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Introduction

Abstract. Almost since its discovery, Limulus amoebocyte lysate (LAL) testing has been an important part of
the pharmaceutical quality control toolkit. It allows for in vitro endotoxin testing, which has replaced tests using
animals, such as using rabbits’ thermal response to judge pyrogenicity of test samples, thus leading to a less
expensive and faster test of parenteral pharmaceuticals and medical devices that contact blood or cerebrospinal
fluid. However, limited by the detection mechanisms of the LAL assays currently used in industry, further
improvement in their performance is challenging. To address the growing demand on optimizing LAL assays
for increased test sensitivity and reduced assay time, we have developed an LAL assay approach based on
a detection mechanism that is different from those being used in industry, namely, gel-clot, turbidimetric, and
chromogenic detection. Using a unique open-microcavity photonic-crystal biosensor to monitor the change in
the refractive index due to the reaction between LAL regents and endotoxins, we have demonstrated that
this approach has improved the LAL assay sensitivity by 200 times compared with the commercial standard
methods, reduced the time needed for the assay by more than half, and eliminated the necessity to incubate
the test samples. This study opens up the possibility of using the significantly improved LAL assays for a wide
range of applications. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.23.2.027001]
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that the gelation was due to an enzymatic cascade of the horse-

Lipopolysaccharide (LPS), a naturally occurring endotoxin, is a
structural component of Gram-negative bacteria cell membranes
and is one of the best characterized pyrogens. Unfortunately,
LPS is a very stable molecule, and it is difficult to remove
from fluids or medications. In fact, the only way to remove
the pyrogenic effects of LPS is to either denature it by high
heat (250°C for 30 min or 200°C for 1 h) or treatment with
strong acids, bases, or hydrogen peroxide. Even low-pressure
plasma sterilization, which has brought significant advances
to laboratory equipment decontamination, does not adequately
reduce the pyrogen load on a surface.! If a parenteral drug or
a medical implant has not been properly sterilized and contami-
nated with LPS, dramatic pathophysiological reactions may
occur, including fever, leukopenia, tachycardia, tachypnea,
hypotension, and disseminated intravascular coagulation. The
septic shock can lead to multiorgan failure and a high mortality
rate (20% to 50%).% Therefore, it is critically important to have
a sensitive approach for testing the endotoxin contamination.
Instead of using rabbit thermal response (i.e., fever) to a sub-
stance to judge its pyrogenicity, the Limulus amoebocyte lysate
(LAL) test has been developed as an in vitro method for a faster
and less-expensive approach, filling a sizeable need in the cur-
rent pharmaceutical industry for quality control.> The LAL test
has become the most used assays of endotoxin owing to the pio-
neering work by Bang in 1956. While doing an unrelated experi-
ment on horseshoe crab circulation, Bang and his colleague
discovered that a crab had died due to systemic infection that
caused its blood to almost completely gel. They determined
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shoe crab monocyte, which reacted to the LPS in Gram-negative
bacteria. LAL regents extracted from horseshoe crabs are cur-
rently being used in a huge variety of studies for endotoxin
assays: testing bacterial growth in glaciers,* testing for the pres-
ence of pyrogens in nanoparticle fluids,” verifying safe work
environments in ranching and farming,® and observing that
there are endotoxin and (1 — 3)-f-D-glucan (a component of
fungal cell walls) fluctuations with each season.” Of course,
the most important use of the LAL test, to date, is the testing
of pharmaceutical contamination by Gram-negative bacteria.
It is one of the few methods approved by the United States
Pharmacopeia and FDA as an acceptable endotoxin testing strat-
egy for oral and injectable medications, as well as implantable
devices, such as in sepsis treatments,® refining root canal drug
delivery strategies,”'® root canal procedure strategies,'! early
indicators of intestinal membrane breakdown in dengue fever
patients,12 and hip replacements, artificial hearts, and man-
made ligaments.'* The LAL enzymatic cascade is one of the
most sensitive enzymatic cascades known to man due to the
fact that there are several amplifying steps that enhance the over-
all sensitivity of the test. The best commercial sources have
a sensitivity of 0.005 EU/mL, which equates to 0.0005 to
0.001 ng/mL for most bacterial endotoxins.'* The LAL gel-
clot reaction is a multistep enzymatic reaction that is initiated
by the addition of the fluid of interest into the LAL assay sol-
ution in a 1:1 ratio. The endotoxin that may be in the fluid of
interest then binds to factor C (it has also been shown that the
endotoxin binds to both factors C and B initially),14 which then
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activates factor B and then activates the proclotting enzyme and
cleaves the coagulogen protein, resulting in the gelation of the
mixed solution.

In the most basic test—the end-point “gel-clot” test, one sim-
ply mixes the LAL assay standard solution with the analyte sol-
ution of interest in a 1:1 ratio at 37°C. If after 1 h the combined
solution gels, then the test is considered positive. In addition to
the gel-clot test, there are two other approaches commercially
available for LAL assays. The turbidimetric assay uses the
same enzymatic cascade as the gel-clot test but adds a turbidity
scanner to detect the change in scattered light over the whole
reaction sequence, rather than only at the end-point to obtain
kinetic analysis of the test sample. Chromogenic detection
has also been developed as another approach for kinetic LAL
assays. For that, the coagulogen in the final step of the enzy-
matic cascade is switched to a chromogenic substrate, which
when cleaved by the activated clotting enzyme produces a yel-
low color that can be read in a standard plate reader.

Due to the limitations of the current LAL test, as well as the
increasing demand of endotoxin testing in the pharmaceutical
industry, refinements of pyrogen tests, including using Quartz
sensors,'>!® electrochemical feedback sensors,'” nanoparticle
suspensions,'® piezoelectric sensors,' and surface-plasmon-
resonance (SPR)-based sensors,” are constantly being made.
In addition, alternative pyrogen test compounds, such as the
beta glucan only test, Glucatell,?' the monoclonal antibody
test,>?? recombinant factor C,* and nanomolecular imprinted
polymers,?® are constantly being engineered. However, each
has inherent problems that result in them not being as sensitive
or specific as the LAL test. In this paper, we report for the first
time the development of a photonic-crystal total-internal-reflec-
tion (PC-TIR) biosensor for LAL assays, which utilizes a new
mechanism to detect the reaction between LAL regents and
analyte solutions via accurate monitoring of the change in the
refractive index (RI) associated with the reaction. Our results
have demonstrated the efficiency of this approach for rapid
and highly sensitive LAL assays.

2 Materials and Methods

2.1 Biosensor Chip Preparation

The PC-TIR biosensor used in this work possesses a unique
open optical microcavity for highly sensitive bioassays based
on our patented detection mechanism of a photonic-crystal sens-
ing technology.?>?* Different from our previous studies using
the PC-TIR sensor for molecular binding assays,” this
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study is focused on detecting the RI changes of LAL analyte
solutions caused by endotoxins. The PC-TIR sensor was
designed based on our numerical simulations with a transfer
matrix approach and fabricated with electron-beam physical
vapor deposition, which has five alternating 91-nm TiO, and
309-nm SiO, layers coated on a BK-7 glass substrate. Above
this periodic structure, a cavity layer was formed with
382 nm of silica and 8 nm of silicon. The thin silicon layer
was designed to give rise to an appropriate level of absorption
such that a sharp dip in the reflectance spectrum is introduced at
the resonant wavelength of an open optical microcavity formed
when the PC structure is used in a TIR configuration.”*** When
the RI of analyte solutions on top of the PC-TIR sensor surface
changes, the resonant wavelength shifts accordingly for
1490 nm/RTU.% Two sample wells were formed using a poly-
dimethylsiloxane (PDMS) replica molding process. PDMS base
and curing agents (Sylgard184, Dow Corning) were mixed at a
ratio of 10:1. The mixture was degassed in a vacuum chamber
for about 10 min and then cast on a mold and cured at room
temperature. To bind the sample wells with the sensor chip,
the surface of a PC-TIR sensor chip and the PDMS sample
well were first processed with a plasma cleaner (from
Harrick Plasma) for 60 s, which renders the surface hydrophilic.
The silanol (SiOH) groups created on the surface form a bridg-
ing Si—O—Si bond when the oxidized PDMS surface is placed
in contact with the sensor chip surface, creating an irreversible
seal. The PC-TIR sensor chip together with the sample wells
was baked at 200°C for 1 h before usage to remove any possible
contaminations.

2.2 Sensor Apparatus

A lab-built sensor setup as shown in Fig. 1 was used to sensi-
tively detect the changes in the RI of the LAL analyte solutions
on the sensor chip surface. White light produced by a fiber illu-
minator (Thorlabs OSL1) was coupled into a single-mode opti-
cal fiber, and S-polarization was selected with a polarizer before
the beam was split into two using a nonpolarizing beam splitter
and mirrors. The light then passed to the sensor chip that was
oriented in a TIR configuration, and the reflectance spectra of
the two optical paths from the sensor were combined with a non-
polarizing beam combiner and detected with a high-resolution
spectrometer (Ocean Optics HR 4000). Readings were taken via
the Ocean View software package (Ocean Optics) and recorded
as full spectrum data files every 30 s. Each spectrum consisted of
the average of 10 0.1-s scans with boxcar smoothing with
a radius of 2.
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Fig. 1 Schematic drawing of the experimental setup for LAL assays using a PC-TIR biosensor.
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2.3 Limulus Amoebocyte Lysate and Standard
Endotoxin Preparation

Charles River Laboratories supplied the LAL reagent KTA?2 lot
D2161L (0.005-EU/mL sensitivity). The directions for proper
rehydration and preparation included in the LAL package were
followed. The control standard endotoxin (CSE, Catalog #
E120) was also supplied by Charles River. Included in
the CSE package was the Certificate of Analysis, which
specifies the potency (pyrogenicity) of the dehydrated
endotoxin in EU/mg. Solutions of 0.05, 0.0025, 0.00025, and
0.000025 EU/mL were made by dissolving the appropriate
weight of endotoxin in LAL reagent water (LRW) (Charles
River) according to the CSE instructions.

2.4 Measurement Procedure

After the appropriate dilutions of CSE were made and LAL
reagents were rehydrated, the baked biosensor was placed on
an equilateral prism with index matching fluid and 150 uL of
LRW was first added into both sample wells on the sensor.
Alignment of the optical beam path reflected from the sensor
was conducted to couple the probe beam into a high-resolution
spectrometer so that resonant dips appeared at the correct wave-
length in the reflectance spectrum of the sensor. The LRW was
then replaced with 150 uL of rehydrated lysate in the sample
wells of the biosensor. Next, 150 uL. LRW was added into
one well and the timer was started to record data in 30-s incre-
ments, while 150 pL of the endotoxin sample was added into the
other well. Detection of the spectrum of the reflected beams
from the two wells was switched every 30 s so that the spectrom-
eter measured the spectra of both wells every minute. Each run
was monitored for 20 min. After the assay, the sample wells and
the sensor chip were cleaned first with acetone and then with
deionized water and dried with compressed air to ensure that
no fluid solution remained on the sensor surface. To reuse
the biosensor, the cleaned sensor chip together with the sample
wells was baked at 200°C on a hot plate or oven for at least 1 h in
an aluminum enclosure, to ensure even heat transfer and to
restrict room air contamination.

2.5 Statistics

Triplicates of all solutions were run to make statistical analysis
possible. Because each data point consisted of the average of
10 spectral samples, the standard error was selected as the
appropriate error bar in figures showing run results. Standard
deviation and the coefficient of variation were also calculated
using Excel. Adjusted R? values were used to judge the good-
ness of fit for the time-dependent data of the resonant wave-
length shifts of a PC-TIR biosensor. Sensor drift was
corrected for by subtracting the H,O only data from the
other data sets.

3 Results and Discussion

In our previous studies, we used PC-TIR sensors for molecular
binding assays ranging from well-studied coupling agents to
small molecule binding and nucleic acid and cardiac biomarker
detection.” In contrast, this study, for the first time, utilizes
the PC-TIR sensor to monitor the changes in the RI of LAL
analyte solutions, which sensitively reflects the amount of endo-
toxin in the test samples. Figure 2 shows several representative
reflectance spectra of a PC-TIR sensor at different time points
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Fig. 2 Representative reflectance spectra of a PC-TIR biosensor with
an LAL solution having 0.05-EU/mL endotoxin at different time points.

when an LAL analyte solution was added on the sensor surface.
It can be seen that the sharp resonant dip shifts with time while
the LAL responds to the endotoxin.

The wavelength shift of the resonant dip in the reflectance
spectra of the PC-TIR biosensors was monitored with a high-
resolution spectrometer for every minute over a 20-min period
for each sample. The reflectance spectra were loaded into the
OriginPro data analysis program to apply a Lorentzian curve
fit and determine the center wavelength of the resonant dip.
By fitting the curve rather than simply picking the lowest
point of the spectrum, one can obtain a more accurate value
of the resonant wavelength. The time dependence of the center
resonant wavelength obtained from fitting the spectra is shown
in Fig. 3. The results shown are for the test samples with differ-
ent concentrations of endotoxin as well as the control sample.

44 = LAL+ Endotoxin (0.05EU/mL) E
¢ LAL + Endotoxin (0.0025 EU/mL ) I
= 4 LAL + Endotoxin (0.00025 EU/mL )
= v LAL + Endotoxin (0.000025 EU/mL
= ¢ LAL+H,0
<
[2]
=
. ;
K}
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s T Yy X
/¢ x i t _77%/!';,!,7!*”*
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Fig. 3 The time dependence of the center wavelengths of the reso-
nant dips in the reflectance spectra of a PC-TIR sensor for samples
with different concentrations of endotoxin. The data are the results
after subtracting the shift from a pure H,O sample to minimize any
potential drift of the sensor. The error bars indicate the standard errors
from different runs. The lines are from a nonlinear least squares fitting
with a first-order exponential function in Eq. (1).
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The error bars represent the standard errors of different runs.
The data indicate that even the most diluted endotoxin used
(0.000025 EU/mL) resulted in a clearly measurable difference
from the negative control (LAL with H,O). Based on the aver-
age pyrogenicity of endotoxin, this equates approximately to
0.0000025 ng/mL of endotoxin in the solution, which is by
far the greatest sensitivity of any previously published LAL test-
ing strategies. Based on these results, we can see that the limit-
ing factor is not the sensitivity of the LAL complex and it is the
accurate and precise sensing of the gelation steps. This is further
shown by the work of Noda et al.*! who increased the sensitivity
of the LAL assay from 0.005 to 0.0005 EU/mL using an
engineered luciferase that was 10 times brighter than the wild
type.> As the LAL reagent obtained from Charles River
Laboratories has a sensitivity of 0.005 EU/mL, our result has
demonstrated an enhancement of the detection sensitivity by
200-fold compared with the industry standard. Table 1 shows
the comparison of our results with the methods used in the
industry as well as those new approaches under development
by different laboratories.!>~!7:1%20:31

The significant improvement of our approach in detection
sensitivity can be attributed to the PC-TIR’s capability for ultra-
sensitive measurements of the RI changes in the analyte solu-
tions caused by LAL reactions to the minute amount of
endotoxin. The sharp resonance bandwidth (2 nm) of the PC-
TIR sensor shown in Fig. 2 is much narrower than a typical
SPR sensor (~40 nm),**= thus allowing precise measurements
of resonant wavelength shifts for enhanced detection sensitivity.

In addition to the sensitivity, the time required for LAL
assays is also an important consideration in industry applica-
tions for higher throughput and cost saving. To illustrate the
fast response of the PC-TIR sensor to LAL assays, we plotted
the resonant wavelength shift of the sensor as a function of the
endotoxin concentration at a selected time point, 5 min, after
endotoxins were added to LAL reagents. Figure 4 shows that
the shift in the resonant wavelength of the sensor increases
with increases of the concentration of the endotoxin, and within
this short 5-min period, all the samples with different endotoxin
concentrations can already be well distinguished. This result
clearly demonstrates the fast response time, another unique

Table 1 A comparison of our results with the methods used in the
industry as well as those new approaches under development by
different research laboratories.

Source Sensitivity (EU/mL) Response time (min)

Ref. 15 0.001 100

Ref. 16 0.005 50

Ref. 17 0.01 60

Ref. 19 0.001 40

Ref. 20 0.0005 Not given

Ref. 31 0.0005 15

Charles River 0.005 60 for gel-clot assay
and 15 for “Endosafe®
Cartridge Technology”

Our approach 0.000025 5 or less

LAL with H,0

LAL+Endotoxin
(0.05 EU/mL)

LAL+Endotoxi
(0.0025 EU/mL)

LAL+Endotoxin
(0.00025 EU/mL)

LAL+Endotoxin
(0.000025 EU/mL)

0 0.5 1 15
Resonant wavelength shift (nm)

Fig. 4 Resonant wavelength shifts of a PC-TIR sensor at 5 min for
test samples with different concentrations.

feature of the PC-TIR sensor-based LAL assays in addition
to its ultrahigh sensitivity. It can be seen from Fig. 3 that differ-
ent amounts of resonant wavelength shifts appear even as early
as 2 min, although we just selected the 5-min time point for
a conservative claim. In contrast, the conventional approaches,
including gel-clot, turbidimetric, and chromogenic assays, take
a much longer time to generate assay results, especially for
samples with low endotoxin concentrations. Gel-clot assays
typical take 1 h, while turbidimetric and chromogenic assays
need about 15 min to complete one run. Even without the need
for equilibrating to 37°C, the fast response of the PC-TIR sensor
can significantly shorten the assay time as shown in Table 1 in
comparison with other methods, which is desired in many indus-
try applications.

To obtain the reaction rate of the LAL assays detected with
the PC-TIR sensor, we used a nonlinear least squares regression
to analyze the time-dependent resonant wavelength shifts A4
of the sensor, which can be fitted to the following first-order
exponential function:

AL =A(1 = e7BY), (1

where A and B are the fitting parameters. The fitting curves are
plotted in Fig. 3, while the fitting parameters are listed in Table 2
for test samples with different endotoxin concentrations.

Table 2 Fitting results of the time-dependent resonant wavelength
shifts for test samples with different concentrations of endotoxin.

Sample Fitting parameters + value Adjusted R?
LAL + endotoxin A=4.775+0.163 0.994
(0.05 EU/mL) B =0.081+0.005

LAL + endotoxin A =2.355+0.088 0.984
(0.0025 EU/mL) B =0.106 + 0.008

LAL + endotoxin A=1.793+0.108 0.964
(0.00025 EU/mL) B =0.074 £ 0.008

LAL + endotoxin A=1537+£0.414 0.958

(0.000025 EU/mL)

B =0.040+0.015
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Fig. 5 Reaction rate between LAL and endotoxins with different
concentrations.

The adjusted R? values obtained from the fitting are close to
one, which indicates the goodness of fit. By taking the derivative
of Eq. (1), we obtain the reaction rate as

Reaction rate = ABe™B!, )

which is plotted in Fig. 5. It can be seen that the reaction rate is
generally higher for higher concentrations of endotoxin sam-
ples. Thus, the reaction rate at certain time points, for example
at t = 0, may also be utilized as a good parameter in addition to
the resonant wavelength shifts to indicate endotoxin concentra-
tions. Moreover, there is a general trend that the reaction rate
for each sample decreases with assay time. This is reasonable
as the reaction between LAL reagents and endotoxins reduces
the amount of LAL reagents or free endotoxins and slows down
the reaction.

4 Conclusion

We have shown for the first time that the LAL test with a PC-
TIR sensor provides value to the LAL assay in its significantly
enhanced sensitivity by 200-fold compared with the commercial
standard methods, along with much faster discrimination of
positive and negative results. The sensor chips can be reused as
they are robust through a number heat cycles. This remarkable
improvement can be attributed to the detection principle based
on a PC-TIR sensor for sensitive monitoring of the RI changes in
the analyte solutions, which is fundamentally different from
other conventional methods of LAL assays. In addition, the
PC-TIR sensor has a simple one-dimensional PC structure,
which is basically a multilayered dielectric coating and can
be easily fabricated with well-established vacuum deposition
techniques. In contrast to two-dimensional or three-dimensional
PC structures, the simplicity of the PC-TIR sensor structure
allows for low-cost reproduction, robust performance, and yet
ultrahigh sensitivity assays, which are important factors for
potential commercialization of this unique technique for sensi-
tive and rapid LAL assays.

Furthermore, there is promise in testing samples that possibly
have confounding variables via extreme dilution due to the fact
the LAL assays on a PC-TIR chip have a very high sensitivity.
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Future research is greatly needed in this area, and a more com-
plete list of confounding molecules should be tested with the
PC-TIR chip with the endotoxin standard, blood plasma, and
other analytes of interest. We also plan to investigate
a method for binding the LAL proteins to the sensor surface,
as this in conjunction with a microfluidic system would lead
to lower volumes of LAL needed to test solutions for
pyrogenicity.
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