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Abstract

Recently, photoacoustic (PA) flow cytometry (PAFC) has been developed for in vivo detection of 

circulating tumor cells and bacteria targeted by nanoparticles. Here, we propose multispectral 

PAFC with multiple dyes having distinctive absorption spectra as multicolor PA contrast agents. 

As a first step of our proof-of-concept, we characterized high-speed PAFC capability to monitor 

the clearance of three dyes (ICG, MB, and TB) in an animal model in vivo and in real time. We 

observed strong dynamic PA signal fluctuations, which can be associated with interactions of dyes 

with circulating blood cells and plasma proteins. PAFC demonstrated enumeration of circulating 

red and white blood cells labeled with ICG and MB, respectively, and detection of rare dead cells 

uptaking TB directly in bloodstream. The possibility for accurate measurements of various dye 

concentrations including CV and BG were verified in vitro using complementary to PAFC 

photothermal (PT) technique and spectrophotometry under batch and flow conditions. We further 

analyze the potential of integrated PAFC/PT spectroscopy with multiple dyes for rapid and 

accurate measurements of circulating blood volume without a priori information on hemoglobin 

content, which is impossible with existing optical techniques. This is important in many medical 

conditions including surgery and trauma with extensive blood loss, rapid fluid administration, 

transfusion of red blood cells. The potential for developing a robust clinical PAFC prototype that 

is, safe for human, and its applications for studying the liver function are further highlighted.
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INTRODUCTION/BACKGROUND

In vivo flow cytometry

Conventional flow cytometry is a powerful biological tool in which objects in blood are 

enumerated based on multiple characteristics (e.g., size and presence of various molecules 

such as antigens and types of hemoglobin). Most common techniques for assessing these 

characteristics are light scattering and laser-induced fluorescence of dyes coupled with 

antibodies (1). This accurate, high-throughput technology provides rapid multiparameter 

quantification of the biological properties of cells at subcellular and molecular levels, 

including their functional states, morphology, composition, proliferation, and protein 

expression. However, flow cytometry has some limitations: (i) extraction and processing of 

the cells for flow cytometric examination may alter cell properties; (ii) removal the cells 

from blood prevents the long-term study of individual cells in their native biological 

environment; (iii) flow cytometry usually requires time-consuming (hours) preparation 

procedures; and (iv) flow cytometric characterization the in vitro requires discontinuous 

sampling at limited, discrete time points.

These shortcomings could be addressed by the development of flow cytometry that allows 

for continuous, noninvasive assessment of events in vivo (2–25). However, adaptation of 

current in vitro technologies to in vivo observation of cells flowing in individual blood 

vessels faces many challenges. These include light scattering, autofluorescence, and 

absorption by blood and surrounding tissues, as well as multiple cell files in vessel cross-

sections. Fluorescent techniques in animal models have shown promise in detection of 

labeled hematopoietic stem cells, GFP expressing cells, and circulating tumor cells (18–24). 

Nevertheless, translation of this technology to humans can be problematic due to 

cytotoxicity of fluorescent tags, and capabilities to assess only superficial 50–100 μm 

diameter microvessels with slow flow rates and depths below 200 μm.

To overcome these limitations, we proposed in vivo flow cytometry with PT (3,4), PA (5–

8,12–14,26), Raman (14,15) and scattering (27) detection techniques. The PT and PA flow-

cytometry techniques (PTFC and PAFC, respectively) are based on non-radiative 

transformation of the absorbed laser energy into heat and acoustic waves caused by the fast 

thermal expansion of the heated sample. These phenomena are monitored either through the 

changes in optical characteristics that are detected by a probe beam (in PTFC) or by an 

ultrasound transducer attached to the sample (in PAFC). Most promising for in vivo 

applications, PAFC uses either the label-free detection of cells with intrinsically light-

absorbing chromophores (e.g., hemoglobin, melanin, or cytochromes) or cell labeling with 

strongly absorbing dyes or nanoparticles as PA molecular probes. We demonstrated the 

capacity of this completely noninvasive or minimally invasive approach to be used in vivo 

for (i) real-time monitoring of white blood cells (WBCs) in different functional states (e.g., 
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normal, apoptotic, and necrotic) and (ii) real-time detection and enumeration of circulating 

tumor cells (melanoma, breast, squamous), bacteria (e.g., E. coli and S. aureus), and various 

nanoparticles and dyes (e.g., ICG, EB, or Lymphazurin) in blood and lymph (4,6–8,12–

14,26,28). However, PTFC/PAFC have been used with single dyes that limited their 

capacity for multiparameter and multicolor measurements. Here, we extend their application 

for simultaneous, real-time assessment of several dyes. Among many potential applications 

the measurement of circulating blood volume (CBV) is proposed.

Circulating blood volume measurements

Accurate rapid determination of CBV is required in many clinical applications (29–33). 

These applications include: (i) evaluation of outpatients and inpatients experiencing 

extensive blood loss (34) and their response to therapy including rapid fluid administration 

and transfusion of whole blood and packed red blood cells (RBCs) (30); (ii) estimation of 

hemodilution during cardiac surgery that requires cardiopulmonary bypass but precludes 

blood transfusion (35,36); (iii) monitoring total blood loss during surgery or hemodialysis 

(37); (iv) measurement of total circulating RBC mass preoperatively and in response to 

erythropoietic therapies (38); and (v) estimation of the requirements of cardiac-assist devices 

(39) to support patients, especially whenever judging adequacy of CBV based on the arterial 

pressure is known to be inaccurate. However, existing techniques and assays are not fully 

suitable for these applications. The limitations of these techniques include inaccuracies, high 

labor requirements, and slow cycle times for initial and repeat measurements.

Some existing methods for CBV assessment are based on optical (40–43) or other methods 

(44–46) for in vitro measurement of the hemoglobin (Hb) concentration and hematocrit (Ht). 

The Hb concentration ([Hb]) correlates poorly with CBV and circulating RBC volume, 

especially in low birth weight infants and during rapid blood loss. Other existing methods 

for CBV assessment are based on the dilution of tags: optical dyes (47–50), fluorescent dyes 

(51,52) or radioactive isotopes linked to macromolecules (53,54). One of the first methods 

was photometric dye-dilution CBV estimation in vitro. The label is injected into the 

bloodstream and attaches itself to albumin molecules or RBCs (40–43,48). The dye 

concentration in a bloodstream diminishes due to dilution. Its average concentration is 

measured with an optical photometer in sampled blood as a change in the absorbance at a 

certain wavelength. The most widespread is Evans Blue dye (47). Photometric procedures 

are also based on similar labels in plasma (49,50) or serum (55) with predetermined Ht value 

(56). Photometric methods cannot be used for rapid tests with no a priori data on 

hemoglobin or Ht and are insensitive. Isotopic dilution methods are similar in principle with 

photometric, but specially predesigned radioactive labels are injected into the bloodstream 

and the average radioisotope concentration is measured in vitro or in vivo as radioactivity 

rather than optical absorbance. These procedures can be used in stationary clinical analysis 

only and relatively expensive. Radio-iodinated serum albumin (RISA) is a similar method 

using 131I pre-tagged to albumin (57,58). RISA was found to undergo too rapid intravascular 

disappearance than other labels, thus making repetitive measurements difficult to perform 

accurately as dilution curves are not reproducible (48,59). Isotopic dilution methods are also 

based on the dilution of proteins or RBCs labeled with 51Cr (53,60–64), 32P (52,65–71) 

or 59Fe (72–75). A technique using fluorescence-labeled albumin is based on the 
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abovementioned principle, but the dilution curve is measured as a fluorescence signal (51), 

and it has the same problems as abovementioned tag methods. Tagged transfusion methods 

like radioactive 51Cr tagging of RBCs require an infusion of labeled RBCs (54). Indicator 

disappearance can be estimated by measuring a decay curve, and these measurements are 

fairly accurate because the material is maintained within the intravascular space, as it does 

not permeate the capillary wall. Similar methods of Hb subtype analysis and albumin 

dilution measure in vitro pre- and post-transfusion concentrations of Hb subtypes or albumin 

levels, respectively (76), then CBV is calculated from their changes (77). In current practice, 

most clinicians would agree that the transfusion of donor blood should be avoided unless 

necessary, thus making tagged transfusion methods less practical.

Recently, optical CBV clinical measurements are implemented as in vivo pulse dye 

densitometry (PDD) (35,78,79). This method is based on the principles of pulse oximetry 

and a dye-dilution technique with ICG (78,80–87). ICG is safely cleared by kidneys (37), 

and new measurements are possible every 20–30 min (after the ICG concentration from the 

previous injection becomes negligible). PDD provides for a rapid, semi-noninvasive and 

convenient bedside assessment of CBV that is applicable clinically (88–90) even for 

critically ill patients (91). PDD is currently widely used in pre- and post-operational periods 

for diagnostics of patients blood losses, and liver, gastroenterological, and cardiac diseases 

(35, 36, 82, 93, 92-96) adults, PDD is used for CBV determination for children and infants 

(32,97). PDD has significant correlation with RISA and 51Cr because the distribution spaces 

are similar (37,98,99), correlates more or less well with other methods (thermodilution 

(36,79,100,101) and electrical impedance cardiography (102,103)) and agrees moderately 

with transpulmonary thermo-dye dilution techniques (104). Compared to other CBV optical 

methods (indicator dilution using radioisotopes or EB), it is the best (36,88,105,106). The 

Hb level should be measured from presampled blood before ICG injection to establish a 

baseline absorbance for the current patient, otherwise PDD accuracy is degraded 

significantly. CBV is calculated from a dilution curve of absorbance measured in vivo at the 

absorption maximum of ICG, and no subsequent blood sampling is necessary. The main 

drawback of PDD is its dependence on [Hb] measured in vitro prior the measurements 

which significantly increases the total CBV determination time (to hour scale). PDD also 

experiences several clinical problems: (i) in many liver diseases (e.g. cirrhosis (93)); (ii) 

PDD is irreproducible and much inaccurate for patients with low cardiac outputs, and PDD 

cannot entirely replace the pulmonary artery catheter (107); (iii) PDD cannot be used after 

surgery because of a low PDD signal amplitudes of optical detection of ICG (35); and (iv) 

further studies are needed to ascertain the impact of PDD on the mortality and morbidity of 

the critically ill patients (88).

Another method used in adults and infants weighing as little as 1000 g (108–112) is based 

on biotin labeling of either autologous or allogeneic RBCs with infusion back to 

bloodstream; CBV is determined by enumeration of labeled RBCs as a percentage of total 

RBCs in circulation measured with flow cytometry of a second blood sample. This method 

is accurate although it is relatively time-consuming and requires double blood sampling and 

knowledge of [Hb] for CBV calculation.
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Thus, existing assays have provided a clinical justification and examples of utility of 

application of CBV measurement; however, no single method is feasible and reliable enough 

to be widely applied. Label dilution using radioisotopes or dyes are unsuitable for clinical 

application as they do not allow for frequent repeated measurements and require high 

concentrations of labeled proteins or contrast agents. The state-of-the-art method is PDD, 

and the use of ICG holds promise as the least invasive technique for measurement. 

However, the sensitivity and precision are not sufficient, and a priori data on Hb are 

required for each patient. Thus, currently there is no rapid (minutes scale), accurate 

(measurement error below 20%), low-cost and simple assay for CBV estimation with no a 

priori Hb information requirement.

Potential of PA/PT techniques

We emphasize here that PTFC, and especially PAFC technique (see above), after further 

development may likely offer advanced alternatives to existing methods. Indeed, PA 

imaging is currently the rapidly growing area of biomedical imaging, providing higher 

sensitivity and resolution in deeper tissues (up to 3 cm) compared to other optical modalities 

(113–117). PT method offers the highest absorption sensitivity (100–1000-fold better than 

PDD/optical absorption spectroscopy), which allows for noninvasive detection of unlabeled 

biomolecules at a threshold comparable with that of fluorescence labeling (118–121). The 

PA/PT methods are safe; the short-term temperature rise of ≤0.1–0.5°C at low laser fluence 

(5–20 mJ/cm2) is well within the laser safety standard of 35–100 mJ/cm2 at 650–1,100 nm 

(114). The tremendous clinical potential and safety of PA technique in vivo has been 

demonstrated in many clinical trials of other applications. Examples include imaging of 

breast tumors at depths of up to 3 cm (122–124) or blood microvessels (114), continuous 

monitoring of blood oxygenation in 15-mm-diameter jugular veins despite light scattering in 

a 15–20-mm-thick layer of overlying tissue, and measurement of blood [Hb] (124,125). 

However, the application of PA techniques for CBV measurement in vivo has not been 

reported. Such rapid PT/PA tests can be implemented as the determination of several dyes 

introduced in the blood as the difference in their absorption spectra can be used for the 

determination of their dilution without any additional information of blood parameter.

MATERIALS AND METHODS

The principle of in vivo photoacoustic flow cytometry with multicolor dyes

The principle of multispectral PAFC was described elsewhere (2–13). Briefly, in PAFC, 

objects of interest (e.g., cancer cells, nanoparticles, or dyes) in blood are irradiated by a 

focused laser beam (Fig. 1A). Laser-induced PA waves (referred to as PA signals) are 

detected with an ultrasound transducer attached to skin. The laser wavelengths are adjusted 

to absorption maximum of dyes. Figure 2 shows absorption spectra of several dyes that 

either are broadly used on preclinical animal models or were already approved for clinical 

use on humans (e.g., ICG) (79,126–131)). To prove the concept, we used available 

multicolor high-speed PAFC using lasers with high pulse rates. Dyes and laser wavelengths 

are selected to provide minimal overlapping between spectra bands of RBCs and dyes, in 

particular to achieve (i) the maximum PA contrast for RBCs (to measure [Hb] in the 

presence of dyes and (ii) the detection of dye at the lowest concentration (to minimize 
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possible toxicity) with reasonable (see below) accuracy and avoiding blood ([Hb]) 

interference (background). For example, for RBCs, MB and ICG, expected wavelengths 

should be around 530–570, 660–680, and 790–820 nm, respectively (Fig. 2). In particular, to 

detect a two-dye mixture (MB and ICG) we selected 671 nm and 820 nm.

The principle of measurements of circulating blood volume: phenomenological model

Three basic methods have been used to determine blood volume in humans using indicators 

(tags) (132,133). The first measures plasma volume using a plasma protein tag, the second 

measures the red cell volume by the injection of tagged RBCs and the third method depends 

on separate determinations of both plasma and RBC volume (true total volume 

determination). All the three methods are based on the dilution principle: agents are injected 

into the blood flow, dye dilution is monitored using spectrophotometry or other means 

(stated in the Introduction) and the dilution curve is recorded (Fig. 3). From this curve of the 

relative decrease in the dye concentration, CBV (VCBV) is calculated from the ratio of dye 

concentrations of the initial solution and the diluted solution of dye in the blood according to 

the following simple equation (30,37,56,134):

(1)

Here, A is the signal amplitude, V0 and c0 are initial volume and concentration of the dye 

solution, and cx is the equilibrium dye concentration in the blood after the dilution curve is 

developed, measured at equilibrium or calculated from multiple timed samples by 

extrapolation to zero time (Fig. 3). The volume of the agent injected can be neglected 

compared with the total volume of the blood (132). The precision of this approach is 

determined by the fact that mixing time is not significantly altered by either hypotension, 

shock, hypertension or congestive heart failure (135).

Total blood volume is calculated from the plasma or RBC volumes and a simultaneously 

determined Ht. For correct CBV assessment, three basic assumptions have to be met (132): 

(i) the indicator is tightly bound to the plasma protein or to the RBC used at least for the 

period of measurements; (ii) the plasma protein or tagged red all is uniformly mixed with the 

entire ‘plasma or volume’ to be determined, i.e., no important pools are sequestered away 

from the main intravascular space; and (iii) there is no loss of the indicator during the period 

of measurement or any loss occurs at a regular rate in order to allow back-calculation to time 

zero (132). These assumptions are better fulfilled by RBC tags than by plasma protein tags: 

there is virtually no loss of RBCs to the extravascular space in the short time needed for 

equilibration (132,133).

Calculation of total blood volume from either method assumes that Ht determined from 

peripheral blood samples is equal to the total body hematocrit; this was shown not to be the 

case (135,136). This difference, in part, is the result of the fact (the total blood volume 

calculated from red cell volume consistently underestimates (by 9–10%), but calculated 

from plasma volume consistently overestimates the true blood volume (by 5–10%) (49). To 

some extent, this can be accounted for by the use of correction factors based on the 

peripheral Ht. This precision is not always enough for correct clinical decisions. The method 
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depending on the determination of plasma and RBC volume is independent of Ht and 

therefore, provides a more accurate measure for total blood volume, although it takes much 

time as requires three independent tests, for Ht, for RBC-based measurements and for 

plasma-based measurements.

We propose to use two-dye mixtures for intravenous administration followed by dynamic 

PA/PT monitoring of their components in circulating blood. Thus, we propose to increase 

the number of dyes and the wavelengths for each dye and to use a more sensitive detection 

technique.

The use of a single wavelength is flawed as many spectral, spectrochemical and other factors 

affect the dilution curves. Thus, a single dye requires at least two wavelengths to improve 

precision (137,138). In blood, the introduction of wavelengths corresponding to Hb will 

allow the correction for blood absorption, which is used in PDD (35,78,79), however several 

wavelengths for Hb makes it possible to measure Hb species with increased precision.

Moreover in blood, we cannot use any wavelength of the dye; the selection depends on the 

interference with blood spectrum. Thus, the wavelength of a dye giving the maximum 

sensitivity could lie at a disadvantageous part of the spectrum (at steep growth/tailing parts, 

experiencing the interference from scattering, etc.) which would result in seriously degraded 

precision, which was discussed elsewhere (35,55,78,139). Thus, the use of a second dye, 

fully independent from the first with its own working wavelength pair considerably 

increases the precision of CBV assessment. Moreover, (i) if the maximum reproducibility is 

required, both dyes may be of the same type (RBC-bound or plasma-bound) or (ii) if we 

need the maximum accuracy (true CBV value), both dyes can be of different types; thus, we 

can estimate the true value of CBV in a single run. In fact, the dye cocktail could be 

comprised of three or more dyes, thus combining these two cases (i) and (ii).

Dye-cocktail techniques are extensively used in chemical analysis and in vitro tests, but this 

approach was not used in CBV measurements. This is not due to technical difficulties but 

because of the fact that simultaneous accurate determination of two (or more) dyes requires 

their significant concentrations, which is risky in vivo. The use of PA/PT techniques provide 

the increased precision over absorption measurements (140) at a concentration level at least 

100-fold (usually more) lower.

As a whole, we approach the CBV assessment problem with (i) higher instrumental 

sensitivity; (ii) higher instrumental precision; (iii) lower toxicity of the measurements; and 

(iv) simultaneous implementation of all the CBV approaches and, thus, better assessment of 

true CBV.

Thus, the key idea is to intravenously inject two dyes with minimal overlap in absorption 

spectra with each other and with the absorption spectrum of the RBCs. Required 

concentrations are very low (submicromolar) and, hence nontoxic. Real-time PA monitoring 

of dye dilution and clearance at multiple wavelengths allows for a measurement of CBV 

because the dye concentration is inversely proportional to the ratio of CBV and injected dye 

volume. CBV (VCBV) is measured as the average of two PA/PT signals for each dye to 

decrease the interference of both dyes and thus, to improve the accuracy. For two 
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simultaneously injected dyes, these calculations took into account the constraints c0a ≈ c0b 

and c0a/c0b = const, which are valid for pre-prepared dual mixtures of ‘a’ and ‘b’ dyes.

Direct assessment of cx in Eq. (1) from PA/PT signals is needed in order to account for the 

effect of RBC absorption. Prior to these calculations, the signals are corrected using [Hb] 

determined from PA measurement at two wavelengths (e.g., 532 nm and 1064 nm) and 

background Hb absorption at selected wavelengths for the dyes. The determination of [Hb] 

is based on previously developed approach (141). In particular, we can measure the PT 

signals at 532 nm (or 610 nm, 635 nm, 660 nm and 690 nm, depending on the selected dye) 

and 1064 nm and calculate the total [Hb] at 532 nm and the fraction of HbO2 at 1064 nm. 

An overdetermined Vierordt’s equation system (i) at two wavelengths (142–146) is used for 

dyes and hemoglobin species at a nanomolar level (147).

(2)

and (ii) an overdetermined Vierordt’s system at four wavelengths is used to further decrease 

the overall error (137,138):

(3)

Here A is absorbance acquired from PA measurements in vivo or calculated from PT 

measurements. As the wavelengths for Vierordt’s method, the maxima of functions 

 and  are used. For the overdetermined 

system, Eq. (3), λ1 and λ3 are at the maxima, and λ2 and λ4 at the minima of the absorption 

spectra of ‘a’ and ‘b’ dyes.

Experimental setups

In vivo time-resolved PAFC setup was described elsewhere (8–13). Briefly, it was built on 

the platform of an Olympus BX51 microscope (Olympus America Inc.) and two pulsed 

lasers: (i) wavelength, 671 nm; pulse width, 25 ns; pulse rate, up to 100 kHz; pulse energy, 

35 μJ (at 10 kHz rate); model, QL671-500, CrystaLaser, Reno, NV, USA; and (ii) 

wavelength, 820 nm; pulse width, 8 ns; pulse rate, up to 30 kHz; pulse energy, 70 μJ (at 10 

kHz rate); model, LUCE 820, Bright Solutions. Laser radiation was delivered to the sample 

through microscope condenser.

PA signals from the transducer/amplifier (models XMS-310/5662; Panametrics) were 

recorded with a Tektronix TDS 3032B oscilloscope (Hayward, CA), or collected with a 

high-speed 200-MHz 12-bit ADC board (National Instruments, Austin, TX), LabVIEW 

software (National Instruments), and a Dell Precision 690 workstation.

To verify some in vivo PA data, in vitro PT measurements were performed with the setup 

described elsewhere (148). It is known that the basic physical effects are similar in PA and 
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PT methods, while the absorption sensitivity of PT spectrometry is better in vitro (149). 

Briefly, in continuous-wave (cw) mode PT thermal-lens schematic (Fig. 1B), is based on 

recording of laser-induced (lasers IDLS5, Polyus, Moscow; 532, 610, 635, 660, 690, 808, 

and 1064 nm; waist diameter, 80 ± 1 μm in sample; power range 20–50 mW) change of 

refractive index (thermal-lens effect) causing defocusing of a collinear diode laser probe 

beam (wavelength, 980 nm; waist diameter, 25.0 ± 0.2 μm; (attenuated) power, 0.4 mW). 

Hence a reduction in the probe beam intensity at its center (referred to as PT signal) is 

detected by a far-field (sample-to-detector distance 180 cm) photodiode with preamplifier 

(PDA36A, 40 dB amplification, ThorLabs Inc. with a 2-mm-diameter pinhole) as the 

response from a whole cell. (Fig. 1B). The synchronization of the measurements is 

implemented by in-house developed software. The PT spectrometer (148,150) has linear 

dynamic range of four orders of magnitude (the corresponding range of absorption 

coefficients for 10 mm optical pathway is 1 × 10−6 to 2 × 10−2 cm−1) and response time of 

0.005–2 s (depending on the selected measurement parameters, namely, data throughput rate 

and time, the number of points to be averaged, etc). The spectrometer implements a 

secondary channel for gathering scattered signal, if present. The probe beam is reflected by 

the dichroic mirror; the residual excitation beam is removed with a stained-glass bandpass 

filter and after a 2-mm pinhole appeared at the primary PT detector. If the photometric or PT 

channel is not needed, the corresponding detector is switched off. The scattering at the 

excitation wavelengths is collected with the secondary photodiode and used to correct the 

absorbance value, Eq. (6).

In this PT schematics, the advantages are (i) the possibility of detection under batch and 

flow conditions with no change in the optical-scheme design of the instrument; (ii) the 

possibility to switch between transient and steady-state thermal-lens measurements within a 

single set of experiments; and (iii) a wide linear dynamic range (see above).

Thermal-lens signal (148–150), θ, was acquired as a relative change in the probe-beam 

intensity at a far-field detector as traditionally used in PT spectroscopy (149) as

(4)

where Pe is the excitation laser power, E is the enhancement factor of PT lensing for unit 

excitation laser power (depends on geometry parameters of the optical scheme and thermal 

properties of the solution (149)), ε is the molar absorptivity, c is molar concentration of the 

dye in the sample, A is sample absorbance. For comparison, A from direct optical 

(photometric) measurements was compared with A recalculated from Eq. (4). The 

experimental values of the PT signal θ, were corrected to take into account the decrease in 

the excitation power due to light-scattering losses As in solutions:

(5)

where A is sample absorbance. Whenever possible, the experimental values of sample 

absorbance, Aexp, were corrected for scattering effect
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(6)

Other measurements

Spectrophotometric measurements were made using a Shimadzu UV Mini 1240 

spectrophotometer (Japan) with optical pathlength of 1 mm. The pH values were measured 

by an inoLab pH Level 1 pH-meter (Germany) with a glass pH-selective electrode (precision 

±5%). Solutions were mixed with a Biosan MMS 3000 automixer. To model flow 

conditions in vitro with velocities in the range of 0.1–50 cm/s, we used a pump-driven 

system (KD Scientific Inc.) and glass tubes from 30 μm to 2 mm and a changeable vessel 

(volume 0.25 to 6 L). In most experiments, the flow rate was kept at 35 ± 1 mL/min (linear 

velocity 2 cm/s), a cylindrical flow cell (l = 15 mm; 16 cm3) and tubings from a blood-

transfusion system (KD Medical GmbH, Germany; length 90 cm, i.d. 0,3 cm) were used.

Reagents and solutions

The following dyes were used throughout: ICG, MB, BC, CV, IC (CAS no. 860-22-0), 

Bromsulphalein (CAS no. 71-67-0), and EB (Fig. 2) from Sigma-Aldrich (St. Louis, MO, 

USA). All the solutions were prepared in 0.10% wt. PBS (20 mM, pH 7.4). Water from a 

TW-600RU water purification system (Nomura MicroScience Co., Ltd.; Okada, Atsugi-

City, Kanagawa, Japan) was used: pH 6.8; specific resistance 18.2 MΩ·cm, Fe, 2 ppt; 

dissolved SiO2, 3 ppb; total ion amount, < 0.2 ppb; TOC, < 10 ppb. Solutions were made 

using a Branson 1510 ultrasonic bath (USA), power 1 W (exposure times 10 – 15 min). The 

blood of rats and mice stabilized with heparin was used at the stages of blood flow tests.

In Vitro Determination of Circulating Blood Volume by optical absorbance and 
photothermal spectroscopy—The main glass tube of the manifold was filled with the 

precisely measured blood volume, and the blood started circulating through the manifold. 

When the regular flow through the cuvette is established, the zero absorbance is calibrated. 

Next, 0.4 mL of a mixture of stock solutions of MB and CV was introduced, and the 

absorbances at 615, 630, 663 и 690 nm were recorded until constant absorbance/PT value 

values are reached (Fig. 3). The concentrations of both labels were determined from Eqs. 

(3).

Animal model

Nude mice (purchased from Harlan Sprague Dawley; weighing 20–25 g) were used in 

accordance with protocols approved by the University of Arkansas for Medical Sciences 

Institutional Animal Care and Use Committee. PA experiments were performed on the thin 

(~250 μm) mouse ear with well-distinguished blood vessels of 50 to 150 μm diameter at 50 

to 100 μm depth. For in vivo monitoring of circulating dyes, mice were anesthetized with 

ketamine/xylazine, 50/10 mg/kg, I.p. The anesthetized mouse was placed on a temperature 

controlled microscope stage heated up to 37°C. The transducer was placed gently on the ear 

close to the laser beam. Topical application of warm water on the ear provided acoustic 

matching between the ultrasound transducer and the tissue. To adjust the laser beam in the 

vessel in PAFC, we used a 3D microstage with a back-synchronized algorithm (the 
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adjustment is made according to the maximum PA response from the object). We found that 

at the orientation of a linear beam shape across the vessel (perpendicular geometry), PA 

signals are less sensitive to the position of the laser beam on the skin, and hence, there is no 

strict need to control the position of the laser beam on vessels.

RESULTS

Spectrophotometric dye tests and CBV assessment in vitro

First, multiple dyes including MB, Brilliant Green, Crystal Violet, Congo Red, Indigo 

Carmine, Evans Blue, Bromsulphalein, and ICG were tested by conventional 

spectrophotometry in the presence and absence of blood to select the optimal clinically 

relevant dye, and wavelength providing minimal overlapping spectral effects, lowest 

concentration (i.e. with minimum possible toxicity but still enough for PT/PA detection), 

and required accuracy.

Absorption spectra of selected dyes (Fig. 2) do not significantly change in the pH range of 

6.0–8.0 in the blood. As the aim was to develop a system for rapid analysis with low dye 

concentrations, we excluded IC, Bromsulphalein, and EB as the sensitivity of their 

spectrophotometric determination is low (151) and CBV assessment would require their 

high concentrations.

Spectrophotometric determination of MB, CV, ICG, and BG in aqueous solutions resulted in 

limits of detection of 1 × 10−7M. Differential spectrophotometric determination of these 

label dyes against blood backgrounds of 0.5 – 2.0 absorbance units (compensated with the 

measurements at 532 and 1064 nm) showed a decrease in the sensitivity by an order, which 

can be considered satisfactory (Table) and correspond well to theoretical estimations of 

differential optical absorbance measurements (152,153).

As absorbance spectra of most dyes overlap (Fig. 2), Vierordt’s method was used for data 

treatment. The comparison of variants of Vierordt’s methods showed that the best results are 

obtained when the ratio of molar concentrations for both labels in a two-dye mixture is 

constant during all the tests. A two-wavelength Vierordt’s system, Eq. (2), provides the error 

of 20% for micromolar concentrations of both dyes in a two-dye mixture. The use of the 

four-wavelength overdetermined system, Eq. (3), decreases the error to 7% (Fig. 4 and 

Table). In this case, the limits of detection of all the three dyes differ insignificantly from 

single dye solutions (Table).

The model flow manifold emulated a transfusion system: a 0.3 cm i.d., and the flow rate of 

35 mL/min, the flow cell had the same diameter. The changes in the CBV within the range 

of 250 – 6000 mL showed that absorbance levels, reproducibility and accuracy of 

measurements for Hb and all the dyes do not depend on the volume. CV and MB showed 

negligible absorption on the materials of the transfusion system, while BG is intensively 

absorbed by the manifold. The flow spectrophotometric determination of individual labels in 

the transfusion manifold showed negligible difference from the batch conditions. For two-

dye mixtures, the relative standard deviation of optical absorbance determination is below 
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10%, and is 2–5% for micromolar dye concentrations while using four-wavelength 

determination with an overdetermined Vierordt’s system of equations (Fig. 4).

BG shows a very indistinct spectrum in the wavelength range of 600–650 nm in blood, 

while MB and CV show good differential spectra in 630–680 and 610–690 nm, respectively 

(Fig. 2). No correlation with their concentrations is obtained over 690 nm due to Hb 

absorption (Fig. 2). The optical absorbance limits of detection of all the three dyes in blood 

are at the level of 10−6 M (Table); and the error of determination is low, which makes it 

possible to determine CBV with two-dye mixtures with RSD below 10% at 10−5 M. With a 

spectrophotometer, varying the wavelengths of the Vierordt’s systems, we selected the 

optimum wavelengths for the overdetermined system, 630 и 690 nm for MB and 610 and 

660 nm for CV. For blood volumes 300 mL – 6 L, the error of measurements is below 4% 

(Fig. 4).

PT CBV assessment in vitro

After the determination of performance parameters of CBV under the selected conditions 

with optical absorbance measurements, we shifted to PT spectroscopy, while retaining in in 

vitro area. The cw PT setup (Fig. 1B) sensitivity, time response, and accuracy of CBV 

measurements were evaluated in vitro under flow conditions (Table) to validate this 

platform for rapid, sensitive, and accurate CBV measurements with the advantages 

compared to existing assays. Working concentrations of all the used contrast agents were 

diminished by a factor of 50 compared to existing CBV methods to at least 10 nmol/l level 

(Table). This means the significant diminishing of dye doses to get reliable PT signals 

compared to current clinical doses (for PDD, 2.5–5 mg/mL ICG). From literature data, the 

linear absorption coefficient for ICG in blood is 43 cm−1 at 130 μM (0.1 mg/mL) while 

blood absorption at 808 nm is 4–5 cm−1 at 808 nm (154,155). The minimum delectable 

concentration of ICG in blood by PA/PT is 12 μM (0.01 mg/mL), which is 250 times lower 

than the clinically approved dose (155). The similar improvements are shown for other two 

dyes (Table).

Overall, from these experiments we may confidently predict that the advantage of in vivo 

PAFC measurements will be fast CBV assessment after (at least) a single dye injection. This 

allowed us to proceed to in vivo PAFC tests.

In vivo PA monitoring of clearance rate of dye cocktail

Finally, we estimated the capability of PAFC to in vivo simultaneously monitor two 

intravenously injected dyes. We selected dual mixture of ICG and MB with almost non-

overlapped absorption spectra (Fig. 2). Intravenous injection of this dye cocktail (ICG, 70 

μl; MB, 15 μl, both 5 mg/ml) into a mouse circulatory system through the tail vein was 

followed by dye clearance monitoring from vessels in ear using the PAFC. In this study, we 

used a high pulse repetition rate lasers (both 10 kHz) with wavelengths of 671 nm and 820 

nm, which lie in spectral range near the maximum absorption of MB and ICG, respectively 

(Fig. 2). The PA signals from ear blood vessels before dye injection 2–4-fold higher than the 

PA background signals from the surrounding tissue. The continuous monitoring of PA 

signals from these vessels after injections revealed fast (from few to dozens seconds) dye 
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appearance in blood flow which is followed by its clearance (Fig. 5). The average clearance 

time of ICG and MB was found in the range of 5–10 min, which is in very good consistence 

with in vitro PT tests and other published data (5). During this study we observed often 

strong PA signals immediately (within few seconds) after dye injection (not shown) that are 

likely associated with the initial peak of the dilution curve (Fig. 3). However, these PA 

signals were not stable with significant amplitude fluctuation. We explain these phenomena 

by the limitation of both animal modesl used with fast (seconds scale) averaging of dye in 

small blood mouse volume (~2 mL), and not immediate tail injection procedure lasted for 

trained personal at least (1–3 seconds).

We observed also strong fluctuated PA signals above the continuous background signals 

from both ICG and MB started approximately after 1 to 3 minutes after injection. We could 

not avoid these phenomena even after careful cleaning, centrifuging, and filtering of the 

dyes, verified by no sign of visible aggregates with high-resolution transmission 

microscopy. Hypothetically, the origin of these flashed PA signals may be related with 

difficult to control phenomena associated with increased local dye concentration. It could be 

either nanoscale dye aggregates in the initial solution not detectable with diffraction-limited 

optical microscope, aggregation of dye molecule itself in blood flow, interaction of dye 

molecules with plasma proteins, accumulation of slow moving dye molecules near vessel 

walls, and adherence (or uptake) of dyes on endothelial cells leading to dye overheating 

accompanied by random bubble formation, or dye uptake by some blood cells. The widths 

of the most flash PA signals were in the range of 3–5 ms. Considering the linear laser beam 

width of 10 μm, and expected flow velocity of 3–7 mm/s, flash PA signal widths correspond 

to the target size of approximately 9–20 μm, which is comparable to blood cell sizes. 

Comparison of PA signal traces at different signal averaging (Fig. 5, A and B) revealed a 

decrease in the signal amplitude with increased averaging. This finding suggests that the 

signals are coming from small targets which provide a limited number (20–50) of PA flashes 

during crossing the laser beam. As a result, averaging at longer time than lifetime of flowing 

objects in the detected volume led to decrease in detection sensitivity of sharp PA signals, 

although background noise becomes lower. Thus, the observed PA signal fluctuations can be 

associated, at least at longer time after injection, with the ability of some blood cells, in 

particular reticulocytes and leukocytes, to significantly uptake ICG and MB, respectively, 

directly in blood flow leading to increased local dye concentration within these cells (155–

157).

For TB, we observed smaller number of PA peaks with lower amplitudes, compared to ICG 

and MB (Fig. 6). TB is broadly used for cell viability tests due to its effective uptake by 

dead cells (158,159). If it takes place in vivo in our experiments, number of circulating dead 

cells should be much smaller compared to normal blood cells, due to their fast clearance by 

the reticuloendothelial system. This is in agreement with obtained data (Fig. 6).

Besides, the wavelength used (671 nm) is outside the strong absorption band of Trypan 

Blue, which can explain smaller PA signal amplitudes from Trypan Blue compared to ICG 

or MB.
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To verify the capability of PAFC to detect in vivo individual circulating cells with high local 

dye concentration we extracted small amount of blood from mice, separated RBCs, and 

WBCs according to standard procedures, and incubated these cells with ICG and MB at 

different conditions (RBCs with 150 μg/ml ICG were incubated for 60 min at 37°C. WBCs 

with 850 μg/ml MB were incubated for 30 min at 37°C). We found found significant (5–30 

times) increase PT signals from labeled cells compared to control cells. Cells were injected 

back intravenously to mouse circulation in concentration approximately 105 RBCs and 104 

WBCs. Monitoring of ear blood microvessels with two color PAFC (671/820 nm) revealed 

PA signal traces at both wavelengths (Fig. 7) associated with circulated labeled RBCs and 

WBCs.

This funding suggests possibility of labeling of RBCs and WBCs with conventional dyes, 

the capability of PAFC to detect circulating cells labeled with these dyes, and potential to 

use this approach for measurement of CBV.

DISCUSSION

Thus, we successfully demonstrated the feasibility of PP for blood volume measurements. 

We also showed the capability of two-color PAFC to monitor simultaneously two dyes (ICG 

and MB) in blood circulation as well as to detect circulating blood cells labeled with these 

dyes. These studies establish a platform which could be used further for in vivo PA blood 

volume measurements. From our data, we estimate the absolute limit of detection for ICG to 

be 2 fmol in a 60×60×60 μm probed blood volume (in a vessel). Also, we confirmed that the 

implementation of the 4-wavelength system in PT measurements generated an error of <7% 

for nanomolar concentrations of both dyes in a blood flow (Fig. 4). The measurement 

provided a decrease in the contrast agent concentrations by a factor of at least 30 due to the 

high absorption sensitivity of PT/PA spectroscopy and low influence of scattering effects 

(149). Moreover, we showed a decrease in the error of measurements by a factor of 3–4 

compared to existing CBV techniques due to the independent determination of two dyes 

instead of one at two different wavelengths (Fig. 4). The determination of [Hb] 

simultaneously with dye dilution provided lower measurement time (2–4 fold) compared to 

photometric CBV techniques and PDD (148). Labeling of extracted RBCs with clinically 

approved dyes (e.g., ICG) and infusing them back to bloodstream open door for new 

methods of CBV measurements by enumeration of labeled RBCs as a per cent of total RBCs 

in circulation measured with PAFC in vivo.

The ability of PA and PT techniques to detect conventional agents was related to their 

limited quantum yield, typically in the range of 1–20%, resulting in transformations of most 

absorbed energy into heat, to which the PT/PA technique is very sensitive (149). The most 

PA imaging algorithms currently in use for signal acquisition are not quite suitable for rapid 

real-time PA monitoring of contrast agent dynamics in the fast blood flow due to their time-

consuming signal acquisition process. As described here, the time-resolved PAFC mode 

with good temporal resolution (0.1–1 ms) allowed us to observe strong dynamic fluctuation 

of PA signals from dyes in bloodstream (Fig. 6). This phenomenon can be explained by 

either high sensitivity of PAFC to small nano- and micro-dye aggregates in blood flow or 

strong uptake of dyes by blood cells, in (155–157). As a result, this labeling directly in blood 
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flow (in vivo cell staining) can be used for detection and counting of these cells using 

multicolor PAFC. We cannot also exclude dye uptake by circulating dead cells. A control 

experiment with Trypan Blue, which is broadly used for viability tests in vitro, revealed rare 

notable PA signals in vivo which can be associated with rare dead cells with extremely high 

clearance rate (Fig. 7). Thus, in addition to previously demonstrated detection of circulating 

normal and apoptotic cells we show here potential to use of PAFC for detection of 

circulating dead cells. This is important for many applications including studies of cell 

metabolism in norm and pathological states or response to various therapies (Fig. 8). 

However, these and similar effects require future detailed studies, and PAFC is the ideal tool 

for dynamic study of cell-dye interaction in vivo. These fluctuations are not important from 

the point of view of measurement of circulation time or CBV, since the increased averaging 

of PA signals (Fig. 5B) easily minimizes the influence of these effects.

In general, we showed the possibilities of our platform for optical absorption, PT, and PA 

determination of two dyes in a transfusion system. The expected precision of measurements 

is better than in pulse dye densitometry (35,78,79), but for concentrations two orders lower 

(down to nanomolar concentrations and femtomolar amounts of dyes (49,50,55,56). Our 

platform does not require any a priori data on the blood parameters, and is very robust.

The use of high pulse repetition rate lasers (10–100 kHz) provided significant averaging of 

the signal and a 100-fold increase in the detection sensitivity (as square root of pulse rate 

ratio). This provides a significant decrease in the laser pulse energy, thus offering better 

safety of the patients while retaining enough sensitivity to reliably measure multi-component 

dye cocktails at their low, non-hazardous concentrations.

After further improvement of this technology, we anticipate that the noninvasive, rapid, real-

time measurement of CBV will be a valuable tool for monitoring surgical patients in the 

operating room, especially those undergoing surgery with predictable substantial blood loss. 

The high capacity of this advanced multicolor PAFC technique will provide measurement of 

CBV with expected advantages in accuracy, time response, and sensitivity compared to 

existing assays. Successful completion of these specific aims will provide a novel method 

for CBV measurements in vivo and will shift clinical paradigms by achieving unprecedented 

high sensitivity (50–100-fold higher than existing techniques), rapid turnaround (a few 

minutes vs. hour-scale due to exclusion of any a priori information on the patient) and high 

accuracy (5–7% vs. 15–30%). This method also offers several long-term spinoffs. The 

proposed platform can be further applied to PA measurement of multiple blood parameters 

including a total Hb amount, Ht, oxygenation, abnormal blood cells (e.g., sickle), and Hb 

composition (e.g., meta-, carboxy-, nitroso- or HbS [e.g., in sickle cells]) during various 

diseases (e.g., anemia) as well as on use of encapsulated dyes (106,107,129–137). Changes 

of ICG clearance rate can also be used for diagnosis of liver dysfunction. We plan a 

preclinical validation with a larger animal model (e.g., rabbit or sheep) and eventually 

clinical trials using finger, nose, lip, and hand vessels.

The clinical prototype could be developed as a portable device with two diode lasers and 

small ultrasound transducer (Fig. 8) that overlies the different vessels, ranging from 

capillaries in the nailfold to large vessels in the neck area.
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Spectral specificity of multicolor PAFC may be limited by relatively broad absorption bands 

of dyes and their overlapping when dyes were injected together. This problem can be 

overcome by using high resolution nonlinear PT and PA spectroscopy (13). It demonstrated 

narrowing of absorption spectra of dyes near absorption maximum that can be used for 

multicolor PAFC.
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Fig. 1. 
The principle of multispectral photoacoustic flow cytometry with multicolor dyes (a) and 

schematics of photothermal measurements used in the study (b).
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Fig. 2. 
Molar absorption spectra of oxygenated RBCs (160) and several dyes selected for this study.
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Fig. 3. 
The dilution curve of ICG in PT CBV measurements at 808 nm (after the subtraction of 

blood background). A is PT signal amplitude. The dilution plateau results from a 

combination of immediate dilution in the circulation followed by later hepatic clearance. 

CBV is estimated from the plateau.
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Fig. 4. 
Modeling of CBV measurement error depending on the selection of the dye mixture (ICG + 

Methylene Blue) and the correction for [Hb].

Proskurnin et al. Page 28

Cytometry A. Author manuscript; available in PMC 2012 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. 
In vivo photoacoustic monitoring of clearance rate simultaneously for two dyes in mouse ear 

microvessels at different signal averaging N = 30 (A) and N = 1000 (B). Laser parameters: 

pulse rate, 10 kHz; energy fluence, 50 mJ/cm2.
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Fig. 6. 
In vivo photoacoustic monitoring of clearance rate of Trypan Blue (TB) at different signal 

averaging (N = 30, and N = 1000). Laser parameters: wavelength, 671 nm; pulse rate, 10 

kHz; energy fluence, 50 mJ/cm2.
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Fig. 7. 
In vivo photoacoustic monitoring of circulating WBCs and RBCs labeled priory in vitro with 

MB, and ICG, respectively. Laser parameters: wavelengths, 671 nm and 820 nm, pulse rate, 

10 kHz; energy fluence, 50 mJ/cm2
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Fig. 8. 
Clinical prototype of an in vivo photoacoustic flow cytometer.
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