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Abstract

Heparin anticoagulation therapy is an indispensable feature of clinical care yet has a narrow
therapeutic window and is the second most common intensive care unit (ICU) medication error.
The active partial thromboplastin time (aPTT) monitors heparin but suffers from long turnaround
times, a variable reference range, limited utility with low molecular weight heparin, and poor
correlation to dose. Here, we describe a photoacoustic imaging technique to monitor heparin
concentration using methylene blue as a simple and Federal Drug Administration-approved
contrast agent. We found a strong correlation between heparin concentration and photoacoustic
signal measured in phosphate buffered saline (PBS) and blood. Clinically relevant heparin
concentrations were detected in blood in 32 s with a detection limit of 0.28 U/mL. We validated
this imaging approach by correlation to the aPTT (Pearson’s r= 0.86; p < 0.05) as well as with
protamine sulfate treatment. This technique also has good utility with low molecular weight
heparin (enoxaparin) including a blood detection limit of 72 pg/mL. We then used these findings
to create a nanoparticle-based hybrid material that can immobilize methylene blue for potential
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applications as a wearable/implantable heparin sensor to maintain drug levels in the therapeutic
window. To the best of our knowledge, this is the first use of photoacoustics to image
anticoagulation therapy with significant potential implications to the cardiovascular and surgical
community.
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Heparin anticoagulation therapy is a cornerstone of surgical and cardiovascular medicine
because of its short half-life, easy reversibility, and low cost.1=3 It is used prophylactically in
angiography (2 million cases/year),* coronary bypass (0.5 million cases/year),® cannulation,
6 and extracorporeal membrane oxygenation’ as well as therapeutically for thromboses (300
thousand/year)8 with over 500 million doses given annually worldwide.® This highly
sulfated and negatively charged glycosaminoglycan increases the activity of antithrombin
1000-fold to inactivate the clotting factors thrombin and Factor Xa.10

However, heparin anticoagulation therapy is challenged by its variable molecular weight,
activity, and biodistribution.! Heparin has a narrow therapeutic window and is the second
most common ICU medication error.11 These inherent challenges are compounded by
iatrogenic errors such as incorrect heparin dosage, inaccurate infusion pump settings, and
incomplete recordkeeping resulting in ~10 000 heparin medication errors per year.12
Heparin therapy is especially challenging in pediatric patients because of their rapidly
changing hemostasis system, guidelines based on adults, and challenges in collecting
sufficient blood volumes.313 This results in thousands of children with hemorrhages or
emboli annually.14

Because of these issues, heparin therapy must be carefully monitored with the activated
partial thromboplastin time (aPTT) per nomogram and serves as a surrogate test for
inactivation of numerous clotting factors including Xlla, Xia, and 1Xa.1® However, this in
vitro diagnostic blood test suffers from long turnaround times, a variable reference range,
limited utility with low molecular weight heparin (LMWH), and broad intra- and interassay
variance. More importantly, the aPTT is only a surrogate for heparin activity because it
measures the conversion of fibrinogen to fibrin rather than antithrombin activity.16 While
anti-Xa analysis offers a more sophisticated metric of anticoagulation,!’ this test still has a
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long turnaround time and is limited to large research hospitals. Thromboelastography or the
activated clotting time are established in the operating room, but are operator intensive,
invasive, and time-consuming.18 Furthermore, all of these tools are limited by the low
frequency with which blood can be sampled. While point-of-care testing can improve the
frequency with which the aPTT is measured,19 it still requires an operator to collect and
prepare blood samples and is inaccurate at higher concentrations.29 Thus, real-time and
noninvasive tools to monitor heparin anticoagulation therapy could markedly improve the
standard of care; one such approach to solving these limitations is imaging rather than in
vitro diagnostics.

Tools to image anticoagulation must have good sensitivity, contrast, and temporal resolution
—photoacoustic imaging is a novel technique that has these features. It uses a nanosecond
laser pulse to generate thermal expansion and a pressure change for acoustic detection. It
combines the high contrast of optical imaging with the speed of ultrasound. Photoacoustic
imaging can use endogenous contrast such as hemoglobin and melanin?-23 as well as
exogenous contrast?4:25 including small molecules like methylene blue26:27 and
nanoparticles.28-32 While photoacoustic flow cytometry has measured emboli based on the
absorption change and nanosensors have been reported for therapeutic drug monitoring of
lithium,33 there is no approach to monitoring heparin therapy with acoustics.34:35

Here, we describe a simple tool to quickly measure the concentration of heparin in both
buffer and whole human blood using photoacoustic imaging. This work is inspired by
colorimetric or optical methods36-40 that measure heparin through a spectral shift or
intensity change but that failed when used in whole blood. In contrast, we found that the
photoacoustic signal of the clinically approved methylene blue dye increases dramatically
upon binding to heparin (see Materials and Methods in Supporting Information). Methylene
blue (Figure 1a) is already used to visualize sentinel lymph nodes*! and has broad
absorption peaks between 500 and 700 nm (Figure 1b) but only hominal photoacoustic
signal in the optical window typically used for imaging (680-900 nm; sensitivity of 7.1 t/M
at 680 nm, Figure Sla,d). When electrostatically coupled to heparin (Figure 1c), however,
the absorption (Figure 1b) and color of methylene blue changes (inset Figure 1b). Somewhat
surprisingly, this heparin complexation also produces an intense (Figure 1d) increase in
photoacoustic signal.

We optimized the methylene blue concentration as a function of signal upon 6.4 U/mL
heparin addition and found that 0.6 mM methylene blue produced the best contrast when
added to heparin versus free methylene blue only in buffer (Figure S1b,e); this was used for
all subsequent buffer-based experiments. Linear regression shows a strong correlation
between photoacoustic signal and heparin concentration from 0 to 6.4 U/mL (exponential
linear regression A2 > 0.98) with a detection limit of 14.2 mU/mL (Figure 1e). Spectral
photoacoustic imaging of these samples showed a maximal intensity absorbance at 680 nm
with a characteristic peak near 710 nm (arrow in Figure 1f) and a 30-fold increase in
photoacoustic signal with 6.4 U/mL heparin at 710 nm excitation. Heparin concentrations
over 10 U/mL show decreased signal. Although further studies are needed to understand the
mechanism underlying this decrease, possible reasons include aggregation of heparin or a
phenomenon analogous to the “hook effect” seen in ELISA.#2 The relative standard
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deviation (RSD) of interassay (Figure S1c) variation is <12%, and the signal is temporally
stable (RSD < 15%; Figure S1f).

This signal was reversible via the known heparin antagonist protamine sulfate. Protamine
reverses heparin overdose or deheparinizes patients after surgery at a ratio of 10 zg per 1 U
heparin.#3 We found that the photoacoustic signal of the 5 U samples was completely
neutralized with 50 g of protamine sulfate and this is in agreement with the reported dosing
guidelines (Figure 2a); the absorbance spectra returned to baseline after protamine sulfate
treatment (Figure 1b). The spectral fingerprint at 710 nm also disappears upon addition of
protamine sulfate (Figure 1f). Photoacoustic signal linearly decreases as a function of
protamine sulfate concentration (A2 > 0.94; Figure 2b). As an initial test to validate the
clinical compatibility of this assay, we studied the effect of antithrombin. There was no
change in the photoacoustic signal when 40 wg of human antithrombin 111 was added to
heparin and methylene blue (Figure S2a).

Similar data were collected with LMWH (Figure 2c,d). The photoacoustic intensity of
methylene blue treated with 1.6 mg/mL LMWH (enoxaparin sodium) is 7-fold higher than
the signal of methylene blue only with a detection limit of 1.4 xg/mL. The photoacoustic
spectrum of LMWH also showed a peak at around 710 nm at concentrations over 5 U/mL
(arrow in Figure 1f). This spectral feature could potentially discriminate the heparin- or
LMWH-specific signal from the photoacoustic signal of hemoglobin, deoxyhemoglobin, or
melanin.

The photoacoustic signal is generated by methylene blue/heparin complex. Methylene blue
has a net positive charge via the sulfonium and nitrogen groups that can associate with
heparin’s negative charge. This causes a partial charge transfer to decrease the r-electron
energy on the dye and increase the transition energy to AE = 2.304 eV or a Ayax of ~ 550
nm.** The absorption from 719-850 nm increases 1-35% with 6.4 U/mL heparin (Figure
S2b). To measure any background signal from the heparin/protamine complex, we measured
these species in a phantom. While an increased absorbance (due to scatter) was noted, no
photoacoustic signal was seen (Figure S2c,d) because there is no chromophore.

It seems unlikely that either the small increase in near IR absorbance or fluorescence
quenching (Figure S2e) is responsible for the large increase in photoacoustic signal. The
heparin binding likely causes methylene blue to have faster heat transfer to the solvent.
When the small molecule is more strongly associated with the heparin polymer than the
solvent, more of its absorbed incident energy is released as photo-acoustic thermal
expansion than vibrational energy to water molecules. This is analogous to the reduced
interfacial thermal resistance seen with silica-coated gold nanorods.*® The signal
reversibility via protamine helps confirm this hypothesis. Protamine has a higher positive
charge than methylene blue, and it has greater affinity for heparin. This photoacoustic signal
decreases as methylene blue becomes dissociated from heparin due to heparin/protamine
binding.

We next validated this technique in blood. Blood contains hemoglobin and
deoxyhemoglobin that can also produce photoacoustic signal? and thus validating this
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approach in blood was an important next step. We used a slightly higher concentration of
methylene blue in the blood experiments (0.8 mM) because the hemoglobin in whole blood
can increase photoacoustic baseline signal. While there was a signal increase when
methylene blue was added to blood (Figure S3a), the addition of heparin increased this
signal even further. Blood samples (n7= 3) with 0.025, 0.05, 0.1, 0.2, and 0.4 U/mL heparin
and 0.8 mM methylene blue provides 2, 4, 11, 19, and 24% higher signal than blood with 0.8
mM methylene blue only, respectively (Figure 3a,b). The RSDs of these samples were <8%
with a logarithmic regression of /2 > 0.97. The detection limit was 0.28 U/mL, and the
signal was stable (<5% variation) for at least 15 min (Figure S3b). This is much more stable
than the value seen in buffer (Figure S1f); the lower signal stability in buffer may be due to
more association/dissociation events due to fewer stabilizing proteins.

We also studied blood with higher heparin concentrations, and blood/methylene with 5
U/mL had 20-fold higher signal than blood with 0 U/mL heparin (Figure S3c). Importantly,
the decreased signal intensity seen at high concentrations in buffer was not present in blood
perhaps because the albumin and other serum proteins stabilize the methylene blue/heparin
complex.

Although the aPTT has shown variable correlation to heparin dose in human trials,*6 we
next used aPTT testing to confirm the clinical relevance of this assay; samples were studied
with both the imaging technique and the aPTT. The aPTT values were typical of human
therapy (30-300 s). When these values were plotted versus the aPTT (Figure 3c), regression
analysis showed good correlation between clotting time and photo-acoustic signal (Pearson’s
r=0.86; p< 0.05) suggesting that this imaging data is representative of actual clotting time.

To study the temporal features of photoacoustics, we measured the time between heparin or
protamine injection and signal increase in a methylene blue/human blood sample placed in a
customized flow chamber. The photoacoustic signal increased 3.6-fold 31 s after the
injection of 0.1 mL of 50 U/mL heparin (working concentration of 3 U/mL) in to 1.7 mL of
blood/methylene blue complex (methylene blue concentration of 0.8 mM) (Figure 3d; Video
S1). It took 32 s for the signal to decrease back to baseline after injection of 0.1 mL of 0.5
mg/mL protamine (Figure 3d). The delay between drug injection and photoacoustic signal
enhancement or reduction could be due to the slow drug diffusion in the blood. Nevertheless,
photoacoustics shows strong advantage in time compared to the current gold standard
method (aPTT). We note that the signal increase here is lower than observed in Figure S3c.
This is because the 2 mm thick plastic walls of the custom flow chamber.

Protamine sulfate reversal was further quantified in blood samples. The signal was
significantly (p < 0.01) reduced when 80 £g of protamine was added to the heparinized
blood (Figure 3e). Spectral data (Figure S3d) confirmed the reversal of methylene blue/
heparin binding, although the spectra of the methylene blue/heparin complex was slightly
different from the spectra measured in buffer (Figure 1f) due to the presence of erythrocytes.
The characteristic peak at 710 nm only occurred at more than 50 U/mL heparin in blood.
This could potentially be used to signal an overdose event.
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We noted similar signal enhancements with LMWH (Figure 3f) and the imaging signal
correlates to LMWH concentration (/2 > 0.97; Figure 3f). The signal enhancement with 160
g/mL LMWH and 0.8 mM methylene blue is 35% higher than methylene blue only with a
limit of detection of 72 tg/mL. This is important because LMWH is currently monitored
with the anti-Factor Xa ELISA testing;4’ the aPTT cannot monitor LMWH therapy.47+48
Thus, future work will be dedicating to improving the LMWH utility.

The correlation between the photoacoustic data and the aPTT, as well as the protamine
sulfate-based deheparinization, confirms that the imaging signal offers functional
information about blood clotting time. This approach is sensitive to clinically relevant
heparin concentrations. We showed a sensitivity of 14.2 mU/mL in buffer and 0.28 U/mL in
whole blood. These detection limits are lower than the concentrations used in
thromboembolism (7-8 U/mL, 35 000-40 000 U/24 h),4® acute myocardial infarction (2.5
U/mL,12 500 U/12 h),%0 coronary angioplasty (2 U/mL),5! and cardiopulmonary bypass (5.6
U/mL)52 as well as the lower doses used in treatment of extracorporeal membrane
oxygenation 0.5 U/mL (50 U/kg).53 These concentrations all assumed a blood pool volume
of 5 L.

Methylene blue is already FDA-approved with minimal effects on anticoagulation.>* This
approach could be developed for fingerprick samples and a bedside photoacoustic analyzer.
However, to better harness the capabilities of imaging we envision a wearable, heparin-
sensitive catheter that not only delivers heparin but also monitors clotting time. To
encapsulate the dye on a usable substrate, we created a hybrid of agar gel and silica
nanoparticles that could be coated on the surface of the catheter. Simply mixing methylene
blue with agarose resulted in quick release of 40% of the dye (Figure 4a). While methylene
blue could be stably bound to Stober silica nanoparticles (SSNP in Figure 4b,c), there was
no photo-acoustic response when heparin was added. The surface charge of these
nanoparticle is —23 mV, which is too negative to allow association between the nanoparticle-
bound dye and negatively charged heparin. Therefore, careful nanoengineering was required
to produce a material that was both stable and responsive to heparin.

To tune the nanoparticles, we treated them with (3-mercaptopropyl)trimethoxysilane
(MPTMS) to adjust the zeta potential to —15 mV (SSNP-SH in Figure 4b,c). We used this
material with agar gel to create a coating on a catheter tube (Figure 5a). Absorption data
showed that the hybrid material has a methylene blue concentration of 1.5 mM with low
methylene blue release (<10%) after 40 min incubation in PBS (Figure 4a). More
importantly, the methylene blue on these modified nanoparticles remain responsive to
heparin with 51% more photoacoustic signal at 10 U/mL heparin than PBS (Figure 5b) for 1
h incubation. The signal enhancement was stable after constant imaging at 680 nm for 9 min
(RSD < 4%) (Figure 4d). This system was also reversible. When the 50 U/ mL-treated
device was reversed with protamine (8 mg/mL), the signal decreased by 42% versus no
protamine treatment (Figure 5b). The higher signal of the heparin-treated hybrid versus
PBS-treated hybrid is likely due to interactions between methylene blue and heparin, which
increases the photoacoustic signal and decreases diffusion of this complex and free
methylene blue into solution.
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The strengths of this approach include the rapid turnaround time, excellent sensitivity, good
correlation to the aPTT, and flexibility with both heparin and LMWH. While the aPTT is the
gold standard for monitoring anticoagulation, it suffers from long turnaround times and
limited utility with LMWH. In contrast, it only takes 0.2 s for photoacoustic imaging to
acquire one data point (5 Hz imaging) and can be used with both unfractionated and
LMWH, although more than one frame might be needed for accurate and stable signal. This
approach could also leverage spectral or ratiometric imaging to decouple the heparin-
specific signal from other sources of photoacoustic signal.

Limitations to this approach include different PA background due to hydration state,
oxygenation, body fat content, and location of the catheter. However, we will monitor the
change in signal versus baseline as a function of heparin therapy to control for these
variations. This approach also does not discriminate between the anticoagulant and
nonanticoagulant glycosaminoglycan sequences on heparin or LMWH; these are similar to
all other existing tools to monitor heparin. In addition, the current generation of the
nanoparticle hybrid has a slower response (~1 h) than free methylene blue in blood (~30 s)
because of the porous nature of the agar/nanoparticle hybrid material and the longer time
needed for the heparin to diffuse into the gel network as well as the time kinetics of
methylene blue release from the nanoparticle to associate with the heparin. Future work is
refining this device for faster responses.

Most importantly, we do show that the photoacoustic signal correlates to activity and this is
the key metric of interest to clinicians. We also show no activation by endogenous
glycosaminoglycans (Figure S3a). Although there are a wide variety of species present in
blood, we can still detect clinically relevant heparin concentrations above this background
(Figure S3a).

Future work will include the use of photoacoustic signal processing and other
phenothiazinium derivatives to increase the sensitivity and specificity. Blood processing,
phlebotomy protocols, surgery type,®® and donor health can all affect the signal contrast
between the probe and probe/heparin and will be optimized. Ongoing work will continue to
refine this hybrid catheter for use with animal models of anticoagulation therapy. When
implanted, this would allow heparin therapy to be monitored without a blood sample.

In this paper, we report for the first time that methylene blue has a significant and dose-
dependent increase in photoacoustic signal in the presence of both heparin and LMWH. This
signal was validated in both buffer and whole blood with good correlation to the gold
standard aPTT; the signal was reversible with protamine sulfate deheparinization.
Photoacoustic imaging is a real time technique, and methylene blue is a FDA-approved dye.
Thus, this method is promising for real-time monitoring of anticoagulation therapy to
quickly titrate the patient into the therapeutic window. This has potentially profound
implications because acoustics-based wearable sensors would have low costs, good
transmission through tissue without scatter/diffusion, no ionizing radiation, and high
temporal and spatial resolution in contrast to many optical or electrical sensors.
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Figurel.

Photoacoustic changes to methylene blue in the presence of heparin. (a) Chemical structure
of methylene blue showing delocalized positive charge. (b) In the presence of 6.4 U/mL
heparin, 0.6 mM methylene blue has a decrease in absorbance between 573 to 718 nm and a
slight increase over 719 nm (see Figure S2b); these changes reverse upon addition of 8
mg/mL protamine. Inset in panel b represents the color change in methylene blue (MB) upon
binding to heparin (MB+Hep). (c) Chemical structure of heparin with negative charge. Panel
d shows imaging data of a phantom using 0.6 mM methylene blue and increasing
concentrations of heparin. The image is a maximum intensity projection of photoacoustic
data overlaid on ultrasound (B-mode) data. The black-to-white bar corresponds to ultrasound
intensity, and the black-to-red bar corresponds to photoacoustic data. We noted a linear
response between 0 and 6.4 U/mL of heparin. White arrows indicate dust particles producing
extraneous signal. (e) Statistical analysis quantifies the data in (d) including a detection limit
of 14.2 mU/mL and exponential linear regression (/2 > 0.98) from 0 to 6.4 U/mL. (f)
Photoacoustic spectral data of the 6.4 U/mL sample shows a peak near 710 nm that is
characteristic of the heparin and LMWH binding (arrows). This peak and the overall
magnitude of the photoacoustic signal change decreases with protamine sulfate addition.
Here, PA, MB, Hep, and Prot stand for photoacoustic, methylene blue, heparin, and
protamine, respectively. The scale bar in (d) is 3 mm.
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Figure2.

0 10 20 40 80 160
LMWH Conc. (ug/mL)

Signal reversibility and use with LMWH. (a,b) Protamine sulfate caused a dose-dependent
decrease in photoacoustic signal when added to a 5 U heparin solution. This relationship was
linear at /2 > 0.94, and complete neutralization occurred at 50 g of protamine sulfate
(known stoichiometry is 10 £ per 1 U heparin®3). (c,d) Photoacoustic imaging can also be
used to monitor LMWH with a detection limit of 1.4 tg/mL. Scale bars in (a,c) are 3 mm.

Error bars represent the standard deviation.
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Photoacoustic signal in whole human blood. (a) Photoacoustic image of plastic tubing
containing human blood with 0.8 mM methylene blue and increasing concentrations of
heparin with 0.8 mM methylene blue (7= 3 replicates). Scale bar in (a) is 3 mm. Panel b
quantitates the three replicates in panel a, and the detection limit of heparin is 0.28 U/mL.
Panel c plots the photoacoustic intensity versus aPTT. The Pearson’s correlation coefficient
(n) was 0.86; p< 0.05). Panel d shows the photoacoustic signal changes of blood/methylene
blue mixture as a function of time when heparin (at 27 s) and protamine (at 68 s) were
added. Panel e shows that the heparin signal is reversible in whole blood with titration of
protamine—the known heparin antagonist. (f) This approach also has utility with increasing
concentrations of LMWH in methylene blue-doped human blood; the lowest concentration
of LMWH can be detected in blood is 72 wg/mL. Error bars represent the standard error. *: p

<0.01.
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Figure4.
Optimization of material for a heparin-responsive catheter. (a) Methylene blue in agarose

was not stable with more than 40% methylene blue release in PBS after 40 min. The
addition of nanoparticles for a hybrid material reduced this release to less than 10%. (b)
Photoacoustic images of methylene blue loaded on as-made silica nanoparticles (SSNP; -23
mV) and methylene blue loaded on thiol-coated silica nanoparticles (SSNP-SH; —=15 mV).
Both were treated with PBS and heparin (Hep) but only the thiol-coated nanoparticles were
responsive to heparin. The lower ¢ -potential facilitated the photoacoustic signal increase.
(c) Methylene blue-loaded SSNP-SH treated with heparin offers significantly more signal
than SSNP-SH treated with PBS or SSNP. (d) The nanoparticle/agar hybrid material was
treated with PBS or 10 U/mL heparin and imaged at 680 nm for 9 min with no decrease in
signal.
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Figureb.
Sensitivity of the hybrid material in detecting heparin. (a) The proposed device uses

methylene-blue coated nanoparticles embedded in agar and coated on the exterior of a
venous catheter. This would be used for in vivo anticoagulation monitoring. The inset is a
scanning electron microscope image of the agarose/silica nano-particle hybrid. (b) This
design was used to measure increasing concentrations of heparin as well as a protamine
control. Scale bar in panel a is 2 ym.
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