Design of an optofluidic sensor for rapid detection of hemolysis
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ABSTRACT

Blood tests are a vital source of information for disease diagnosis and monitoring. Blood sample contamination
due to hemolysis (the rupturing of red blood cells) is a significant problem that can result in incorrect diagnoses,
delayed treatment, and inappropriate prescriptions. Therefore, a simple, rapid test is needed to detect the occurrence
of hemolysis. Here we propose a new miniature spectroscopic device, integrated onto an optical fiber platform, which
can quickly and reliably determine the amount of free hemoglobin in a small droplet of blood plasma. Optimal design
parameters for the device were calculated theoretically, and then the device was fabricated and tested. Experimental
tests demonstrated that the device could quickly measure free plasma hemoglobin over a wide range of concentration
(0-500 mg/dL) and with a low detection limit (<4 mg/dL), sufficient to detect both low- and high-grade hemolysis in
a droplet of blood plasma. This device can, therefore, be useful for rapid quality control in blood-testing laboratories,
hospitals, and dialysis settings.
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1. Introduction

Every day millions of blood samples are collected in hospitals and clinics for medical analysis [1,2], but a
significant portion of these samples are compromised due to hemolysis (the rupturing of red blood cells, which releases
hemoglobin and other intracellular components into the blood plasma). Up to 31% of samples drawn in emergency
rooms and 10% of samples drawn in blood banks and blood-testing facilities are thus compromised [3,4]. Significant
effort has therefore been devoted to reducing the rate of hemolysis associated with collection techniques (e.g., through
the use of appropriate needles), but no significant improvement has been demonstrated [4,5]. Post-collection
hemolysis may also occur due to a variety of causes such as improper sample handling, transportation, or storage [4,6].
Given the difficulty of eliminating the occurrence of hemolysis, detecting the presence of hemolytic contaminants in
blood plasma is critical.

Annually, millions of dollars are wasted, and many diagnoses are delayed due to the contamination of blood
samples by hemolysis. Some tests produce erroneous results, and, overall, hemolysis is the leading cause of pre-
analytical errors [5,7]. The presence of hemoglobin in plasma results in incorrect measurements of important blood
components as lactate dehydrogenase (LD), aspartate aminotransferase (AST), bilirubin, cholesterol, and glucose.
Currently, visual detection of hemolysis is the standard-of-care criterion for laboratory rejection of samples for
analysis. However, the quality of blood-test results can be compromised even when the level of free plasma
hemoglobin is visually undetectable (less than 50 mg/dL) [8].

At present, there is no reliable way to detect hemolysis without first separating the blood plasma from the
whole blood sample. The traditional detection method is a visual assessment of the level of “redness” of the separated
plasma. This approach, however, results in a high percentage of human error and miscategorization. Alternatively,
there are several technologies to measure hemoglobin in free plasma, such as enzyme-linked immunosorbent assay
(ELISA) and spectrophotometry [9-13]. These methods, however, are time-consuming and expensive, and they do not
work well for rapid assessments of sample quality. Additionally, these technologies require large volumes of blood
(milliliters). Common analytical systems used for these analyses are the Roche Modular System, Integra 400 Plus,
Siemens Dimension RxL, ADVIA 2400 and ADVIA 1800, Olympus AU 680, and Coulter DXC 800. With this
approach, samples are collected from patients, processed, and then shipped to laboratory facilities for testing — a
process that can take up to 2 days before samples are received and evaluated [14].



Here we propose a new miniature device that uses absorption spectroscopy to determine the level of
hemolysis by measuring hemoglobin concentration in a drop of plasma. The method is reagent-free, and quantitative
results are available immediately. Such a device, miniature and portable, could be beneficial in numerous applications
— for example, for quality control of blood samples received at blood-testing facilities or of blood products to be
delivered in hospital transfusions. (Hemolyzed plasma can be dangerous to patients.) Such devices could also be the
basis of integrated systems to detect, in real time, hemolysis by dialysis machines. Such machines may mechanically
damage patients’ red blood cells, but this damage is currently difficult to detect.

2. Device design and packaging

Traditionally, hemolysis cannot be visually assessed in whole blood samples because of interference from
unlysed red blood cells (RBCs). RBCs must first be separated so that the plasma alone can be analyzed for the presence
and concentration of hemoglobin. This analysis can be achieved by centrifugation followed by measurement of the
absorption spectrum of the separated plasma. Alternatively, measurements can be conducted on the thin layer of
plasma that quickly forms in whole blood samples due to blood cell sedimentation. For the small volumes of plasma
required for the approach proposed in this work, the latter approach is adequate.

Fig. 1a shows the conceptual design of an optical fiber platform to be used to make spectrophotometric
measurements on a small volume of plasma (microliters). An optical fiber inside of a capillary tube is fitted within a
sample chamber made of polydimethylsiloxane (PDMS). Plasma enters the sample holder through the pores of a
reflective micro-membrane at the base of the chamber. This design, which was optimized through theoretical analysis
(as described in section 3), allows for the analysis of a very small volume of plasma.

Fig. 1b shows the assembled prototype, with the cleaved optical fiber pointing toward the reflective surface.
The optical fiber is positioned within the capillary tube, which is integrated with the PDMS sample holder. The use
of'the capillary tube allows the fiber to be moved up and down without loss of orientation so that the effects of different
distances (€) between the fiber tip and the reflector membrane can be experimentally determined. The following
optical components were used for the prototype: optical fiber FT200EMT (0.39 NA, 200 um core), a Ventus 532 green
laser from Laser Quantum, and a PM320E dual-channel optical power and energy meter from ThorLabs.
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Fig. 1. Spectroscopic probe to measure hemoglobin in a small sample of blood plasma. (a) Conceptual design. An
optical fiber is inserted into a PDMS chamber that contains the plasma sample. The distance between the reflective
surface and fiber tip is indicated as € (~1 mm). (b) Photograph of fully assembled prototype probe.

The bottom of the PDMS chamber (Fig. 1a) consists of a custom-fabricated thin (~1 pm) reflective porous
membrane of silicon nitride. This membrane is fabricated using a conventional photolithographic process followed by
gold deposition [15-17]. Specifically, silicon nitride was deposited on both sides of a silicon wafer, and a positive



resist was used for design patterning. Pores (1-3 um in diameter) were then etched, using photolithography, across
the entire membrane in a square array. After this photolithography and nitride etching, wet-etching across the whole
silicon substrate was performed, and a 200 nm thickness of gold was deposited on the membrane to act as a reflective
layer. Finally, the supporting wafer was attached to the PDMS tube with epoxy to ensure a watertight seal-

For each analysis, a 50 pl drop of plasma (analytical sample) is placed on the surface of the membrane. Due
to capillary action, this droplet is drawn into the device. The spectroscopic analysis is then performed to measure the
concentration of free hemoglobin within the plasma sample. Light from the single optical fiber tip, which is immersed
in the plasma sample, passes through the fluid to eventually reach the gold-coated reflective membrane. The reflected
light is then coupled back to the optical fiber and sent to a power meter for measurement. For multiple measurements
conducted using the same device, the device can be cleaned by quick immersion into acetone followed by a brief wash
in water and ethanol. One-time use is also feasible because the production of multiple devices (100s to 1000s of
devices) on a single silicon wafer allows for low-cost mass fabrication (less than USD 1 per device).

3. Optimization of optical design parameters

The concentration of hemoglobin in blood plasma is determined by measuring light transmission through the sample
droplet. The Beer-Lambert law relates light transmission to the concentration of optically absorptive compounds in a
sample:

T, = exp(—2afC) @Y

where a is the wavelength-dependent molar absorptivity of hemoglobin (L/mol-cm), £ is the distance between the tip
of the optical fiber and the reflective membrane (cm) (Fig. 1a), C is the concentration of hemoglobin in the plasma
(mol/L), and T, is the resulting fraction of light transmitted through the sample of thickness #, in which the fiber tip
is immersed.

Hemoglobin occurs naturally in two forms (oxygenated and deoxygenated), which have different molar
absorptivities. At a few wavelengths (isosbestic points), « is the same for both forms. The advantage of performing
measurements at isobestic points is that a single wavelength can be used to conveniently determine the total
concentration of hemoglobin (i.e., both forms combined). For hemoglobin, four isosbestic points occur within the
wavelength range of 500-600 nm, at approximately 530, 545, 570, and 584 nm, with a values of 0.0138, 0.0188,
0.0167, and 0.0127 L/mol-cm, respectively [18]. For this work, a wavelength of 545 nm was selected because of the
high corresponding absorptivity.

Having chosen the wavelength (thus fixing the value of a in Eq. 1), there remain three unknown variables.
Hemoglobin concentration C is the variable we wish to determine, and transmission T, is the variable we can directly
measure. The distance € can then be chosen such that the sensor operates optimally for the detection of hemolysis
products.

Fabrication of a device with an appropriate distance between the gold-coated membrane and the optical fiber
is important for accurate measurement of the hemoglobin concentration in a plasma sample [15]. Fig. 2 shows the
theoretical influence of the distance £ (Fig. 1a) on the transfer function that relates normalized light transmission to
total hemoglobin concentration. (These functions were generated using Eq 1.) With this information, the optimal fiber
spacing distance can be chosen based on the range of analytical conditions. For example, if expected hemoglobin
concentrations range up to only 100 mg/dL (moderately hemolyzed), then a larger fiber spacing distance (4.0 mm)
would be chosen to achieve the best resolution. The thicker layer of sample plasma would allow for greater optical
absorption and the extraction of most information at low hemoglobin concentrations. For higher concentrations,
smaller distances would be chosen. The discussion that follows describes how we quantitatively identified the optimal
spacing for our target range of 0 to 500 mg/dL.
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Fig. 2. Theoretical transfer functions relating normalized light transmission to hemoglobin concentrations for different
spacing distances ¢ between the fiber tip and the reflective membrane at wavelength 545 nm.

For a sensor that displays exponential decay as its operating curve, we consider performance to be optimal
when there exists a strong negative decay over the concentration range of interest. This characteristic allows for
distinct and well-defined changes in transmission, as well as higher sensitivity in resolving concentration values.
However, the performance curve must not display too steep an exponential decay, as the sensor would then lose
sensitivity in resolving concentrations at the extremities of the range of interest.

To characterize sensor behavior over a range of hemoglobin concentrations, two operation parameters were
created through manipulations of statistical curve regression analysis and least squares error: (1) the fraction of
maximum decay v and (2) the degree of curvature . We used these parameters to refine the conceptual design of the
spectroscopic probe (Fig. 1a) before fabrication of the prototype (Fig. 1b).

The fraction of maximum decay v is a measure of how much the signal ‘decays’ over the concentration range
of interest (Cyto Cp). A value of zero indicates a curve with no decay, while a value of one implies that maximum
decay has been reached over the range of interest (i.e., transmission at Cy is 0%). Derivation and simplification of this
parameter are shown in Eq. 2:

= (T{’(Cb) - Tf(Ca)>< Cp—Cq ) _1 T, (Cp) @

Cp—Cq T (Cp) —Tw(C)) — ~ 100%

Here, transmission T, is a function of concentrations C, and Cp, and the subscript € signifies that the separation
between the fiber and the membrane is fixed at length €. As such, T, is the transmission that corresponds to a fixed
separation for which the tip of the optical fiber and the reflective membrane are infinitely far apart.

The other parameter, the degree of curvature @, measures the extent to which the exponential sensor deviates
from a linear operation behavior. A degree of curvature near one indicates that the curve is behaving approximately
linearly. As this value decreases, the operation curve deviates from a linear fit. This parameter was derived through
modification of the least squares correlation coefficient, to describe the squared error between the exponential
operation curve T, and a hypothetical performance curve for a linear sensor 0;. Expressions for ¢ and 6, are given in
Egs. 3 and 4:
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Fig. 3. Sensor parameter optimization for optical detection of plasma hemoglobin over the concentration range of 0—
500 mg/dL. (a) Parameters describing sensor behavior (¢ and ) as a function of chamber length £. (b) The product
of these two parameters as a function of chamber length £. The maximum value (marked by the black circle) indicates
the distance required for optimum optical performance. a.u. = arbitrary units

Solving Eqs. 1 through 4 for the hemoglobin concentration range of 0-500 mg/dL and iterating over various
distances ¥, the two behavior parameters can be calculated (Fig. 3a). When the distance is near 0 mm (i.e., fiber and
membrane are nearly touching), the sensor behaves nearly linearly (i.e., ¢ is nearly 1); however, the rate of decay is
significantly low. Conversely, as the separation length increases, the decay rapidly reaches its maximum value;
however, the sensor operates exponentially. By multiplying the two parameters (o), the optimum behavior can be
determined by locating the relative maximum value, which in turn reveals the optimal distance required to achieve
this desired behavior. Fig. 3b shows the results of this multiplication, with a maximum product value at £, =1.27 mm.
We, therefore, chose this distance for the final design of the spacing between the optical fiber and the membrane.

Fig. 4 shows the theoretical transfer function obtained by solving the Beer-Lambert law (Eq. 1) for optimal
distance € = 1.27 for the hemolysis sensor. With optimum chamber length, this operating curve for the sensor can be
achieved. The curve in Fig. 4 indicates that the decline in transmission between a sample of pure plasma (0 mg/dL of
hemoglobin) and a slightly hemolyzed sample (30 mg/dL of hemoglobin) is approximately 13%.
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Fig. 4. Theoretical performance curve for the optimum sensor configuration where £ = 1.27 mm, over a hemoglobin
concentration of 0-500 mg/dL.



The calculations described in section 3 do not take into consideration diffraction of the light shining out of the optical
fiber, which results in decreased back coupling. As a result, the optimal spacing distance would be smaller than the
theoretical value of 1.27 mm. Also, light propagates through the plasma layer two times because of reflection from
the gold surface. Therefore the gap should be half the value calculated for the single pass (i.e., optimal £ = 0.64 mm).

To experimentally determine the optimal spacing distance, the fiber holder was inserted into a capillary tube,
which was then connected to an XYZ-stage and adjusted to a distance of about | mm from the gold surface. The
system was optically aligned by adjusting the XYZ-stage and observing the reflected power when the sample chamber
was filled with either air or water. The recorded Fabry-Perot resonance formed between the cleaved fiber and the gold
surface was used to determine the precise distance and to adjust it to the needed (optimum) value [15]. Fig. 5 shows
results for theoretical and experimental determinations of the percentage of light lost due to diffraction under different
conditions (i.e., for different fiber diameters and different chamber contents). For the fiber—reflector gap we are
interested in (i.e., between 0 and 1 mm), the optical fiber of 200 um core diameter loses the least amount of light (Fig.
5a). Therefore, all subsequent measurements were conducted with a fiber of this diameter. For the determination of
light losses in air and water (Fig. 5b), the theoretical results and the experimental data were in good agreement. It is
worth noting that for mass production the precise alignment using XY Z-stage is not required, since, according to the
theoretical optimization distance fluctuation within £100pm would not significantly degrade the sensor’s
performance.
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Fig. 5. Experimental and theoretical model. (a) Left Panel: Modeled percentage of light loss due to diffraction as a
function of chamber length for optical fibers of different core diameters. (b) Right panel: Percentage of light loss due
to diffraction as a function of chamber length, when the chamber was filled with either air (red) or water (blue). The
dots represent the experimental data, while the dashed curves indicate modeled fits.

4. Experimental detection of hemoglobin

Serial solutions of hemoglobin in blood plasma were formulated over the range of 0—500 mg/dL with 50
mg/dL intervals, using blood plasma and hemoglobin from bovine blood lyophilized powder. Two-way transmission
measurements of each sample (i.e., at each concentration) were taken and signal-averaged over 5-minute intervals.
All measurements were normalized relative to initial laser power. The results (Fig. 6) show an exponential decay of
reflected light intensity, Power, with increasing concentrations of hemoglobin (due to increased light absorption) as
well as weak periodic fluctuations of intensity due to the change of refractive index in the Fabry-Perot resonator [19].
These results indicate optimized sensor behavior. At low hemoglobin concentrations, differences as small as 4 mg/dL
can be readily measured. Specifically, Fig. 6 shows that the entire range of physiologically relevant hemoglobin values
can be measured with this new sensor, from virtually hemoglobin-free to grossly hemolyzed (500 mg/dL). The
detection limit is 4 mg/dL.
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Fig. 6. A two-way transmission as a function of hemoglobin concentration. Each data point shows the average of
reflected power measurements collected each over a period of 5 minutes at intervals. The dotted line shows. a.u. =
arbitrary units

5. Conclusion

The ability to rapidly detect hemolysis, using only microliters of blood plasma, has many critical applications related to quality and
safety control of various types of blood tests. In this work, we theoretically optimized, physically fabricated, and experimentally
tested a miniature instrument to rapidly screen for hemolysis in plasma samples over a broad range of hemoglobin concentrations
(0500 mg/dL). This sensor has a very low detection limit, just 4 mg/dL (as compared to 50 mg/dL for conventional detection
methods based on human vision). This sensing platform integrates optical fiber—based spectroscopy with microfluidics for not only
reliable detection of hemolysis but also quantitatively accurate measurements of free plasma (total) hemoglobin concentrations.
The spectrophotometric results are available immediately. Integration of such instruments into routine blood testing would improve
the reliability of routine blood tests, decrease testing errors, and overall significantly benefit healthcare outcomes.
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