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Abstract

Heparin is an indispensable drug in anticoagulation therapy but with a narrow therapeutic window, 

which dictates regular testing and dose adjustment. However, current monitoring tools have a long 

turnaround time or are operator intensive. In this work, we describe a cellulose-based 

photoacoustic sensor for heparin. The sensors have a turnaround time of 6 minutes for whole 

blood samples and 3 minutes for plasma samples regardless of heparin concentration. These 

sensors have a limit of detection of 0.28 U/ml heparin in human plasma and 0.29 U/ml in whole 

blood with a linear response (Pearson’s r = 0.99) from 0 – 2 U/ml heparin in plasma and blood 

samples. The relative standard deviation was <12.5% in plasma and < 17.5% in whole blood. This 

approach was validated with heparin-spiked whole human blood and had a linear correlation with 

the activated partial thromboplastin time (aPTT) (r = 0.99). We then studied 16 sets of clinical 

samples—these had a linear correlation with the activated clotting time (ACT) (Pearson’s r = 0.86, 

P<0.0001). The photoacoustic signal was also validated against the cumulative heparin dose 

(Pearson’s r = 0.80, P<0.0001). This approach could have applications in bed-side heparin assays 

for continuous heparin monitoring.
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Cellulose-based photoacoustic heparin sensor can monitor therapeutic dose of heparin in whole 

human blood and plasma samples.

Keywords

Heparin sensing; Photoacoustic imaging; Ultrasound; Anticoagulation therapy; cellulose based 
sensor

1. Introduction.

Heparin is a popular anticoagulant because it is quick, reversible, and affordable (Farooq et 

al. 2014), but it also suffers from a narrow therapeutic window and is second most common 

intensive care unit (ICU) medication error (Wahr et al. 2014). Heparin is a 

glycosaminoglycan with a negatively charged sulfate group, which complexes with 

antithrombin to increase the deactivation of thrombin 100–1000-fold. Despite the advent of 

low molecular weight heparin (LMWH) and direct-acting oral anticoagulants (DOACs) 

(Antonio et al. 2015), unfractionated heparin is still common because of its quick 

reversibility (Baluwala et al. 2017).

The activated partial thromboplastin time (aPTT) is the clinical standard for monitoring 

heparin activity. However, the aPTT suffers from long mean turnaround times (35–280 

minutes) (Ojito et al. 2012), poor correlation to outcome, and batch-to-batch variation in 

reagents (Shetty et al. 2003). Factor Xa analysis reflects the effect of other coagulation 

factors such as factor IX, factor VIII, and antithrombin, but is generally restricted to research 

hospitals (Takemoto et al. 2013). The activated clotting time (ACT) and 

thromboelastography (TEG ®) can be used as point-of-care heparin monitoring tools but 

require a skilled operator and require special sample preparation. Importantly, these existing 

techniques are activity-based assays and are susceptible to errors caused by fibrinolysis, 

platelet dysfunction, hypothermia, hemodilution, and the presence of drugs such as aprotinin 

(Prisco and Paniccia 2003). Thus, a non-invasive, direct, and rapid point-of-care tool that 

directly assays heparin and would have value to the community.

Direct detection of heparin under biologically relevant conditions could be useful in 

monitoring heparin-based therapy. Other approaches utilize micro-electromechanical film 

bulk acoustic sensors (Chen et al. 2017a; Chen et al. 2017b), nanoparticles (Ma et al. 2014), 

cationic fluorescent/phosphorescent polymers (Ma et al. 2014; Mehta et al. 2017; Pu and Liu 
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2009; Shi et al. 2016), and small molecule sensors via aggregation-induced emission (Zheng 

et al. 2017). Mallard blue dye and gold nanoparticles capable of selectively sensing heparin 

and other sulfated glycosaminoglycans were also recently described in detail (Bromfield et 

al. 2013; Kalita et al. 2014; Shriver and Sasisekharan 2013). However, optical strategies are 

difficult with biological samples due to interferences from proteins, lipids, and ions. 

Electrochemical techniques for heparin sensing in whole blood samples use voltammetry 

and potentiometry. However, these systems involve complex instrumentation and 

interference from albumin in blood samples (Amemiya et al. 2011), which limits sensitivity 

(Yoshimi et al. 2018).

We recently reported a photoacoustic technique for heparin sensing in whole human blood 

using methylene blue (Wang et al. 2016). Photoacoustic imaging is a hybrid optical/acoustic 

technique that uses the pressure waves generated from thermal expansion after optical 

absorption. It combines the good temporal and spatial resolution of ultrasound with the 

contrast of optical imaging (Johannes et al.; Pu et al. 2014; Pu et al. 2018; Qin et al. 2017; 

Stylogiannis et al. 2018; Sun and Emelianov 2018; Wong et al. 2017). We now extend this 

basic discovery to a more usable sensor based on cellulose. Indeed, paper-based point-of-

care diagnostic tools are very attractive because of their rugged nature and low cost 

(Martinez et al. 2010). The devices are cost effective and easily fabricated into different 

modalities with microchannels and adjoining zones (Martinez et al. 2010). Paper-based 

substrates are compatible with a wide variety of analytical techniques. The low cost of 

paper-based sensors makes it easy to do replicate testing (Chaiyo et al. 2018).

Here, we describe a polyethylene glycol (PEG)-impregnated, Nile blue A-infused, paper-

based photoacoustic sensor for directly assaying heparin. This sensor uses fingerprick-sized 

samples of blood at the point-of-care. The paper-based sensors are physically stable during 

the analysis and offer a robust platform for bedside heparin assays in whole human blood. 

Our initial work in photoacoustic-based heparin sensing added methylene blue and heparin 

to the whole blood of healthy human donors (Wang et al. 2016). This work then described a 

heparin-sensitive intravenous catheter and tested it with different heparin concentrations in 

buffer. We now expand this work to include a point-of-care paper-based sensing approach 

and validated it with 16 human subjects (with ~ 4 different heparin concentrations per 

patient). These sensors may have utility as a point-of-care technique—especially when 

combined with low-cost single element transducers and LED excitation sources (Hariri et al. 

2018; Zemp et al. 2007).

Materials and Methods

1.1. Photoacoustic characterization of sensors.

The cellulose-based heparin sensors were immobilized on the surface of a glass plate using 

3M Millipore tape. A graphite mark served as a reference for any fluctuations in laser power. 

The 3D images were acquired by moving the transducer across the samples and the graphite 

reference sample. The photoacoustic intensity was reported either as a raw value or 

normalized to the graphite signal. Images of the sensors were acquired after each subsequent 

increase in heparin concentration (sensors were reusable across multiple concentrations of 

Jeevarathinam et al. Page 3

Biosens Bioelectron. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



heparin). All photoacoustic measurements were performed in aqueous conditions (100% 

humidity) and 20–25 °C.

Photoacoustic study in phosphate buffered saline (PBS).—Glass substrates with 

the immobilized heparin sensors (0.5 × 0.5 cm) and the graphite reference were immersed 

inside a petri dish containing 70 ml of 0.01 M PBS (0.137 M NaCl and 0.0027 M KCl). The 

position of both the petri dish, glass substrate, and sensors were fixed with respect to the 

transducer. 3D images of the sensors and reference were acquired before addition of heparin 

and after successive additions of 0.5 U/ml unfractionated heparin (successive 35 µl aliquots 

of 1000 U/ml heparin). The maximum heparin concentration was 5.0 U/ml. The phosphate 

buffer medium was thoroughly mixed for 30 s after each addition of heparin, and the sensors 

were imaged 60 s after addition.

1.2. Photoacoustic study in 50% diluted and undiluted pooled human plasma.

Equal volumes of 0.1 M PBS and normal pooled human plasma were mixed to obtain 50% 

diluted plasma. Three heparin sensors (0.5 × 0.5 cm) along with the graphite reference were 

immersed in 50 ml of medium (diluted or undiluted pooled human plasma). 3D images were 

acquired before and after each incremental addition of 12.5 µl of 1000 U/ml heparin 

(increase in working concentration of 0.25 U/ml). We mixed the medium thoroughly for 30 s 

after each heparin increment and then imaged the sensors after waiting for 60 s.

1.3. Photoacoustic characterization of heparin sensors in whole human blood.

Blood was obtained from a healthy donor according to IRB guidelines. The heparin sensors 

were dipped in 10 ml of whole human blood for 1 minute, rinsed with PBS, and imaged. The 

blood sample was then spiked with a higher heparin concentration and the procedure 

repeated. Here, the increase was 0.25 U/ml of heparin (10 µl of 250 U/ml heparin) at each 

step. The glass slides were imaged under PBS media (50 ml).

1.4. Photoacoustic study of heparin sensing heparin sensors in clinical samples.

We studied 16 sets of clinical samples obtained from 16 patients undergoing invasive clinical 

cardiac procedures that require anticoagulation with high-dose i.v. heparin. (See 

Supplementary Information section 1.2 for more details.) All human subject work was done 

with IRB approval from the UCSD and San Diego Veterans Administration hospital. The 

heparin sensors and reference were treated with a 30 µl drop of plasma on each of the three 

sensors using a micropipette. After 4 minutes, the glass slide with the heparin sensors was 

rinsed twice with PBS and imaged.

2. Results and Discussion

Heparin is a polysulfated glycosaminoglycan (Fig. 1A) with a net negative charge that can 

interact with cationic dyes such as Nile blue A (Fig. 1B) leading to a spectral change (Fig. 

1C and Fig S2; Supplementary Information section 1.5). We created a cellulose-based 

photoacoustic heparin sensor by loading Nile blue A onto polyethylene glycol (PEG) 

modified Whatman filter paper substrates (See Supplementary Information Fig. S3 and 

section 1.6). The sensors showed just 13.4% leaching in PBS media (see Supplementary 
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Information section 1.6) over a period of 3 h. The PEG and dye content of these sensors 

were first optimized (Fig. S2). We then evaluated the intra- and inter-assay reproducibility 

and limit of detection in buffer, plasma, and whole blood. Finally, we compared this method 

to the aPTT and ACT in whole blood samples from healthy donors and in clinical samples.

2.1. Characterization of cellulose-based heparin sensor in phosphate buffer saline (PBS) 
and diluted human plasma.

The cellulose-based heparin sensors can respond to heparin via the formation of heparin-

Nile blue A aggregates due to electrostatic interaction. The heparin-dye aggregates have a 

higher photoacoustic activity due to decreased fluorescence, reduced degrees of freedom, 

and poor heat transfer to the solvent (Wang et al. 2018). This change in photoacoustic signal 

is directly proportional to the amount of heparin in the medium. First, we studied the 

photoacoustic response of Nile blue A in aqueous solution (Fig. 1D and Fig. S2). Next, we 

studied the photoacoustic signal changes in the cellulose-based heparin sensors due to 

heparin in PBS (Fig. 1E). The LoD in PBS is 1.2 U/ml. There was a surprising small 

decrease in signal at 0.5 U/mL heparin. When the cellulose sensors were immersed in PBS 

medium at room temperature for a minimum of minimum of 10 minutes before the study, 

the decrease was not observed (Fig. S4). The initial decrease is likely due to the initial 

hydration of the substrate with Nile blue A that is insoluble in PBS medium. The wettability 

of the paper-based sensors has been shown to have a strong correlation to response time 

(Tian et al. 2012).

This experiment was repeated with 50% human plasma—raw photoacoustic images are 

presented in Fig. 1E. The initial decrease in photoacoustic intensity at 0.5 U/ml heparin was 

not observed (Fig. 1F). The slope in 50% plasma is 53% higher than PBS. The linear 

correlation of photoacoustic response of sensors was observed between 0 and 2.0 U/ml 

heparin (r >0.97) in both PBS and diluted plasma. The limit of detection in 50% plasma was 

0.02 U/ml, which is well below the therapeutic heparin levels for different clinical 

procedures such as thromboembolism (7–8 U/ml), acute myocardial infraction (2.5 U/ml), 

coronary angioplasty (2.0 U/ml), cardiopulmonary bypass (5.6 U/ml), and extracorporeal 

membrane oxygenation (0.5 U/ml) (Wang et al. 2016). Thus, the utility of this sensor is 

optimized in the therapeutic range of clinical heparin concentrations. The baseline 

photoacoustic signal of sensors with the same dimensions differed by 1.5%. The intraassay 

relative standard deviation in 50% diluted plasma was <6.1%.

2.2. Sensing efficacy in normal pooled human plasma and whole human blood.

Next, we tested the sensor from 0 – 4 U/mL heparin with whole plasma (Fig. 2A). Fig. 2A 

shows the sensors repeatedly imaged after each addition. The limit of detection in undiluted 

plasma is 0.28 U/ml with a relative standard deviation <8.2% (Fig. 2B). This trend in 

photoacoustic response of sensors and signal contrast with low error was also reproducible 

between independent experiments (Fig. 2C). Thus, the heparin sensors exhibit a high intra- 

and inter-assay reproducibility in plasma with a maximum inter-assay relative standard 

deviation of 8.4%.
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Finally, we used whole blood (Fig. 3), which can be a challenge due to an increased number 

of interferences (Bromfield et al. 2013; You et al. 2017). Electrochemical techniques for 

direct heparin assaying in blood have been demonstrated but suffer from problems in 

reproducibility and irreversible binding (Amemiya et al. 2011). Fig. 3A contains raw 

imaging data from 0–2.5 U/mL (note that not all of the raw images are shown; Fig. 3B has 

more data points). The assay was linear from 0 to 2.0 U/mL (Pearson’s r = 0.98) (Fig. 3B). 

Values above 2.0 U/mL had a plateau effect likely due to saturation of surface-bound Nile 

blue A dye; fortunately, the linear dynamic range corresponds nicely to the clinically 

relevant range of 0.5 to 2.0 U/mL.

The limit of detection in whole human blood was 0.28 U/ml. The relative standard 

deviations in this range were < 17.5% (Fig. 3C). Error sources include background 

photoacoustic signal from hemoglobin and deoxyhemoglobin due to incomplete rinsing in 

between different heparin concentrations (note that same sensors were repeatedly imaged 

after treatment with higher heparin concentration) (Zhang et al. 2007). Finally, we compared 

the slope of the photoacoustic response in these various sample matrices—the slope 

(sensitivity) was highest in whole blood followed by plasma and PBS (Fig. 3D). The 

baseline signal of cellulose sensors was highest for whole blood followed by plasma, 50% 

diluted plasma, and PBS. We attribute the higher photoacoustic background in blood to the 

presence of red blood cells. The higher background in plasma and diluted plasma might be 

due to the affinity of the cationic dyes to plasma constituents (Küçükkılınç and Özer 2007; 

Strohm et al. 2013). The response was 1.2-fold higher in whole blood samples than plasma; 

pure plasma was 1.4-fold higher than the response in diluted plasma. The sensitivity in 

whole blood was ~5-fold higher than in PBS. We attribute this change to interaction of 

heparin with plasma proteins (Gatti et al. 1979), which increases the affinity of the heparin-

protein complex to Nile blue A and stabilizes the heparin/dye complex (Muñoz and Linhardt 

2004).

Correlation of photoacoustic response of sensors with aPTT.

Finally, we compared the photoacoustic signal to aPTT values (Fig. 4A). Fig. 4 compares the 

photoacoustic response to the aPTT of pooled human plasma (Fig. 4A) and plasma from 

freshly collected whole human blood (Fig. 4B). The aPTT values in commercial pooled 

human plasma (black data; Fig. 4A) were less linear (Pearson’s r = 0.89) as a function of 

heparin concentration than the response of the photoacoustic sensor to heparin concentration 

(red data; Fig. 4A) (Pearson’s r = 0.99). A plot of photoacoustic response versus aPTT 

values for the commercial pooled plasma showed a lower linear correlation (r= 0.86) 

compared to fresh human blood (Pearson’s r =0.99) (Fig 4C). This is likely because the 

whole blood sample was fresh, but the plasma had been previously frozen—freezing can 

dysregulate clotting factors (Alesci et al. 2009). Regardless, these results suggest that the 

photoacoustic signal can monitor heparin activity analogously to the aPTT.

2.3. Heparin sensing in banked clinical plasma specimens.

Finally, we analyzed banked (at −80 °C storage) plasma samples collected from 16 patients 

undergoing ablation in the electrophysiology lab (3 to 10 samples per patient; 78 total 

samples; Table S1). We plotted the first four samples for each subject because that is the 
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region where the heparin dose is changing the most rapidly and where anticoagulant activity 

must be most carefully monitored (n=60 samples). Figure S5A plots the photoacoustic 

response versus the ACT values with a Pearson’s r = 0.76 (P<0.0001).

We binned the photoacoustic response as a function of cumulative heparin dose and ACT 

(Fig. 5A)—the ACT values measured over all sample sets were compiled into 20-s bins. We 

then averaged the photoacoustic intensity within each of these bins and plotted against the 

averaged ACT values (Fig. 5(A)). The average photoacoustic intensity had a linear 

correlation against average ACT (Pearson’s r = 0.86); 62.5% of the measured photoacoustic 

intensity values were within the 95% CI band (Fig 5(A)). The change in photoacoustic 

intensity with respect to the ACT values are significant (P < 0.0001). This binning was used 

to reduce inherent errors associated with the measurements. Variations in ACT include 

different baseline ACT values, choice of activator, presence of drugs such as aprotinin, and 

the instrument used (Perry et al. 2010). Error sources associated with photoacoustic data 

include the variation in the size of the sensors and variation in dye distribution across the 

sensor area.

Next, we correlated the photoacoustic response to ACT and cumulative heparin dose. This 

correlation was linear and significant for both ACT and cumulative heparin dose (Fig 5 (A) 

and (B); P < 0.0001; Pearson’s r > 0.7). The aPTT values were all over 500 s and had little 

utility with these samples (Baglin et al. 2006). However, this study demonstrated a close 

correlation between the photoacoustic signal of the heparin sensor and the ACT (r = 0.86; P 

< 0.0001) suggesting that this approach is not only measuring heparin concentration but also 

acts as a surrogate for anticoagulant activity.

This approach can quickly measure heparin in small samples (~ 50 µL). Other recently 

reported dye-based heparin assays are more selective but have not yet been studied in 

complex biological samples (Bromfield et al. 2013; Buee et al. 1991). Colorimetric assays 

for heparin are either limited to plasma or buffer or have not yet been demonstrated in whole 

blood (Mehta et al. 2017; Templeton 1988; You et al. 2017). The aPTT is limited by its 

range of detection, variation in reagents, and instrumentation (Baglin et al. 2006; Lehman 

and Frank 2009). The Factor-Xa test is a chromogenic assay that measures the activity of 

heparin against activated factor X. However, the anti-Xa test underestimates heparin content 

in the presence of antithrombin deficiency, post-thrombolysis, hyperbilirubinemia, end stage 

renal disease, and pregnancy (Vera-Aguilera et al. 2016). The ACT is currently used in the 

operating room as a heparin monitor but has some insensitivities to coagulation 

abnormalities and platelet deficiencies—having a direct heparin assay could offer insight 

into the patient’s anticoagulation status (Maxwell et al. 2011). The detection limit achieved 

here (0.28 U/ml in whole human blood samples) is consistent with clinically relevant doses 

(Murray et al. 1997) including those needed for thromboembolism (7–8 U/ml) (Gould et al. 

1999), acute myocardial infraction (2.5 U/ml) (Luigi 1989), coronary angioplasty (2 U/ml) 

(Narins et al. 1996), cardiopulmonary bypass (5.6 U/ml) (Wright et al. 1993), and 

extracorporeal membrane oxygenation (ECMO) (Baird et al. 2007).
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3. Conclusion.

This study described the preparation of a cellulose-based heparin sensor and photoacoustic 

imaging to measure heparin in blood samples. The correlation with cumulative heparin 

levels (Fig. 5), turnaround time, and sample requirements are comparable to the ACT. 

Further, the photoacoustic response of heparin sensors in different sample matrix are closely 

correlated with aPTT and ACT suggesting that this method is monitoring heparin activity—

not just concentration. The paper-based heparin sensors are very affordable and can be used 

as a disposable sensor. Our next steps will optimize this technique into a bedside and/or 

point-of-care heparin assay. The limitations of the work originate from the fact that it is a 

direct heparin assay and the anticoagulant activity is a result of heparin-antithrombin 

complex. However, this study demonstrated a close correlation to activity-based assay (ACT 

and aPTT). Future work will translate this technology into an implantable catheter device for 

real-time in vivo monitoring of heparin concentrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Spectral and photoacoustic study of Nile blue A and cellulose based sensor in PBS and 
50% diluted human plasma.
(A) Chemical structure of heparin. (B) Chemical structure of Nile blue A. (C) A schematic 

illustration of sensing mechanism of the sensors. Cationic dyes like Nile blue A form 

aggregates with heparin. The heparin-Nile blue A aggregates are much more 

photoacoustically active compared to non-aggregated Nile blue A molecules leading to an 

increased photoacoustic signal. (D) Photoacoustic spectrum of Nile blue A in aqueous 

solutions with different amounts of heparin. The maximum photoacoustic signal for Nile 

blue A was observed at 680 nm and hence 680 nm excitation was used throughout this study. 

(E) A plot of the ratio of average photoacoustic intensity of three sensors treated with 

increasing heparin concentrations normalized to the reference line (that does not change 

with heparin concentration) as a function of heparin concentration in PBS and 50% diluted 

plasma. (F) Photoacoustic image of three sensors (0.5 × 0.5 cm area) simultaneously treated 

with different heparin doses in 50% diluted pooled human plasma. The sensors labeled as a, 

b, and c are replicates with identical composition, and R is the reference line whose intensity 

remained constant regardless of heparin. The relative standard deviation for the diluted 

plasma assay is < 6.1%; the detection limit was 0.02 U/ml heparin in 50% diluted pooled 

human plasma. Error bars indicate the standard error of the three measurements.
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Fig. 2. Photoacoustic response of heparin sensor in undiluted human plasma.
(A) Photoacoustic image of three square-shaped sensors and reference graphite mark. The 

same set of sensors were subjected to different doses of heparin and imaged after each dose 

adjustment. (B) Plot of average normalized photoacoustic intensity of three sensors found in 

panel (A) versus heparin dose in human plasma. (C) Comparison of heparin response curves 

collected from two separate sets of experiments where 1a, 1b, and 1c represent results from 

independent experiment trial 1; 2a, 2b, and 2c are a second independent trial (a, b, and c are 

the different sensors; see Fig. S3). The results show that photoacoustic response of these 

sensor to heparin dose is very reproducible. Both the intraassay relative standard deviation 

and inter-assay relative standard deviation were <8.5%. The detection limit is 0.28 U/ml 

heparin in pooled human plasma. (0–2.0 U/ml). Error bars indicate the standard error 

corresponding to three measurements.
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Fig. 3. Sensitivity of cellulose-based heparin sensor to different heparin doses in whole human 
blood.
The photoacoustic response of sensors was measured after immersing the sensor into whole 

human blood. Blood samples were collected from a single healthy donor and spiked with 

heparin. The sensors were dipped in this blood for one minute before being rinsed and 

imaged. (A) Representative photoacoustic images of the sensors (squares)— the 

photoacoustic response of the sensors increased with increasing amounts of heparin. The 

image represents the same set of sensors after sequential treatment with increasing amounts 

of heparin in whole blood. (B) Plot of normalized signal versus heparin in whole blood. The 

intra-assay reproducibility of these measurements is less than 17.5%. (C) Plot of normalized 

photoacoustic data for all sensors. This data shows the inter-assay reproducibility of 

Jeevarathinam et al. Page 14

Biosens Bioelectron. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



photoacoustic response in blood—differences were less than 17.4%. Panel (D) shows the 

photoacoustic response of sensors to different sample matrices. The slope (sensitivity) was 

highest in whole blood followed by plasma and PBS. Error bars indicate the standard error 

of the three measurements.

Jeevarathinam et al. Page 15

Biosens Bioelectron. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Correlation of aPTT and photoacoustic response of cellulose-based heparin sensor in 
plasma and whole blood.
Panel (A) is the average normalized photoacoustic intensity of sensors from 0 to 1 U/ml 

heparin in plasma; the corresponding aPTT values were plotted against heparin 

concentrations in pooled plasma. The photoacoustic response was linear between 0 to 1.0 

U/ml while aPTT values clearly deviated from linearity. Panel (B) shows the same 

experiment using whole human blood collected from a healthy donor. Panel (C) presents the 

linear correlation between the photoacoustic response of the sensor and aPTT values in 

pooled human plasma (Pearson’s r = 0.86) and in whole human blood samples (Pearson’s = 

0.99).
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Figure 5. Photoacoustic response of sensors to clinical specimens collected from 16 patients 
undergoing cardiac procedures requiring heparin.
Panel (A) shows the photoacoustic response of sensors versus ACT. Here, the photoacoustic 

data were binned into 20-second ACT intervals from 109 to 478 s. Panel (B) presents the 

photoacoustic response as a function of cumulative heparin dose, and panel (C) shows linear 

correlation between ACT and cumulative heparin dose. The data corresponding to (B) and 

(C) were not binned. The correlation was linear for all three analyses (Pearson’s r > 0.7). 

The dotted lines represent the 95% confidence interval (CI) band. The P value < 0.0001 

indicates that the changes in photoacoustic intensity and ACT values are significantly 

correlated. Error bars in panels (A) and (B) indicate standard error.
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