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A B S T R A C T   

In vivo near-infrared (NIR) photoacoustic imaging (PAI) studies using novel contrast agents require validation, 
often via fluorescence imaging. Bioconjugation of NIR dyes to proteins is a versatile platform to obtain contrast 
agents for specific biomedical applications. Nonfluorescent NIR dyes with higher photostability present advan
tages for quantitative PAI, compared to most fluorescent NIR dyes. However, they don’t provide a fluorescence 
signal required for fluorescence imaging. Here, we designed a hybrid PA-fluorescent contrast agent by conju
gating albumin with a NIR nonfluorescent dye (QC-1) and a visible spectrum fluorescent dye, a BODIPY de
rivative. The new hybrid tracer QC-1/BSA/BODIPY (QBB) had a low minimum detectable concentration (2.5μM), 
a steep linear range (2.4–54.4 μM; slope 3.39 E -5), and high photostability. Tracer signal was measured in vivo 
using PAI to quantify its drainage from eye to the neck and its localization in the neck lymph node was validated 
with postmortem fluorescence imaging.   

1. Introduction 

The lymphatic system drains excess fluid and solutes from the 
interstitial tissue into lymph nodes, and is involved in cancer spread [1], 
inflammation [2], diabetes [3], and obesity [4]. Furthermore, the 
lymphatic system has recently been linked to a fluid drainage pathway 
in the eye [5,6]. The analysis of the ocular drainage rate into the 
lymphatic system can potentially be used as a measure for the effec
tiveness of existing and novel glaucoma treatments [7]. Photoacoustic 
imaging (PAI) has previously been used for visualization and quantifi
cation of lymph node imaging [8–13] and lymphatic drainage from the 
eye [14,15]. 

PAI can provide anatomical and functional information with high 
resolution by probing a wide variety of endogenous absorbers including 

hemoglobin, and melanin. However, to visualize the lymph, a clear, non- 
absorbing bodily fluid [16], the use of an exogenous PA contrast agent is 
required. Near-infrared (NIR) dyes are often used as the signaling 
component of a PA contrast agent. NIR dyes have low toxicity and can be 
conjugated to various proteins and antibodies without altering their 
targeting properties [17]. Albumin, a ubiquitous plasma protein that is 
approved for multiple medical applications by the Food and Drug 
Administration, can be readily bioconjugated with NIR dyes to enhance 
their solubility, bioavailability, and biocompatibility [18]. Albumin is 
also frequently used as the carrier in fluorescence [14,19] and PA [7,20] 
lymphatic studies. 

Since PA images are generated with computer-based reconstruction 
and spectral unmixing algorithms applied to the PA signal, in vivo PAI in 
biology and pathology applications often requires validation by 

* Corresponding author at: Keenan Research Centre for Biomedical Science, St. Michael’s Hospital, Unity Health Toronto, 30 Bond Street, 209 LKSKI Room 409, 
Toronto, Ontario M5B 1W8, Canada. 

E-mail address: yeni.yucel@unityhealth.to (Y.H. Yücel).  

Contents lists available at ScienceDirect 

Photoacoustics 

journal homepage: www.elsevier.com/locate/pacs 

https://doi.org/10.1016/j.pacs.2021.100239 
Received 4 June 2020; Received in revised form 20 November 2020; Accepted 5 January 2021   

mailto:yeni.yucel@unityhealth.to
www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2021.100239
https://doi.org/10.1016/j.pacs.2021.100239
https://doi.org/10.1016/j.pacs.2021.100239
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pacs.2021.100239&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Photoacoustics 21 (2021) 100239

2

postmortem in situ and histological studies [21–26]. Fluorescence im
aging [27] is helpful to validate the location of tracers detected in in vivo 
PAI especially when testing novel dyes and spectral unmixing tech
niques. Fluorescence imaging may also be used to assess the bio
distribution of a contrast agent within various organs, its potential 
toxicity, and its interaction with the immune system [28–30]. 

For validation studies, the detection of contrast agents using both PA 
and fluorescence imaging modalities in the same animal would require 
contrast agents that contain either a NIR fluorescent dye, or both a NIR 
nonfluorescent dye and a fluorescent dye. 

Recent studies have shown superior characteristics of nonfluorescent 
dyes over some fluorescent ones for use in PAI [17,31,32]. Nonfluores
cent (dark) NIR quencher dyes with a near-zero fluorescence quantum 
yield and higher photostability may be more advantageous for sequen
tial quantitative PAI. 

One NIR dye, a nonfluorescent contrast agent, IRDye QC-1® (QC-1) 
enables higher detection of malignancies when compared to ICG with 
PAI [33], and was previously conjugated to albumin for quantitative 
lymphatic PAI [7,20]. However, imaging approaches to localize fluo
rescent tracers cannot be effectively applied to dark quencher contrast 
agents due to their lack of fluorescence. To address this challenge, we 
developed a hybrid contrast agent that provides near equivalent or 
better PA contrast to QC-1 with fluorescence properties. 

We obtained a contrast agent with the PA, fluorescence, and tracing 
properties that are required for our experiments by labeling the lymph 
targeting albumin protein with a NIR dark quencher dye for the PA 
signal generation as well as a fluorescent dye. The ideal fluorescent dye 
for our application requires a peak fluorescence emission wavelength 
below the quenching range (approximately 550–950 nm) of the 
quencher dye to avoid quenching of the fluorescent signal. Additionally, 
the fluorescent dye benefits from absorption wavelengths below the PAI 
range to avoid unnecessary photobleaching of the fluorescence signal. A 
strong candidate for such a fluorescent dye in the visible (VIS) range is 
BODIPY which is known for its high molar extinction coefficient and 
quantum yield [34]. In addition, the fluorescence signal of BODIPY at 
488 nm can be detected by the fluorescence microscopes and scanners 
that are readily available in most biomedical facilities. 

In this paper, we aim to design and characterize a hybrid contrast 
agent for both quantitative PAI and qualitative visible fluorescence 
imaging of ocular lymphatic clearance. The contrast agent is composed 
of albumin to target the lymph nodes, a NIR dye to provide PA contrast, 
and a VIS fluorescent dye to provide a fluorescence signal for post
mortem validation. To select the NIR dye for the hybrid contrast agent 
we systematically compare commercial dyes with NIR absorbance 
(680–980 nm) with optimal characteristics for sequential quantitative 
PAI. These characteristics include high extinction coefficients, low 
minimum detection limit, large and steep linear ranges, and strong PA 
photostability during prolonged NIR laser exposure from PAI. Albumin, 
after the conjugation with the selected NIR dye, is conjugated with a VIS 
fluorescent dye. Similar quantitative assays are performed for the hybrid 
dual-modality PA-fluorescent contrast agent. This novel hybrid contrast 
agent is then tested in vivo with PAI to observe lymphatic drainage over 
time in mice and its location in the lymph node is validated with post
mortem in situ fluorescence imaging and microscopy. 

If FDA approved, hybrid contrast agents similar to that described 
here could translate to the clinic with use alongside readily available 
clinical devices with a fluorescein imaging channel. Applications 
include but are not limited to eye imaging [7,20] and lymphatic imaging 
in cancer in patients [35,36]. 

2. Materials and methods 

2.1. Comparison of NIR dyes for photoacoustic imaging 

We compared three commercially available NIR dyes including 
IRDye QC-1, IRDye 800CW, and CF770, with peak absorption 

wavelengths well within the NIR range of the PAI system used in this 
study. We determined their minimum detectable concentrations (MDC), 
relationships between concentration and PA signals (linear ranges), and 
changes in PA signal over time with repetitive PAI (PA photostability) in 
a systematic manner as described in the Supplementary Material. 
Although the NIR dyes showed comparable MDCs, QC-1 was selected as 
the NIR PA signaling compound for the hybrid contrast agent due to its 
steeper slope for the linear range and superior photostability compared 
to the other 2 dyes (Supplementary Material section 4). 

2.2. Hybrid dye preparation 

For the hybrid contrast agent preparation, QC-1 dye was conjugated 
to bovine serum albumin (BSA; Sigma-Aldrich, USA; MW: 66.4 kDa) 
following the manufacturer’s protocol (IRDye 800CW Protein Labeling 
Kit-High MW, LI-COR Biosciences). QC-1/BSA was then mixed with 
BODIPY maleimide (ex: 504 nm, em: 510 nm, B10250, ThermoFisher 
Scientific, Canada) in phosphate buffer and incubated at room temper
ature for 2 h without light. After each conjugation step, the mixtures 
were filtered with a 3 kDa Amicon Ultra-15 Centrifugal Filter Unit 
(Sigma-Aldrich, MO, USA) to remove any free dye. The final mixture was 
concentrated using a centrifugal concentrator (Vivaspin Turbo 15, 
Sartorius, Canada). The hybrid QC-1/BSA/BODIPIY (QBB) tracer 
absorbance was measured using a plate reading spectrophotometer 
(Multi-Mode Reader Synergy Neo2, BioTek, VT, USA) to determine the 
final concentration. The peak absorbance at 750 nm associated with the 
QC-1 component of the QBB tracer was used to determine the concen
tration. Absorbance spectra of QBB and its components were used to 
calculate the dye to protein ratios and the calculation is shown in Sup
plementary Material Section 3. 

The QBB tracer was diluted to 16 concentrations in PBS (200, 175, 
150, 120, 100, 75, 50, 25, 20, 10, 5, 2.5, 1.25, 0.625, 0.313, and 0.156 
μM). Absorbance spectrum measurements were taken with the same 
plate reading spectrophotometer. Absorbance was measured for dupli
cate samples from 680 nm to 980 nm in 1 nm steps and the concentra
tions were calculated using the Beer-Lambert law. 

2.3. In vitro photoacoustic imaging 

Tracer concentrations were imaged in capillary tubes cut to 3.5 cm 
(Inner diameter of 1.1 mm and outer diameter of 1.5 mm, Thermo Fisher 
Scientific, ON, Canada) within a light scattering, non-absorbing cylin
drical agar phantom next to a PBS filled capillary tube as described in 
Yucel et al. [24]. Phantoms with varying concentrations of the tracer 
were imaged using the MSOT inVision 128 (iThera Medical GmbH, 
Munich, Germany). 

Two experiments were performed. The first experiment was per
formed to determine the minimum detectable concentration (MDC) and 
linear range, the phantoms with each concentration were imaged using 
wavelengths from 680 to 980 nm in 5 nm steps every 2 mm along the z- 
axis of the capillary tubes. The second experiment was performed to 
assess PA photostability, we imaged only one concentration (25 μM) at 
its maximum absorption wavelength every 0.5 mm along the z-axis of 
the capillary tubes. Both experiments imaged triplicate samples per 
concentration. 

2.4. In vitro data analysis 

PA images were reconstructed using the Backprojection algorithm 
within the native ViewMSOT software (v3.8; iThera Medical GmbH). 
For the first experiment only, the images were spectrally unmixed with 
the Linear Regression algorithm in ViewMSOT. For both experiments, 
regions of interest (ROIs) were taken surrounding both the capillary 
tubes, and the mean pixel intensity (MPI) within the ROIs were recor
ded. All in vitro analysis was also performed on free NIR dyes and these 
results are shown in Supplementary Material section 4. 
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2.4.1. Minimum detectable concentration calculation 
The limit of detection (LOD, Ldetection) in vitro was calculated using 

EP17, Protocols for Determination of Limits of Detection and Limits of 
Quantitation described by Armbruster and Pry [37]. The limit of blank 
(LOB, Lblank) was calculated using (1), which was then used to calculate 
the LOD (Ldetection) using (2). 

Lblank = μblank + 0.645(δblank) (1)  

Ldetection = Lblank + 1.645
(
δlow conc. sample

)
(2)  

Where μblank and δblank are the mean and standard deviations of the MPIs 
of the PBS control ROIs, and δlow conc. sample is the standard deviation of the 
MPI of a low concentration dye ROI. 

Linear regression lines of best fit were made for the MPIs as a func
tion of concentration using data from 5 concentrations starting from one 
concentration below the LOB moving to higher concentrations (approx. 
0 to approx. 25 μM). The MDC was estimated using the intersection of 
the linear regression line of best fit equation and the LOD. The following 
Eq. (3) was then rearranged to solve for the MDC: 

LOD = m ∗ MDC + b (3)  

where m and b are the slope and y-intercept respectively of the line of 
best fit. 

The standard deviation was calculated from the line of best fit. 

2.4.2. Linear range calculation 
The linear range was determined through the statistical methods 

described in EP6-A [38]. The MPIs of QBB, dependent on the dye con
centration, was fit with a model of a cubic function for the entire range 
of dye concentrations. If the coefficients of the cubic and/or quadratic 
terms were significantly different from zero (P < 0.05), then the plot of 
the MPI as a function of concentration was observed to remove data 
points from either the high concentration end or the low concentration 
end. The data was continuously fitted to the cubic function until the 
cubic and quadratic coefficients became non-significant. Subsequently, 
a quadratic function was fitted to the data and if the coefficient of the 
quadratic term was significantly different from zero, then the same steps 
of removing data were taken as mentioned previously until the quadratic 
term was non-significant. Finally, the linear model was estimated and 
the y-intercept and slope were derived. All analysis was completed using 
Microsoft Excel (Version 16, Point Roberts, WA) with the Data Analysis 
add-on. 

2.4.3. Photoacoustic photostability analysis 
To assess PA photostability, we imaged 25 μM of QBB at 750 nm (it’s 

maximum NIR absorption wavelength) every 0.5 mm along the z-axis of 
the capillary tubes. A sample of 10 image slices per scan was selected for 
data analysis. The average and standard deviation MPI of the 10 slices 
for each of the three imaging samples were taken for each time point 
over 1 -h of laser exposure. The average MPI was then normalized to the 
maximum MPI and plotted as a function of time. A graph comparing the 
QBB PA photostability to that of other NIR dyes is shown in the Sup
plementary Material section 4 (SM Fig. 6). The 25 μM concentration was 
chosen since it is sufficiently higher than the MDC for all dyes tested. 
This is to avoid the PA laser photobleaching the dye samples so much so 
as to reduce the PA signal to zero. 25 μM is also a low enough concen
tration for all the tested dyes that the entire cross-section of the sample is 
illuminated. 

2.5. BODIPY, dye for VIS fluorescence imaging 

The results of the characterization experiments of the free NIR dyes 
(Supplementary Material 4), showed that neither of the tested fluores
cent dyes had as steep a slope within their linear range nor could they 
withstand the repetitive PAI with minimal change in signal that QC-1 

could. Therefore, we combined QC-1 with a fluorescent dye that ab
sorbs and fluoresces outside the PAI range to prevent any PA or fluo
rescence photobleaching while maintaining the ability to detect the 
tracer with fluorescence imaging modalities. 4,4-Difluoro-4-bora-3a,4a- 
diaza-s-indacene dyes (known as boron dipyrromethenes, or BODIPYs) 
are robust in biological conditions, have high molar absorption co
efficients and fluorescence quantum yields, narrow emission band
widths with high peak intensities, good solubility, resistance towards 
self-aggregation in solution, and excitation/emission wavelengths in 
the visible (VIS) spectral region (500 nm), all of which contribute to the 
appeal of these interesting compounds [34]. These characteristics make 
them suitable for various fluorescence imaging applications [39,40]. 
BODIPY FL maleimide is a thiol-reactive dye that produces electroni
cally neutral dye conjugates and was previously used for the quantifi
cation of labeled proteins [41,42]. The absorption max is at 500 nm 
which is below the wavelength range of the laser source of our PAI 
device. This avoids fluorescence photobleaching due to laser exposure 
during PAI. We conjugated BODIPY FL maleimide (ThermoFisher Sci
entific, ON, Canada) with QC-1/BSA as indicated by the supplier. 

2.6. In vivo animal photoacoustic imaging with hybrid contrast agent 

CD-1 albino mice (n = 3, male Charles River Laboratories, Canada) 
were injected with the 3 μL of 1 mM QBB tracer (calculated based on the 
concentration of QC-1) into the right subconjunctiva. The head and neck 
regions were imaged with the same PAI device prior to injection, and 10 
min, 1 h and 2 h after injection. Images were reconstructed with the 
Backprojection algorithm and spectrally unmixed with the Adaptive 
Matched Filter algorithm in ViewMSOT. 

2.7. Postmortem animal fluorescence imaging with hybrid contrast agent 

After PAI, mice were sacrificed under general anesthesia, and the 
skin and fat of the head and neck region were removed to image in situ 
neck lymph nodes with a confocal scanning laser ophthalmoscopy 
(Spectralis, Heidelberg Engineering, Germany) for fluorescence detec
tion of the QBB tracer. 

After postmortem in situ imaging, the right and left neck lymph nodes 
were removed and processed for cryostat sectioning as previously 
described [7]. 20 μm thick cryosections were stained with DAPI 
(1:10000, ThermoFisher Scientific, Canada). Sections were then imaged 
with a confocal microscope (LSM700, Zeiss, Canada). Confocal images 
were taken using a 10x objective. Acquisition settings (laser intensity, 
pinhole size, gain) for the 405 channel (DAPI) and 488 channel (BOD
IPY) were consistent for all sections. Z-stacks of 15 μm thickness were 
collected with 1 μm step size. Images were processed using ImageJ 
software (NIH, Bethesda, MD) to create maximum intensity projections 
and color composites. 

3. Results 

3.1. Hybrid tracer preparation 

The NIR nonfluorescent QC-1 and VIS fluorescent BODIPY derivative 
were conjugated to the BSA protein via the reactions shown in Fig. 1 A 
and B, respectively. The absorbance spectrum of the hybrid QBB tracer 
(Fig. 1 C) shows the absorbance peak for BODIPY and QC-1 at 500 nm 
and 750 nm, respectively, can confirm that both dyes were bound to 
albumin. The dye to protein ratios of QC-1 to BSA to BODIPY were 
2.8:1:2, respectively, and the equations used to estimate these ratios can 
be found in Supplementary Material section 3. 

3.2. In vitro Characterization 

Photoacoustic and absorbance spectra of QBB are shown in Fig. 1 C. 
The MDC of QBB was calculated as 2.5 ± 0.19 μM (Fig. 2 A). The linear 
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range was found between 2.4 and 54.4 μM with a slope of 3.39 E − 5 as 
shown in Fig. 2 B. Lastly, after one hour of repetitive photoacoustic 
imaging, the QBB photoacoustic signal showed a decrease of approxi
mately 10 % (Fig. 2 C). 

Compared to the free NIR dyes we tested (Supplementary Material 
section 4) the QBB tracer had very similar characteristics to the free QC- 
1 dye. Both had similar slopes for their linear ranges and both had su
perior PA photostability compared to IRDye 800cw and CF770. 

3.3. In vivo and postmortem animal imaging 

The QBB tracer was immediately detected in the injected right eye 
for each of three mice with PAI as shown in Fig. 3. The tracer was also 

detected in the right neck lymph node of all three mice as early as 10 min 
after NIR tracer injection. The increase in PA signal, or MPI in the right 
neck lymph node over time compared to that in the left neck lymph node 
was seen in all three mice shown in Fig. 4. Postmortem in situ fluores
cence imaging confirmed that the QBB tracer was located in the right 
neck lymph node with a confocal scanning laser ophthalmoscopy (Fig. 5) 
as well as in histology sections of the right neck lymph node using a 
confocal microscope (Fig. 6A). Minimal fluorescence signal was detected 
in the left neck node (Fig. 6B) 

4. Discussion 

In the present study, we designed and characterized a hybrid tracer 

Fig. 1. A representation of the BSA labeling process to form the hybrid QBB tracer. A) The unbound bovine serum albumin (BSA) binding to IRDye QC-1 with an 
amine-ester bond. B) The QC-1-labelled BSA binding to BODIPY maleimide with a maleimide-thiol bond. Protein and dyes are not drawn to scale, the location of 
binding sites on BSA are not positioned accurately. BSA structural image was taken from the Protein Data Bank [43]. C) Normalized photoacoustic (green) and 
spectrophotometer absorbance (black) spectra of the QBB tracer. The region highlighted in red indicates the imaging wavelength range (680 nm to 980 nm) of the 
PAI system. 
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for NIR quantitative photoacoustic imaging and VIS fluorescence im
aging. We also demonstrated in experiments performed in mice that the 
tracer can be used for in vivo quantitative PAI of the lymphatic drainage 
from the eye to neck lymph node over time and for the anatomic vali
dation of the in vivo PAI findings using VIS fluorescence imaging. 

The characteristics of the hybrid QBB tracer demonstrates the po
tential for use as an in vivo contrast agent for quantitative lymphatic PAI. 
The most notable PA characteristic of the QBB tracer being the relatively 
steep change in PA signal with concentration when compared to several 
other NIR dyes (IRDye 800CW, and CF770) characterized in this study 
(Supplementary Material section 4). This increases the sensitivity of PAI 
to changes in tracer concentration. Additionally, QBB demonstrated a 
relatively strong photostability compared to IRDye 800CW and CF770 
allowing for more accurate measurements when a tracer will be exposed 
to sequential in vivo PAI for relevant studies. 

Experiments after hybrid tracer injection in mice demonstrated that 
QBB is detected in vivo in the established lymphatic pathway and these 
in vivo PAI findings were validated by postmortem localization of the 
tracer in the draining lymph node using ex vivo fluorescence imaging. 
Slight variations in the PA MPI were observed across the three mice 
which could be attributed to inter-individual variability and quantifying 

Fig. 2. A) Minimum detectable concentration (MDC) visualization graph of 
QBB. The dashed green line is the linear line of best fit of the lowest 5 con
centrations. The dashed black line indicates the limit of detection. The inter
section of the line of best fit and the limit of detection is the calculated MDC. B) 
The linear range plot of QBB is represented by the solid green line. QBB mean 
pixel intensity (MPI) data points with standard deviations are plotted for 
reference. C) The photoacoustic photobleaching of QBB where the MPI of QBB 
is plotted over time. 

Fig. 3. Photoacoustic cross-sectional images of the head at the level of the eyes (top row) and neck region (bottom row) of an albino CD-1 mouse (ID#1) after 
injection of 3 μL of 1 mM QBB. The green pixels indicate the presence of the QBB tracer. R = right; L = left; S = superior; I = inferior. Scale bar =5 mm. The red 
asterisk indicates the location of the right neck lymph node. Red arrows indicate the right neck lymph node with the QBB signal in green. 

Fig. 4. Increase in QBB mean pixel intensity in the right neck lymph nodes 
(RLN) over time after tracer injection in the right eye compared to the left neck 
lymph nodes (LLN) in all three mice as indicated in the legend. The zero-time 
point corresponds to the imaging session just before the tracer injection. 
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the fluorescence signal from the QBB tracer could potentially show 
similar variability. However, the focus of this study was to design a 
tracer for quantifying PA signal in vivo and using the fluorescence as a 
verification for the location of the tracer postmortem. Additionally, the 
photostability of the QBB under fluorescence imaging conditions was 
not tested since the fluorescence imaging was used postmortem for scan 
times that lasted on the order of seconds. However, if QBB were to be 
used with a hybrid PA and fluorescence imaging device for in vivo 
quantitative fluorescence imaging as well as PAI, the fluorescence 
photostability would need to be characterized. Future studies using this 
tracer can be implemented to compare quantitatively the PA signal with 
fluorescence signal in vivo. Furthermore, using higher sensitivity fluo
rescence detection systems may enable quantitative analysis of the 
fluorescence signal. 

The use of this hybrid tracer QBB has the potential to quantify 
changes in the lymphatic drainage from the eye, brain, and systemic 
organs. QBB could be used as a PAI contrast agent for other applications 
including, but not limited to, lymphatic imaging for cancer research. 
Other carriers such as other proteins and biologics can be dual labeled 
with QC-1 and BODIPY and this approach can be adapted to other 
biomedical applications. 

We also described a systematic, non-biased method of characterizing 
contrast agents for use in quantitative PAI based on well-established 
statistical methods [37,38]. These methods determined the quantita
tive characteristics of contrast agents including their MDC, or sensi
tivity, and linear range of concentrations. Furthermore, the PA 
photostability has been performed before in various other studies 
[44–46] was also used to characterize our hybrid tracer and several free 
NIR dyes. PA photostability, defined by a percent change in the photo
acoustic signal generation as a function of laser exposure, or PAI time, is 
a characteristic that may interfere with sequential quantitative studies. 

The characterization methods were applied to select the optimal NIR 
dye from an, albeit limited, selection of commercial dyes for use in in 
vivo PAI and postmortem fluorescence validation in the same animal. 
Results found in the Supplementary Material Section 4 demonstrated 
that the NIR QC-1 quencher is more photostable compared to the tested 
fluorescent NIR dyes and suitable for sequential imaging sessions after 
tracer injection of the same animal for quantitative PAI over time. 

When it comes to the specific detection and quantification of PA 
contrast agents, spectral analysis techniques are relevant [47–50]. 
Spectral unmixing is particularly necessary in in vivo settings, with 
complex 3D-anatomy and increasing tissue depth, tissue optics, biolog
ical variation, and endogenous chromophores (e.g. hemoglobin) which 
produce complex background signal [48,49,51,52]. For validation of the 
location and the amount of contrast agent measured in target during 
PAI, postmortem localization, and quantitative measurement of the 
contrast agent is required for comparing various contrast agents. VIS 
fluorescence imaging modalities such as fluorescence imaging and mi
croscopy are readily available for in situ imaging and histological im
aging, respectively. 

QC-1, selected for quantitative PAI following a standardized com
parison of multiple NIR dyes, was conjugated to an albumin carrier 
bound with a VIS fluorescent dye, BODIPY. This hybrid contrast agent 
enables quantitative PAI of lymphatic drainage and postmortem 

Fig. 5. Postmortem in situ fluorescence image of the ventral view of the neck 
after removal of skin and fat. Green pixels show fluorescence (486 nm wave
length) signal of the hybrid tracer in the right neck lymph node (arrow). No 
fluorescence signal is detected in the left neck lymph node. R and L indicate the 
right and left sides. The scale bar indicates 200 μm. 

Fig. 6. Right (ipsilateral to the injected eye) and left neck lymph node sections counterstained with a nuclear stain DAPI (blue) imaged with a confocal microscope. 
The green signal shows the location of the hybrid tracer QBB in the right neck lymph node (LN). Minimal fluorescence signal is noted in the left neck lymph node. 
Green =488 nm for the QBB fluorescence signal, Blue =405 nm for the DAPI signal. The scale bars indicate 200 μm. 
iversity of Waterloo (2000), and PhD at the Universit 
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validation using fluorescence imaging with readily available fluores
cence optical devices. 

Previously, Madea et al. dually labeled a VIS quencher dye and VIS 
fluorescent dye to the same antibody for the use of photoacoustic and 
fluorescence imaging [53]. The selected fluorescent dye (NHS-fluor
escein) had a similar emission wavelength to our selected BODIPY dye. 
However, the selected VIS quencher dye, Black hole quencher 3 (BHQ-3) 
had a peak absorption wavelength of 612 nm in solution which was 
outside the NIR PAI range and therefore reduced its effectiveness as a PA 
contrast agent. In our study, the selected quencher dye, QC-1, has a peak 
absorption wavelength well within the NIR PAI range that allows 
improved signal to noise ratio and greater penetration depth. Further
more, the fluorescent dye BODIPY used in our study has a larger molar 
extinction coefficient and higher quantum yield than fluorescein which 
makes it more sensitive to postmortem detection by fluorescence im
aging [54]. The addition of the BODIPY dye did not interfere signifi
cantly with the PA spectrum of QC-1 and maintained the VIS 
fluorescence after tissue fixation. BODIPY was detected with in situ 
fluorescence imaging and microscopy in the lymph nodes sections, 
respectively. 

Another more recent study created an activatable polymeric reporter 
for PA and fluorescence imaging to target malignant breast cancer [55]. 
However, this type of contrast agent was designed to target cancer and 
does not enable the tracing ability that non-activatable probes such as 
QBB allow. The same group also used semiconducting polymer nano
particles that allow for dual-modality PA and fluorescence imaging [56, 
57]. There are several benefits to using metallic or semiconducting 
nanostructures as PA and fluorescent contrast agents including but not 
limited to their photostability and their flexibility in terms of chemical 
and physical properties [17]. However, by using relatively small dyes 
like QC-1 and BODIPY, we are able to maintain the properties of the 
native albumin protein to minimize the risk of potential toxicity con
cerns or an immune response. Furthermore, as the physio-chemical 
characteristics of albumin are well known [58], the QBB tracer ob
tained by covalently binding two dyes with low molecular weight and a 
low dye/protein ration to albumin may not require in deep character
ization using transmission electron microscopy, zeta potential, and dy
namic light scattering that would be needed for novel newly synthesized 
nanoparticles [59]. 

When the hybrid tracer was tested in the in vivo mouse model of 
lymphatic imaging settings, QBB injected in the right eye was detected 
in the right neck lymph node with PAI and the tracer signal in the right 
neck node increased over time. However, due to the small sample size, 
no conclusions can be made on the rate of PA tracer accumulation in the 
lymph nodes as done previously [7]. Ex vivo and in situ, VIS fluorescence 
imaging using a confocal scanning laser imager validated the in vivo QBB 
signal localized in the draining right neck lymph node. Confocal mi
croscopy imaging of lymph nodes sections counterstained with a fluo
rescent nuclear marker demonstrated that QBB was located in the 
draining right neck lymph node and minimally in the left lymph node. 
These two fluorescence imaging modalities of the postmortem tissue 
material validated that the signal detected by in vivo PA tracer signal 
located in the right neck region was located in the right neck lymph node 
using postmortem fluorescence imaging and microscopy. 

Future efforts can be aimed towards using hybrid tracers such as QBB 
in in vivo experiments similar to those used lymphatic drainage of the 
brain and tumors [7,20] with the qualitative anatomical histological 
validation in the same mice. Additionally, further characterization of 
QBB for fluorescence photostability over light exposure with sensitive 
quantitative fluorescence measurement systems could provide insight 
on the effectiveness of the hybrid tracer for repetitive, quantitative in 
vivo fluorescence imaging. Furthermore, since there is a frequent output 
of new NIR dyes, various other hybrid tracers could be made and tested 
using the in vitro and statistical methods used in this study. 

5. Conclusion 

Dual labeling albumin with QC-1, a dark quencher, and BODIPY, a 
VIS fluorescent dye (QBB) has the potential to provide non-invasive 
quantitative PAI of lymphatic clearance over time and anatomical and 
histological validation using postmortem in situ fluorescence imaging 
and microscopy. Here, the developed systematic approach for rational 
screening a variety of NIR dyes based on quantitative criteria allowed us 
to compare and identify the best performing PA agents. 

Specifically, we observed that there are stark variations in NIR dye 
performance, highlighting the importance of developing new and better 
contrast agents for PAI technology. Albumin bioconjugation provides a 
stable and facile solution for the delivery of hydrophobic dyes to the 
lymphatic system. We have demonstrated in a mouse model that QBB is 
a highly potent PAI agent for quantitative lymphatic imaging. Not only 
is our albumin-based platform suitable for NIR PAI, but it also allows 
postmortem validation. This new contrast agent and the standardized 
methods to compare various photoacoustic agents, and detection and 
quantification methods have the potential to translate to other 
biomedical applications of PAI, encompassing other eye and brain dis
eases and cancer. This category of PA-fluorescent hybrid organic 
contrast agent alongside the other hybrid contrast agents cited in this 
paper could be beneficial in the development and improvement of 
existing PA-fluorescent imaging systems for potential clinical use. 
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