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A B S T R A C T   

Test-samples are necessary for the development of emerging imaging approaches such as optoacoustics (OA); 
these can be used to benchmark new labeling agents and instrumentation, or to characterize image analysis 
algorithms or the inversion required to form the three-dimensional reconstructions. Alginate beads (AlBes) 
loaded with labeled mammalian or bacterial cells provide a method of creating defined structures of controllable 
size and photophysical characteristics and are well-suited for both in vitro and in vivo use. Here we describe a 
simple and rapid method for efficient and reproducible production of AlBes with specific characteristics and 
show three example applications with multispectral OA tomography imaging. We show the advantage of AlBes 
for studying and eventually improving photo-switching OA imaging approaches. As highly defined, homoge-
neous, quasi point-like signal sources, AlBes might hold similar advantages for studying other agents, light- 
fluence models, or the impact of detection geometries on correct image formation in the near future.   

1. Introduction 

Multispectral Optoacoustic tomography (MSOT) is a rapidly evolving 
optoacoustics (OA) imaging modality, with an increasing number of 
breakthrough clinical applications [1,2] and use in biomedical research 
[3–5]. Most MSOT studies presently rely on endogenous hemoglobin as 
contrast, but emerging use of dyes, nanoparticles [6] or transgene 
contrast agents [7] is enabling further applications in biomedical or 
life-science imaging. New imaging modalities and new methods of 
contrast generation require reliable approaches for benchmarking and 
characterization of instruments, analysis methods and contrast agents. 
Current methods for this purpose include preparation of in vitro 
(“phantoms”) or in vivo test-samples and are characterized by marked 
disadvantages which often prevent acquisition of reproducible and 
correct data. For example, subcutaneous matrigel™ implants with OA 
agents [8] suffer from high inhomogeneity in spatial distribution and 
concentration (Supplementary Fig. 1a), which obscures the correlation 
between the detected and real distribution. Tubing filled with agents in 
vitro [9] or in ex vivo mice [10] allows to control the amount of analyte, 
but for cells in solution show sedimentation effects (Supplementary 

Fig. 1b), moreover, the resulting margins are not natural since there is 
no interaction between the tubing and the surrounding tissue (Supple-
mentary Fig. 1c). Additionally, the ex vivo application in mice omits 
typical confounders like breathing or heart-beat motion, often resulting 
in inaccurate observations in assessing the performance of analysis ap-
proaches or agent characteristics. A similar limitation is true for com-
plete tissue phantoms [8] whose homogeneous background signal 
significantly differs from the complexity of an in vivo situation. 

To address the above limitations, we herein developed Alginate 
Beads (AlBes) as a test-sample for OA. AlBes are characterized by a 
highly defined size and shape, can be loaded with cells carrying agents of 
interest, and can be used as point sources in in vitro phantoms as well as 
injected subcutaneously or intratumorally in vivo. Alginate beads are 
non-toxic and already used for encapsulating mammalian or bacterial 
cells [11,12]. Such beads are generated when a drop of alginate solution 
comes in contact with a solution of calcium [11,13] and can be prepared 
by centrifugal force [14]. The homogeneity of bead size and loading is 
essential in their use as a test and benchmarking tool for imaging ap-
plications. To this end, we developed an efficient procedure to produce 
alginate beads of exceptional homogeneity and demonstrate this crucial 
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feature in a number of OA applications. Importantly, the production 
routine requires only readily available lab equipment (i.e. hanging-rotor 
centrifuge, falcon tubes, syringes, and needles), thus enabling a wide-
spread applicability towards advancing OA. 

2. Results & discussion 

2.1. Alginate bead preparation 

We developed a 3D printed cap for standard disposable 50 mL 
conical tubes. (Fig. 1a, printer-file obtainable with the extended mate-
rial). This cap fits a one milliliter syringe positioned in the center of the 
falcon tube (Fig. 1b). In this configuration, the alginate solution drips 
from the syringe and, upon making contact with the calcium solution 
acting as a reservoir in the tube, jellifies to form beads. The choice of 
needle gauges allows precise control over the AlBes size. The full step- 
by-step procedure can be found in the extended materials (Supplemen-
tary info 1). 

2.2. Characterization 

To demonstrate the uniformity in size, shape and loading of AlBes, 
we prepared beads with a 30 G needle loaded with bacteria expressing 
the photo-switchable label ReBphP-PCM [15] absorbing in the 
near-infrared (NIR). We imaged 150 beads with a fluorescence micro-
scope using the Cy5.5 filter and determined their size and homogeneity. 
As shown in Fig. 1c, all beads are round and show homogenous fluo-
rescence. The average size was 456 ± 2 μm, while a size distribution 
frequency analysis gave a size of 459 ± 2 μm (Fig. 1d); both measure-
ments indicate that our methodology produced highly homogeneous 
beads in size. Next, we measured how the fluorescence signal distributed 
inside and among the beads. As Fig. 1e shows, the fluorescence signal 
increases from the edges to the center in all the beads, due to the epi-
fluorescence recording, with a standard deviation of only 3.5 % among 
the beads. Therefore, bacteria are equally distributed within the beads, 
and all produced beads share the same distribution and overall loading 
of bacteria. To show full control of the concentration of cells loaded to 
the beads we prepared beads with different concentrations of bacteria 

expressing the photo-switchable label ReBphP-PCM. Measurements of 
the bacterial solutions before bead preparation and the respective beads 
show a high linearity (Supplementary Fig. 2). This suggests that the 
preparation of AlBes with an exactly defined loading of cells is possible 
and that the loading of the beads is directly related to the signal of the 
loaded beads. For experimental convenience, we tested the optimal 
storage conditions after bead preparation. The beads were stable in size 
and fluorescence at 4 ◦C in milliQ water and without any solvent over 24 
h, 48 h and 72 h (Table 1). Interestingly, when using several different 
buffer systems (PBS, HEPES, MOPS, HBSS) the beads slightly increased 
in size and showed up to 40 % loss in fluorescence (Supplementary 
Table 1). However, this loss is once and afterwards the size and signal 
stay stable, likely due the chelation of calcium ions inside the beads by 
the ions of the buffer systems. Similar to bacteria AlBes can be also 
loaded with mammalian cells, exemplified by beads loaded with 
HCT116 cells expressing ReBphP-PCM and GFP. Similarly, to the bac-
teria there is a clear linear relationship between the cell number in so-
lution and the fluorescence signal of the formed beads Supplementary 
Fig. 3). 

In order to benchmark instrument and algorithm performance it is 
essential to generate test-samples of defined size, e.g. to determine res-
olution. The size of alginate beads can be controlled by different 
methods such as centrifugal speed, alginate concentration, or by the 

Fig. 1. a) 3D design of a falcon cap for bead production. b) Titration concept. The alginate solution is shown in blue, and the calcium solution is shown in gray. c) 
Fluorescence microscopy picture of 30 G beads loaded with E. coli expressing ReBphP-PCM. Scale bar 250 μm. d) 30 G beads diameter distribution with Gaussian fit 
probability density, with the insert showing an arithmetic average (n = 162). e) 30 G bead fluorescence intensity profile (n = 162). f) Bead average diameter and 
normalized sum fluorescence intensity prepared by different gauge needles, with the insert showing a microscopy picture of the same beads (n = 12 per sample). 

Table 1 
Bead stability based on size (a) and fluorescence (b). Shown is the mean and 
standard deviation normalized for 0 h(n = 20). See also Supplementary Table 1.  

a after x h in Water  

0 1,00 ± 0,01 
24 1,00 ± 0,01 
48 1,00 ± 0,02 
72 1,00 ± 0,02  

b after x h in Water  

0 1,00 ± 0,04 
24 1,03 ± 0,11 
48 1,01 ± 0,05 
72 1,02 ± 0,04  
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addition of surfactants [14,16]. These approaches introduce several 
variables resulting in confounders such as high alginate concentrations 
yielding preparation artefacts. In OA, a change in alginate concentration 
can change the sound propagation parameters (Grüneisen) and surfac-
tants can influence the comparability of signals. We therefore controlled 
AlBes size via the highly standardized and easily interchangeable com-
mercial needle gauge. Importantly, in contrast to surfactant or alginate 
concentration methods, the size control via the gauge keeps the overall 
bead composition constant (alginate and agent concentration), allowing 
to produce beads with similar characteristics but of different size. The 
AlBes produced with our method using different needle gauges showed a 
clear linear relation between needle size diameter and the size of the 
generated beads (Fig. 1f). To ensure that the procedure does not affect 
agent loading (fluorescent bacteria), we measured the fluorescence 
signal of the different bead sizes. The sum fluorescence intensity 
increased with the bead size (Fig. 1f), but normalizing the values to bead 
volume resulted in similar intensities (~1), confirming similar bacterial 
loading. 

We next investigated the properties of the beads using a commercial 
multispectral optoacoustic tomography (MSOT) device. We probed the 
signal of beads loaded with the transgene label ReBphP-PCM at 770 nm 
(Fig. 2a). Interestingly, the size of the beads for all three tested gauge 
sizes was consistently ~5% smaller when assessed by MSOT than when 
assessed by light microscopy (Table 2). The size of AlBes produced with 
the 22 G needle is near the physical resolution of the MSOT device. 
These AlBes thus constitute a perfect voxel-sized point source in our 
MSOT device, ideal for measurement, reconstruction and analysis 
characterization. 

Next, we show three AlBes applications: i) instrument assessment, ii) 
unmixing algorithm assessment and iii) label performance comparison. 

2.3. Instrument characteristics 

The defined shape and margins of AlBes allow us to map the light 
fluency inside a phantom and the detection sensitivity of MSOT’s 
transducer array. Due to the absorptive and scattering characteristics, 
light fluence is reduced towards the center of the phantom as can be seen 
from the reduced intensity of the OA signal of uniform AlBes towards the 
phantoms’ center (Fig. 2b). The individual intensity fluctuation can stem 
from the placement of the beads not being perfectly aligned (Fig. 2a) or 
from the influence of single detector elements on the overall signal. We 
employed established commercial reconstruction algorithms, however 
AlBes might also be particular useful to advance reconstruction ap-
proaches [17] including as point source to study and overcome 
ring-artifacts and sidelobes [18]. 

2.4. Comparing temporal unmixing strategies 

The transgene label that we used for testing purposes, ReBphP-PCM, 
belongs to a novel class of reversibly switchable proteins for 

optoacoustics (rsOAPs). These labels can be photo-switched by light 
between an ON and OFF state allowing a modulation that can be used to 
separate the signal of ReBphP-PCM labeled cells from the background (e. 
g. blood hemoglobin). Transgene rsOAPs are advocated by us [15] and 
others [5,19,20] as a unique way to overcome the contrast limitations of 
OA and allow the detection of small cell numbers deep in the tissue/a-
nimal. Analysis of this modulation data requires analysis of the temporal 
behavior of the contrast in the images in correlation to the employed 
switching light [15]. Thus, in contrast to conventional transgene labels 
that can be used in OA like iRFP720 [21] which are unmixed using their 
spectral signatures the unmixing of rsOAPs uses a temporal signature 
unique to the label. We showcase this difference in a phantom experi-
ment with both proteins (Supplemental Fig. 4). 

For temporal unmixing different strategies can be used here we 
exemplarily use AlBes as a defined ground-truth for algorithm bench-
marking in vivo. Although we regularly use histology to confirm the 
ground-truth, the use of AlBes has the advantage that the exact margins 
of the signal source are exceptionally well-suited to assess fundamental 
phenomena of the algorithms, like clear spatially accurate unmixing. 
Like other rsOAPs stemming from BphP, ReBphP-PCM photo-switches 
by alternating illumination in the NIR. In our MSOT measurements 
the modulation is achieved by repeatedly illuminating the sample with 
680 nm and 770 nm pulses of light. We performed in vivo experiments by 
injecting one single bead containing bacterial cells expressing ReBphP- 
PCM inside a xenograft breast tumor model (4T1). We compared the 
performance of four different approaches to extract the photo- 
modulation patterns and identify (unmix) positions in the images that 
can stem from the AlBes loaded with rsOAP expressing bacteria (for 
details on the approaches see Material & Methods and supplementary 
info 2), with one approach being the machine learning based analysis we 
have previously reported [15]. The results were compared against his-
tology, showing a perfect round bead as the ground truth (Fig. 3e and 
Supplemental Fig. 5). All temporal unmixing strategies were able to 
detect some of the pixels of the bead (Fig. 3a–d and f). However, they 
differed significantly in the correlation between true and predicted 
values, Matthews correlation coefficient, and especially in the number of 
false positives (Fig. 3f and Supplemental Fig. 5g). 

2.5. Comparing label performance 

A particularly well-suited application of AlBes is the comparison of 
different labeling agents under standardized conditions in vivo. In 

Fig. 2. a) Optoacoustic tomography test on alginate beads loaded with E. coli expressing ReBphP-PCM, b) Optoacoustic signal intensity dependency on location of 
the beads in the field of view due to inhomogeneous switching-on light field. Note the changes of size of the beads indicated in black (22 G needle produced), blue (25 
G), and red (30 G). Scale bars 1000 μm. 

Table 2 
Beads radius comparison between MSOT and light microscopy (n = 12).   

Radius (μm) 

Needle Size 30 G, 0.3 mm 25 G, 0.5 mm 22 G, 0.7 mm 

Microscope 237 ± 9 287 ± 13 338 ± 16 
MSOT 220 ± 14 272 ± 21 320 ± 21  
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regards to photo-switching labels, an additional design goal for the 
development of novel labels is to enable photo-switching signatures that 
can be differentiated from other rsOAPs to allow multiplexing. In vitro 
results showed that two rsOAPs, DrBphP-PCM and ReBphP-PCM, have 
different relaxation kinetics while being illuminated with 770 nm light, 
(Supplementary Fig. 6). However, when we compared beads containing 
bacteria expressing the two labels injected individually into a 4T1 tumor 
model, we saw a clear difference in the observed relaxation time be-
tween in vitro and in vivo (Fig. 4). A primary reason can be light fluence 
or differences in the relaxation time of the reconstructed / unmixed data 
versus the direct observation in vitro. While the difference was still 
pronounced enough to be recognized by the algorithm as two different 
labels, this example demonstrates that a controlled in vivo comparison, 
such as with AlBes, is essential and might not necessarily reflect the in 
vitro results. 

3. Summary 

Our data shows the ease of production, reproducibility, precision and 
applicability of AlBes and their use as highly defined test-samples which 
we exploited for OA imaging. We could show that test-sample objects 
with clear margins can be indispensable tools in developing and cali-
brating labels as well as imaging instrumentation and algorithms either 
in vitro or in vivo, with the latter particularly critical since defined in vivo 
models are essential for the development of advanced labels and imag-
ing concepts. This includes rsOAP imaging, since photophysical, quan-
tification and unmixing properties are often profoundly affected by light 
fluence [22], whose natural heterogeneity can only be adequately rep-
resented in in vivo samples. Beyond our examples using AlBes loaded 

with label expressing bacteria, such beads can also be prepared with 
mammalian cells [11,12] and possibly with pure dye or protein loading 
using polymers as coadjutants to improve dye retention [23]. 

4. Material and methods 

4.1. Material 

Alginic acid sodium salt, calcium chloride and chemical reagent for 
buffer preparation were purchased from Sigma-Aldrich. 

4.2. E. coli expressing rsOAPs 

rsOAPs (DrBphP-PCM or ReBphP-PCM) have been expressed in 
Escherichia coli strain BL21 (DE3) (New England Biolabs, #C2527). In 
brief, plasmids expressing rsOAPs and HO were transformed into the 
BL21 host cells. Bacterial cells were grown in LB media supplemented 
with ampicillin at 37 ◦C until the culture reached an OD (optical density) 
of 0.6, followed by induction of protein expression by addition of IPTG 
(isopropyl-β-D-thiogalactopyranoside) and further incubation for 16–18 
h at 22 ◦C. 

4.3. Beads & phantom preparation 

A 2% solution of sodium alginate was prepared in water. E. coli strain 
BL21 cells expressing DrBphP-PCM or ReBphP-PCM were harvested by 
centrifugation and then mixed with the alginate solution. Beads were 
formed by filling the alginate cell mixtures in the syringe with different 
needle sizes, followed by centrifugation (300 rpm), which allowed the 

Fig. 3. MSOT images of a 4T1 tumor model 
injected with a bead loaded with E. coli 
expressing photo-switching ReBphP-PCM 
(arrow). Further signals are false positives a-d) 
Unmixing based on the photo-switching char-
acteristics was conducted with four different 
algorithms. e) Ground truth based on fluores-
cence imaging (Cy 5.5 channel) of cryosections 
of the relative area depicted in MSOT a-d. Scale 
bar 1 mm. Further examples of in vivo applica-
tion of AlBes can be found in Suppl. Fig. 5. f) 
Accuracy of photo-switching based unmixing as 
Matthews correlation coefficient (MCC) and 
false positive rate (FPR), see also Suppl. Fig. 5g.   

Fig. 4. In vivo imaging of alginate beads con-
taining E. coli expressing rsOAPs ReBphP-PCM 
and DrBphP-PCM, respectively. a) Unmixed OA 
image showing two rsOAPs (blue, DrBphP-PCM 
and red, ReBphP-PCM). b) Ground truth based 
on fluorescence imaging (Cy 5.5 channel) of 
cryosections of the relative area depicted in 
MSOT a. Scale bar 1 mm. c) Mean of switching 
kinetics over the measurement for the two types 
of beads shown together with the background. 
Inset: Switching cycles of pure protein DrBphP- 
PCM and ReBphP-PCM. Crosswise correlation 
between in vivo and pure protein yields the 
assignment: for ReBphP-PCM the correlation to 
the pure-protein reference is 0.945 (0.804 for 
the DrBphP-PCM reference) while for DrBphP- 
PCM the correlation is 0.988 (0.907 for the 
ReBphP-PCM reference), see also Suppl. Fig. 6.   
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dropwise addition of the mixtures into CaCl2 (200 mM). The beads were 
allowed to solidify before CaCl2 was replaced by fresh distilled water. 
Agar phantom were prepared by distributing the bead in an agar / 
intralipid emulsion. Phantoms were subsequently imaged by MSOT as 
described elsewhere [15]. 

4.4. Mouse work 

All animal experiments were approved by the government of Upper 
Bavaria and were carried out in accordance with the approved guide-
lines. For mouse injection, beads containing DrBphP-PCM or ReBphP- 
PCM were selected under light microscopy and intratumorally injected 
into mouse bearing xenograph 4T1 tumor using a 30 G gauge Hamilton 
syringe. 

4.5. MSOT setup and data acquisition 

Phantom and mice data were acquired using a commercially avail-
able MSOT scanner (MSOT In Vision 256-TF, iThera Medical GmbH, 
Munich, Germany). The acquired acoustic data were reconstructed using 
the ViewMSOT version 3.8.1.04 (iThera Medical GmbH, Munich, 
Germany) 

4.6. Temporal unmixing strategies 

All unmixing strategies used data reconstructed with ViewMSOT 
(iThera) using backprojection reconstruction. For all analysis an initial 
movement correction using phase-based and non-rigid spline-based 
methods was conducted. Differential method: Mean of all cycles. The 
minimum value was subtracted from maximum value of the mean cycle. 
Limits for segmentation were set to obtain optimal results, i.e. maximum 
true positives (TPR) and minimum false positives (FPR). Kinetic 
method: Mean of all cycles. The coefficient for the exponential fit (exp 
(-b(x+1)) on a mean cycle was obtained. Limits for segmentation were 
set to obtain optimal results, i.e. maximum true positives (TPR) and 
minimum false positives (FPR). Manual method: A set of features was 
chose as described in Mishra et al. [15] (The features are: i-ii) the co-
efficient for the exponential fit (exp(b(x+1)) and -exp(b(x-1)+1) of the 
mean kinetic (mean of all cycles), iii) R [2] of the fit, iv) the mean in-
tensity over the signal, v) amplitude (max-min) of all the signal, viix) 
median maximums and minimums of cycles along with standard devi-
ation, x) number of cycles with increasing or decreasing trend, xi) the 
length of the part of the cycle that shows a trend, i.e. at what point the 
signal vanishes in the noise, and xii) Fourier coefficient for the expected 
frequency defined by the photo-control schedule.). Limits for all features 
were chosen manually for segmentation to obtain optimal results, i.e. 
maximum true positives (TPR) and minimum false positives (FPR). 
Machine learning method: Similar features as for the manual methods 
were calculated. The features were analyzed by a pretrained model 
based on random forest of decisions trees. Training and validation 
datasets for the model were built from datasets of FoxN1 mice bearing 
4T1 tumors measured on day 9 and FoxN1 mice with sub cutaneous 
Jurkat T lymphocytes injections (8000 cells/μl). This training data was 
taken from Mishra et al. [15]. 
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