 

physiological clearance, with little effect from proteolysis 

or degradation.

Our initial experiments in heat-inactivated serum were 

used to determine the baseline loss of NSEA and NSEP over 

time at 37°C. The observed faster decay rate for NSEA in 

fresh plasma versus serum or recovered plasma was not 

unexpected and could be largely attributed to oxidization 

and other processes that have the capacity to affect enzyme 

activity and conformational stability. Such processes might 

involve degradation by plasma thrombin,27 or proteases,25 

and reactive oxygen species damage introduced by plasma 

enzymes including xanthine oxidase, NADPH oxidases, 

and oxygenase.24 Importantly, the inactivating effect of such 

components is expected to decay over time, as in the case of 

the 24-hour-old recovered plasma. We do not rule out any 

other effects mediated by clotting factors that would be more 

active in fresh plasma28 on NSEA. These processes could 

also explain the biphasic nature of the NSEA decay seen in 

fresh plasma, whereas NSEA decay in inactivated serum or 

recovered plasma was found to be linear. We speculate that 

the second slower decay rate in fresh plasma is the result of 

loss of enzymatic activity of the inactivating components that 

would be expected to decrease over time as well.

Because our in vitro assays lack physiological clearance 

(see example for LDH clearance in rabbits29 and clearance 

of NSE in urine30), an even faster rate of NSEA decay would 

be expected to be observed in patients (Figure 5). Although a 

pharmacokinetic approach is required to determine the decay 

rate of NSEA in vivo, our findings suggest that measurements 

of NSEA dynamics, such as provided by methodologies such 

as TET, will improve the clinical utility of this biomarker. For 

example, one could distinguish between recent and previous 

injury, as in assessing mTBI in athletes or soldiers who can 

be subjected to trauma on a repetitive basis. Alternatively, 

knowledge of the half-life of activity in vivo might enable 

one to look for and calculate the amount of NSE production 

or release into the bloodstream, such as by ongoing injury 

or growth of a tumor. Yet another use could be in patients 

with several co-morbidities, in which case chronic produc-

tion might mask an acute injury/event if only NSEP were 

being measured.

Conclusion
We report here that NSEA has a much shorter half-life in vitro 

than NSEP. In vivo studies are needed to determine how physi-

ological/metabolic clearance will affect half-life in clinical 

situations. Our findings highlight the potential improvement 

in clinical utility of NSEA as an independent biomarker or 

as one that can be measured in comparison to NSEP. Use 

of a tethered enzyme biosensor enables detection of the 

faster kinetics of changes in enzymatic activity compared 

to protein amount, enabling repetitive sampling over shorter 

time frames than might be feasible with currently available 

commercial ELISA-based tests. This new technology could 

prove to be diagnostically and prognostically more powerful 

in scenarios in which rapid changes might occur (eg, stroke), 

when assessing treatment outcomes (eg, cancer) or when 

repetitive injuries are suspected as potentially confounding 

factors (eg, mTBI in athletes). In these circumstances, NSEA 

might better reflect acute versus prior insults, the extent and 

Figure 5 Theoretical calculation of half-life (t1/2) for NSE activity (NSEA). 
Notes: (A) The reported half-life of NSE (black squares) was applied to our measured NSEA data points, using the standard half-life decay rate formulation (N(t) = N0(1/2)
t/(t1/2), where N0 is the initial quantity of NSEA or NSEP, N(t) is the remaining quantity, and t1/2 is the reported half-time for NSE protein in vivo (24h). The corrected NSEA 
decay rates for human serum (green diamonds), human plasma (red circles), and dog plasma (blue circles) shown are to be expected when assuming a model where both 
physiological clearance (with the same rate as calculated for NSEP) and enzymatic inactivation are combined. (B) Our calculations provide a theoretical “in vivo” half-life of 
~4.5 hours for NSEA in plasma (slower rates were calculated for serum or recovered plasma, as indicated in the highlighted area) versus the reported 24 hours for NSEP.” 
Abbreviations: NSE, neuron-specific enolase; t1/2, half-life; NSEP, NSE protein amount.
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