
Photoacoustic Imaging of Human Mesenchymal Stem Cells 
Labeled with Prussian Blue–Poly(L-lysine) Nanocomplexes

Taeho Kim†, Jeanne E. Lemaster†, Fang Chen†,‡,iD, Jin Li†, and Jesse V. Jokerst*,†,‡,§,iD

†Department of NanoEngineering, University of California, San Diego (UCSD), La Jolla, California 
92093, United States

‡Materials Science Program, University of California, San Diego (UCSD), La Jolla, California 
92093, United States

§Department of Radiology, University of California, San Diego (UCSD), La Jolla, California 92093, 
United States

Abstract

Acoustic imaging is affordable and accessible without ionizing radiation. Photoacoustic imaging 

increases the contrast of traditional ultrasound and can offer good spatial resolution when used at 

high frequencies with excellent temporal resolution. Prussian blue nanoparticles (PBNPs) are an 

emerging photoacoustic contrast agent with strong optical absorption in the near-infrared region. 

In this study, we developed a simple and efficient method to label human mesenchymal stem cells 

(hMSCs) with PBNPs and imaged them with photoacoustic imaging. First, PBNPs were 

synthesized by the reaction of FeCl3 with K4[Fe(CN)6] in the presence of citric acid and 

complexed with the cationic transfection agent poly-L-lysine (PLL). The PLL-coated PBNPs (PB-

PLL nanocomplexes) have a maximum absorption peak at 715 nm and could efficiently label 

hMSCs. Cellular uptake of these nanocomplexes was studied using bright field, fluorescence, and 

transmission electron microscopy. The labeled stem cells were successfully differentiated into two 

downstream lineages of adipocytes and osteocytes, and they showed positive expression for 

surface markers of CD73, CD90, and CD105. No changes in viability or proliferation of the 

labeled cells were observed, and the secretome cytokine analysis indicated that the expression 

levels of 12 different proteins were not dysregulated by PBNP labeling. The optical properties of 

PBNPs were preserved postlabeling, suitable for the sensitive and quantitative detection of 

implanted cells. Labeled hMSCs exhibited strong photoacoustic contrast in vitro and in vivo when 

imaged at 730 nm, and the detection limit was 200 cells/µL in vivo. The photoacoustic signal 
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increased as a function of cell concentration, indicating that the number of labeled cells can be 

quantified during and after cell transplantations. In hybrid ultrasound/photoacoustic imaging, this 

approach offers real-time and image-guided cellular injection even through an intact skull for brain 

intraparenchymal injections. Our labeling and imaging technique allowed the detection and 

monitoring of 5 × 104 mesenchymal stem cells in living mice over a period of 14 days.

Graphical abstract
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Stem cell imaging is indispensable for monitoring and supporting regenerative medicine.1–3 

Imaging can determine the location and quantity of cells, and realtime imaging can ensure 

that cells are properly delivered to the target tissues upon implantation. Furthermore, the 

long-term fate and distribution patterns of implanted cells including anoikis-induced 

apoptosis can be monitored after implantation via cell tracking.4,5 Magnetic resonance 

imaging (MRI) has long been the gold standard for stem cell tracking due to its excellent 

spatial resolution, soft tissue contrast, and low detection limits.6–9 However, MRI has a 

relatively poor temporal resolution of minutes, which prevents its widespread utility in 

imaging of cell implantation. While micro-computed tomography (CT) imaging has good 

temporal resolution, it also has limited sensitivity and poor soft tissue contrast, which 

hampers its broad use in stem cell tracking applications.10–12 Optical imaging also has good 

temporal resolution but is difficult to use clinically due to optical scatter that limits 

penetration depth.13

Photoacoustic imaging has recently been introduced to the field to overcome these 

limitations.14–17 It is based on the photoacoustic effect: the generation of ultrasound by the 

heat dissipations from pulsed light incident. It is noninvasive and quantitative and has fast 

scan times. Its spatial (50–150 µm) and temporal resolution (100 ms) are excellent. 

Photoacoustic imaging can also be coupled with B-mode ultrasound for anatomical 

information in real time during cell transplantation events.18–20

Exogenous contrast agents are often necessary to generate stem-cell-specific signal.21–24 

Nanoscale near-infrared (NIR) absorbers have been used as contrast agents to discriminate 

stem cells from endogenous tissues.25,26 These exogenous contrast agents must first be 

loaded into the cell,27–29 and ex vivo labeling can be achieved by using viral/nonviral 

reagent-based transfection methods30,31 or an instrument-based electro-poration 

method.32–34 This is a critical step; one must attain a sufficient amount of contrast agent to 
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achieve high signal to background, but without inducing toxicity or perturbing the cells’ 

pluripotency.

Examples of photoacoustic stem cell imaging include silicacoated gold nanorods (GNRs) for 

human mesenchymal stem cells (hMSCs)14 or gold nanocages to track stem cell homing to 

tumors.35 Single-walled carbon nanotubes (SWNTs)36 have also been demonstrated for 

multimodal (Raman/MRI/photoacoustic) in vivo tracking of cells. Here, the conjugation of 

protamine on the PEGylated SWNTs could significantly increase the uptake of nanotubes by 

hMSCs.37 However, these contrast agents may cause long-term toxicity depending on the 

formulation and surface chemistry,38,39 and this could hamper clinical translation. Gold 

nanoparticles can also deform under photoacoustic irradiation, leading to a blue-shift in the 

optical absorption and poor optical stability.40–42

Prussian blue nanoparticles (PBNPs) are an emerging photoacoustic contrast agent with 

strong optical absorption in the NIR region.43–46 PBNPs are an ideal stem cell imaging 

agent because they are small (<100 nm) and have excellent colloidal stability and 

biocompatibility47 with strong photoacoustic signal.43,48 The synthesis is very simple and 

highly reproducible.49,50 They show superior chemical- and photostability. Above all, 

PBNPs are suitable for their potential clinical applications because PB is already used in the 

clinic as a treatment for radiation exposure.51 Furthermore, PBNPs could easily be coated 

with poly-L-lysine (PLL) to reduce their negative charge and facilitate cell internalization. In 

this study, we developed a simple and efficient method to label hMSCs with PBNPs and then 

used them as a contrast agent for photoacoustic stem cell imaging. We demonstrate 

improved photoacoustic contrast and lower detection limits that will facilitate sensitive and 

long-term photoacoustic stem cell tracking in vivo.

RESULTS AND DISCUSSION

Synthesis and Characterization of Nanocomplexes

PBNPs were synthesized by simply mixing the aqueous solutions of FeCl3 and K4[Fe(CN)6] 

in the presence of citric acid. The product has a solid-state structure where two different iron 

species of Fe2+ and Fe3+ are linked by a CN− bridge.52 Citric acid was used not only to 

mediate the nucleation between FeCl3 and K4[Fe(CN)6] but also to prevent agglomeration as 

a surface capping agent. The synthesis is very reproducible and scalable (up to 0.2 g).

Transmission electron microscopy (TEM) images (Figure 1A and Figure S1A) show that the 

as-synthesized PBNPs are uniform and cubic shaped with an average size of 50–60 nm. The 

size of the PBNPs can be easily controlled by the amounts of citric acid (Figure S1); 

however, we used the 50–60 nm nanoparticles because they were more monodisperse 

(Figure S1). The X-ray diffraction (XRD) data (Figure 1B) showed that the particles have 

typical diffraction peaks with indices of (200), (220), (400), (420), (422), (440), (600), 

(620), (640), and (642), which correspond to the face-centered cubic PB lattice (space group 

Fm3m).52 The presence of elemental iron in the PBNPs was confirmed by energy-dispersive 

X-ray (EDX) spectroscopy (Figure S2). The mean hydrodynamic diameter (by dynamic light 

scattering, DLS) of the PBNPs in DI water was 83.36 nm with a polydispersity index (PDI) 

of 0.11 (black trace line in Figure 1D).
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The PBNPs capped with citric acid had a highly negative zeta potential of −39.9 ± 7.07 mV, 

which leads to a very limited cellular uptake due to the repulsion of the particles by the 

negatively charged cell membranes.53 Therefore, for efficient cell labeling, we complexed 

these PBNPs with the cationic transfection agent poly-L-lysine (Figure 1C). This macro-

molecule has been successfully applied to stem cell labeling with iron oxide nanoparticles 

for MRI54,55 or gold nanoparticle for micro-CT imaging.56 We chose PBNPs (size of 50–60 

nm) and PLL (MW = 30 000–70 000) for the complete PLL coverage of the particle 

surface55,56 (Figure S3). Homogeneous PLL-coated PBNPs (PB-PLL nanocomplexes) were 

formed, and the adsorbed amount of PLL was 270 µg of PLL per mg of PBNPs, and their 

average hydrodynamic diameter was 133.8 nm (PDI: 0.14) with a zeta potential of +33.9 

± 5.87 mV (red trace line in Figure 1D). After PLL complexation, the surface charges of the 

PBNPs became very positive. The mean diameter and PDI of PBNPs increased upon PLL 

coating, and the DLS measurement displayed a symmetrical distribution without aggregation 

(Figure 1D). The PB-PLL nanocomplexes have excellent colloidal stability in aqueous 

media and maintain hydrodynamic diameters of 130–150 nm for over one month.

The UV-vis absorption spectrum of PBNPs shows a broad and intense absorption at 650–900 

nm and a maximal peak of absorbance at 715 nm (Figure 1E). The strong NIR light 

absorption can be attributed to the intermetallic charge-transfer band from Fe2+ to Fe3+ in 

PBNPs.57,58 This band was not affected by PLL complexation. When the photoacoustic 

signal was measured as a function of wavelength (680–950 nm), both PBNPs and PB-PLL 

nanocomplexes (1 mg/mL) show the highest photoacoustic signal at 730 nm (Figure S4B). 

These nanocomplexes were diluted from 1 mg/mL to 10 µg/mL and imaged with pulsed 

laser excitation at 730 nm. They showed strong photoacoustic contrast, and the intensity 

increased linearly with particle concentration (R2 = 0.98) (Figure 1F). Furthermore, there 

was no decrease in photoacoustic signal of intensity in the nanocomplexes after repetitive 

exposure to laser pulses (6.5 × 103 pulse). In contrast, GNRs (15 × 50 nm, TEM images in 

Figure S4A) showed a 38% decrease in photoacoustic signal (Figure S4C).

Intracellular Labeling of Nanocomplexes

Next, we investigated the cellular uptake of the PB-PLL nanocomplexes with bright field, 

fluorescence, and transmission electron microscopy. The hMSCs were labeled by incubation 

with PB-PLL nanocomplexes (50 µg/mL) for 6 h (see below for labeling concentration 

optimization), thoroughly washed to remove unbound free particles, and imaged. The 

hMSCs were efficiently labeled when PLL was complexed to the particles as seen by the 

blue color in the images (Figure 2A). The PBNPs were successfully located on both the 

periphery and interior of the labeled cells similar to Prussian blue stained, iron-labeled stem 

cells.30,54 In contrast, there was hardly any uptake of PBNPs without PLL (Figure 2B). We 

also used FITC-conjugated PB-PLL nanocomplexes,56,59 and the green signal in the 

fluorescence microscopy images (Figure 2C) corresponds to FITC-conjugated PB-PLL 

nanocomplexes. Despite the lowered surface charges of FITC-conjugated complexes (+8.63 

± 3.83 mV), particles were still successfully internalized, and the signal was highest on the 

perinuclear regions.
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When the labeled cells were imaged by TEM (Figure 2D), PBNPs with a diameter range of 

50–60 nm are obvious as electron-dense, dark solid cubes in the labeled cells confined to the 

endosome. This further confirms that the intracellular uptake of PBNPs is assisted by the 

cationic PLL. To confirm that the mechanism of uptake was energy-dependent endocytosis, 

we also conducted controlled experiments at reduced temperature or with an endocytosis 

inhibitor and found reduced internalization of the nanoparticles (Figure S5).60–62 We also 

evaluated the materials with mouse mesenchymal stem cells (mMSCs) and again saw this 

characteristic perinuclear, endosomal distribution of PBNPs (Figure S6). Finally, we used 

inductively coupled plasma optical emission spectroscopy (ICP-OES) to measure iron levels 

in the cells and confirm labeling. The iron levels were 88-fold higher in cells labeled with 

PBNP-PLL (53 pg/cell) than citrate-capped PBNPs (0.6 pg/cell), and the number of labeled 

particles was calculated to be 40 800 PB-PLL per cell. Knowing that we started with 1.8 mL 

of 50 µg/mL (90 µg of PBNPs added), the 100 000 cells with 53 pg/cell result in an overall 

labeling efficiency of 6%.

Cytotoxicity and Functional Characterization of Labeled hMSCs

We next evaluated the viability/proliferation and cytokine expression with a metabolic 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

salt (MTS) assay and cytokine assay, respectively. The MTS assay showed no cytotoxic 

effects of the nanocomplexes even when using 4-fold higher concentrations than required for 

labeling (up to 200 µg/mL). No significant differences in viability were seen between 

unlabeled and labeled cells (p > 0.05, two-tailed t test) (Figure 3A). Furthermore, there was 

no difference in the growth rate between unlabeled and labeled cells with our labeling 

protocol (incubation with PB-PLL nanocomplexes (50 µg/mL) for 6 h). The doubling time 

for both cells was 4 days (Figure 3B).

PLL is known to induce some cytotoxicy.29,63 Thus, we wanted to study the toxicity of the 

PBNP-PLL product independent of PLL. We observed some reduced viability at high 

concentrations of PLL only (no PBNP) (>400 µg/mL) (Figure S7). However, these 

concentrations are much higher than the concentrations on our nanoparticles, and there is 

almost no free PLL in our product because the PBNP and PLL formed a tight complex.

We also evaluated cytokine secretion from labeled hMSCs because this can explain 

nanoparticle immunotoxicity.64 Secretome analysis of 12 proteins including inflammatory 

cytokines of IL-6, IL-8, and MCP-165 indicated that cytokine concentrations from the 

labeled cells were within 1-fold (50–200%) of unlabeled cells (Figure 3C). We next used 

CD73, CD90, and CD105 as MSC marker proteins with flow cytometry (FACS).66,67 FACS 

analysis showed that the labeled hMSCs still express these three stem cell surface markers 

regardless of labeling (Figure S8). Furthermore, a cell migration assay demonstrated that PB 

labeling did not affect the migration capacity of hMSCs (Figure S9).

Next, the pluripotency of labeled and unlabeled hMSCs was investigated. Multipotent stem 

cells can migrate to the injured site to replace damaged tissues,68 and it is important that the 

contrast agent does not interfere with the cells’ differentiation capacity. Figure 4 shows that 

labeled hMSCs can be successfully differentiated into adipocytes and osteocytes (Figure 

4B,C) similar to unlabeled hMSCs (Figure 4E,F). Fatty lipid deposits were stained red by 
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Oil-Red-O staining on adipogenic differentiations (Figure 4B,E), and black calcium deposits 

were detected by von-Kossa staining on osteogenic differentiations (Figure 4C,F). There was 

no difference in the degree of differentiation between these two groups, and unintentional 

differentiation did not occur due to the presence of the PBNPs (Figure 4A). Interestingly, the 

efficient PLL-based labeling enabled particle retention for over 3 weeks, as indicated by the 

bluish color on unstained images (arrows in Figure 4A). Some PBNPs were also colocalized 

with oil droplets during the adipogenic differentiations (arrows in Figure 4B). These results 

suggest that this efficient labeling approach technique offers long-term retention of the 

contrast agent even after several cell division cycles.

In Vitro Imaging of Labeled hMSCs

To further validate this labeling strategy, we incubated different amounts of nanocomplexes 

(0, 25, 50, and 100 µg/mL) with fixed cell numbers (100 × 103 cells) and collected 

photoacoustic data on the cells. Figure 5A shows that photoacoustic signal increased as a 

function of NP concentration (Figure 5B). To confirm that the increase in photoacoustic 

signal was due to the nanoparticles, we independently measured the iron concentration with 

ICP-OES and noted a linear correlation between the intracellular iron concentration and the 

photoacoustic signal (R2 = 0.98; Figure 5A,C). However, in an additional experiment with 

fewer hMSCs (40 × 103 cells, only 40% confluent in six-well plate) incubated with the same 

amount of nanocomplexes (0, 12.5, 25, 50, and 100 µg/mL), the increase in photoacoustic 

signal with higher labeling concentrations began to plateau above 50 µg/mL; therefore, we 

used 50 µg/mL for all subsequent experiments (Figure S10). Next, we imaged different 

numbers of cells labeled with the same NP concentration (50 µg/mL) (5 × 103 to 200 × 103 

cells). Figure S11 shows that the labeled hMSCs exhibited linear behavior from 10 × 103 to 

200 × 103 cells (R2 = 0.96). The detection limit was 100 cells/µL in vitro.

We also monitored the temporal stability of labeling via photoacoustic imaging and showed 

that the nanocomplexes were retained and produced contrast for at least 2 weeks (Figure 4A 

and Figure S12). The optical properties of PBNPs were preserved postlabeling, and the same 

broad shoulder of photoacoustic spectra was seen (Figure S12C) as in the freshly prepared 

PBNPs (Figure 1E and Figure S4). The results confirm the superiority of this contrast agent 

for quantitative imaging regardless of their conformational packing states after cell labeling. 

This is in contrast to GNRs, which can have weaker signal due to plasmonic coupling when 

entrapped in subcellular vesicles or poor signal stability (Figure S4), which are not 

appropriate for sensitive and quantitative detections of injected cells.14,15

In Vivo Imaging of Labeled hMSCs

To confirm in vivo utility, 0.4 million unlabeled or labeled hMSCs in 50% Matrigel/

phosphate-buffered saline (PBS) (60 µL) were injected subcutaneously into nude mice (n = 

3) and imaged. The photoacoustic signal from labeled hMSCs (white dashed circle, bottom 

image of Figure 6A) was 200-fold higher (p < 0.01) than that for an equivalent number of 

unlabeled cells (white dashed circle, top image of Figure 6A). In mice with unlabeled cells, 

no photoacoustic signals could be detected. To demonstrate the potential of quantitative cell 

tracking of PB-labeled hMSCs in vivo, different numbers of labeled hMSCs (100 × 103, 50 

× 103, 25 × 103, and 13 × 103) were injected subcutaneously and imaged. Figure 6B shows 
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the linear correlation between photoacoustic intensity and number of implanted hMSCs. 

These quantitative plots cover a wide range of cell numbers from 10 × 103 to 100 × 103 

cells, and the detection limit was 200 cells/µL in vivo. This value is significantly lower than 

that previously reported for silicacoated GNRs14 (1300 cells/µL) or gold nanocages,35 which 

highlights the sensitivity of the PB-PLL contrast agents.

To investigate the feasibility of PB-PLL nancomplexes for long-term in vivo cell tracking, 

implanted and labeled hMSCs were serially monitored with photoacoustic imaging for 2 

weeks. Due to the dilution of contrast during the cell divisions, the photoacoustic signal with 

13 × 103 labeled hMSCs disappeared 7 days after injection (Figure S13). However, with 

higher numbers of cells (50 × 103), there was sustained photoacoustic contrast for 2 weeks 

(Figure 6C). The spectral properties and photoacoustic sensitivity was also preserved for 14 

days after injection (Figure 6D) similar to colloidal PBNPs (Figure S4B) or in vitro cell 

phantoms (Figure S12C). This indicates that the cells have a sufficient amount particles for 

sensitive and longitudinal detection and monitoring of implanted cells in vivo. This 

longitudinal tracking can evaluate the long-term safety and efficacy of cell therapy.69

A substantial challenge for stem cell imaging is real-time imaging of cellular injection with 

anatomical features. Photoacoustic imaging can provide real-time, image-guided stem cell 

information in addition to anatomical information from B-mode ultrasound imaging. To 

show this and understand the impact of depth on our photoacoustic signal, we performed 

brain intraparenchymal injections, a common route for intracerebral cell delivery.70 In 

particular, clinical trials of therapeutic stem cell transplantation have now been performed in 

stroke patients,71,72 and it is critically important to establish a safe and efficient stem cell 

delivery to the sites of ischemic brain damages.

Figure 7 shows photoacoustic and B-mode ultrasound images of a mouse brain before, 

during, and after injection of 50 × 103 unlabeled (Figure 7A,C,E) or labeled stem cells 

(Figure 7B,D,F). A video of real-time injection of PB-labeled hMSCs is presented in the 

Supporting Information, Supplementary Movie SM 1. Figure 7 clearly shows the anatomical 

structures of the mouse brain including the skull and ear via B-mode images and confirms 

that we can do photoacoustic imaging of PBNP-labeled stem cells through an intact skull.73 

This could be used to see the ischemic site and can guide injection.74,75

Photoacoustic imaging can then precisely monitor the cells. The photoacoustic contrast was 

obvious from the needle (Figure 7C,D) and the labeled cells (Figure 7F). The white dashed 

circle is the injection site of labeled stem cells with 50 × 103 labeled hMSCs; there was a 

980% increase in the photoacoustic signal (p < 0.01) pre- and postinjection (in Figure 7F 

relative to Figure 7B). While there was some B-mode ultrasound signal from both labeled 

and unlabeled cells, this signal could be influenced by air bubbles or other changes to the 

tissue resulting in nonspecific signal. Only the PBNP-labeled cells showed strong 

photoacoustic signal, which unambiguously confirmed the presence of the cells. No 

photoacoustic signal was detected from unlabeled cells (Figure 7E). We also performed a 3D 

reconstruction of photoacoustic images pre- and postinjection to the mouse brain (Figure 

S14). The labeled hMSCs are obvious (dashed yellow circle in Figure S14B). This technique 
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allows a better understanding of the accuracy of injection and the fate of transplanted cells 

with 3D anatomical visualizations.

CONCLUSIONS

This study describes a sensitive photoacoustic contrast agent for imaging stem cells. We 

successfully prepared PB-PLL nanocomplexes as a biocompatible and efficient 

photoacoustic contrast agent that can be used for labeling and tracking of hMSCs. The 

preparation of nanocomplexes is very simple, and they are efficient for quantitative cell 

labeling. The PBNP labeling did not affect cell viability and stem cell differentiations. 

Labeled hMSCs exhibited strong photoacoustic contrast upon implantation, resulting in a 

linear behavior with the detection limit of 200 cells/µL in vivo. The sensitive and durable 

photoacoustic contrast from the labeled particles allowed the noninvasive, long-term 

visualization of the engrafted hMSCs in living animals with monitoring and detection limits 

of 50 × 103 cells for 14 days. We believe this strategy can contribute to the stem cell therapy 

field as an efficient tool for real-time and sensitive stem cell imaging.

MATERIALS AND METHODS

Materials

Iron(III) chloride hexahydrate (FeCl3·6H2O, Catal. #44944), potassium hexacyanoferrate(II) 

trihydrate (K4[Fe(CN)6]· 3H2O, Catal. #P9387), citric acid (Catal. #251275), poly-L-lysine 

hydrobromide (MW = 30 000–70 000, Catal. #P2636), fluorescein isothiocyanate (FITC, 

Catal. #F7250), cetyltrimethylammonium bromide (CTAB, 95%, Catal. #6269), sodium 

borohydride (Catal. #71320), gold(III) chloride hydrate (Catal. #50790), silver nitrate 

(≥99.0%, Catal. #209139), L-ascorbic acid (Catal. #A7506), and dynasore hydrate (Catal. 

#D7693) were purchased from Sigma-Aldrich Chemicals (Atlanta, GA, USA). PBS, fetal 

bovine serum (FBS), and agarose (Catal. #16500) were purchased from Invitrogen 

(Carlsbad, CA, USA). Trypsin/ethylenediamine tetra-acetic acid (EDTA), stem cell growth 

media (PT-3001), adipogenic induction/ maintenance media, and osteogenic induction 

medium were purchased from Lonza (Walkersville, MD, USA). The MTS was purchased 

from Promega (Madison, WI, USA). All chemicals were of analytical grade and used 

without further purification. All aqueous solutions were prepared with deionized (18 MΩ) 

water.

Preparation of PB-PLL(FITC) Nancomplexes

PBNPs were synthesized by the reaction of an aqueous FeCl3 solution (20 mL, 1 mM) with 

an aqueous K4[Fe(CN)6] solution (20 mL, 1 mM) in the presence of citric acid (100 mg) 

under vigorous stirring at 60 °C. Transparent blue nanoparticle dispersions were 

immediately formed with a resulting pH of 2.5–3.0. After 5 min, the reaction mixture 

solutions were cooled to room temperature. After washing with an equal volume of acetone 

two times by centrifugation (12 000 rpm, 20 min), the pellets of PB nanoparticles were 

redispersed in distilled water by sonication. Next, we coated the nanoparticles with PLL to 

form the PB-PLL nanocomplexes. One mL of PLL solution (1 mg/ mL) was added to the as-

prepared PBNPs (2 mg/mL) in a 50 mL conical tube and stirred overnight. The next day, 
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these were washed with distilled water three times by centrifugation (12 000 rpm, 20 min), 

the pellets were finally dispersed in 2 mL of distilled water. For FITC conjugation to enable 

fluorescence imaging, FITC (0.5 mg/mL) in DMSO was added to nanoparticle suspensions 

in the tubes. This was stirred for an additional 3 h (protected from light), washed three times 

with distilled water by centrifugation (12 000 rpm, 20 min) to remove unreacted FITC, and 

redispersed into 2 mL of distilled water.

Preparation of Gold Nanorods

GNRs were synthesized following the seed-mediated growth method. 14,41 First, the gold 

seed solution was prepared by the addition of 0.6 mL of ice-cold 0.01 M NaBH4 to an 

aqueous solution of 5 mL of 0.2 M CTAB and 5 mL of 0.005 M gold chloride. Next, the 

growth solution was prepared with 250 mL of 0.2 M CTAB, 250 mL of 0.001 M AuCl3, 12 

mL of 4 mM AgNO3, and 3.5 mL of 0.089 M ascorbic acid. Next, 0.6 mL of seed solution 

was added to the growth solution, and the solution became purple to brownish over 20–60 

min. This mixture reacted for 6 h and was then washed three times with distilled water by 

centrifugation (12 000 rpm, 20 min) to remove extra CTAB.

Characterization of PB-PLL Nanocomplexes

TEM imaging used a FEI Tecnai Spirit G2 BioTWIN microscope operating at an 

accelerating voltage of 80 kV. TEM specimens were prepared by placing a small amount of 

nanoparticle suspension in 2-propanol onto carbon-coated Cu grids with air drying. Powder 

XRD patterns were collected on a Bruker D8 Advance diffractometer operating at 40 kV and 

40 mA using Cu Kα radiation (λ = 1.5418 Å) with a scan speed of 0.1 s, a step size of 0.04° 

in 2θ, and a 2θ range of 10–75°. The EDX spectral data were acquired with a Philips XL30 

ESEM instrument operating at 20 keV. ICP-OES (PerkinElmer Optima 3000DV) was used 

to quantify the Fe. DLS (Zetasizer ZS 90, Malvern Instruments) was used to determine the 

hydrodynamic size and zeta potentials of nanoparticles (PBNPs or PB-PLL nanocomplexes). 

The UV-vis spectra were measured with a microplate reader (SpectraMax; Molecular 

Devices).

Cell Culture, Labeling, and Proliferation Assays

The hMSCs (Lonza, PT-2501) were seeded at 5000 cells/cm2 in growth media (Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1% Glutamax, and 1% 

penicillin-streptomycin, Lonza, PT-3001) and grown to 80–85% confluency in a T75 flask. 

These cells were labeled with PB-PLL nanocomplexes in fresh culture media (50 µg/mL) for 

6 h. After washing with sterile PBS three times to ensure all free particles were removed, 

cells were trypsinized using 0.25% trypsin/EDTA. Detached cells were collected by 

centrifugation at 300g for 5 min, resuspended, and counted by hemocytometer. For all 

experiments, cells from passages 4–8 were used.

Microscopy

Cellular uptake of the nanocomplexes was studied using bright field, fluorescence, and 

transmission electron microscopy. Labeled hMSCs were cultured in six-well plates (Falcon 

#303046, nonpyrogenic). Cells were washed with PBS, fixed with 4% paraformaldehyde 
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(PFA), and imaged with a fluorescence microscope (Keyence BZ-9000, Germany). Hoechst 

33342 (NucBlue Live ReadyProbes Reagent, Thermo Fisher Scientific) was used for nuclear 

staining. TEM images of labeled cells were acquired using a Tecnai TEM. Labeled hMSCs 

cultured in six-well plates were fixed with 4% PFA, postfixed with 1% osmium tetroxide, 

dehydrated with ethanol/ propylene oxide, and finally embedded in epoxy resin for 3 days. 

Sections were cut using a Leica UCT ultramicrotome (Buffalo Grove, IL, USA). After 

counterstaining with uranyl acetate (1% in DI) and lead citrate, ultrathin sections were 

mounted on copper grids and observed under a microscope.

Toxicity Assays and Cell Migration Assays

The viability of labeled hMSCs was measured using the CellTiter 96 AQueous One Solution 

cell proliferation assay (MTS, Promega) performed in triplicate. The hMSCs (5 × 103 cells 

per each well) were seeded into a 96-well cell culture plate and grown overnight. Various 

concentrations of PB-PLL complexes (0, 6.25 12.5, 25, 50, 100, and 200 µg/mL) were added 

and incubated overnight. Cells were then washed with PBS followed by treatment with 100 

µL of culture media and 20 µL of assay reagent in each well. The samples were incubated 

for 2 h, and the absorbance at 490 nm was then recorded using a microplate reader (Victor3, 

PerkinElmer, Waltham, MA, USA). For secretome analysis, labeled and unlabeled cells were 

cultured in a six-well plate for 2 days. Culture media from labeled and unlabeled cells was 

then allowed to stand for 24 h and studied with a bead-based assay (Luminex) by a 

commercial operator (Rules-Based Medicine). For FACS analysis, labeled and unlabeled 

hMSCs (400 × 103 cells, respectively) were resuspended in PBS and incubated with 1 µL of 

monoclonal antibody specific for mesenchymal stem cells (CD73-PE/CD90-FITC/CD105-

APC) and run for the flow cytometry analysis by FACSCalibur (BD Biosciences, San Jose, 

CA, USA) with FlowJo software (Becton Dickinson and Company). Migration assays were 

performed in six-well plates (70–80% confluent hMSCs). After labeling with PB-PLL 

nanocomplexes (50 µg/mL) for 6 h, a portion of the cells was scraped with a pipet tip. That 

area was monitored repeatedly with a Leica light microscope.

In Vitro Cell Differentiation

Labeled (50 µg/mL) and unlabeled (control) hMSCs were induced to differentiate into two 

downstream cell lineages of adipocytes or osteocytes. After cells reached confluence in a 

six-well plate, cells were cultured in adipogenic induction medium (10% FBS/DMEM 

containing 1 µM dexamethasone, 0.5 mM isobutylmethylxanthine, 10 µM insulin, Lonza) or 

in osteogenic induction medium (10% FBS/DMEM containing 10 nM dexamethasone, 50 

µM ascorbic acid, 10 mM β-glicerophosphate, Lonza). After 3 weeks of incubation with a 

medium change every 2–3 days, the cells were washed with PBS, fixed with 4% PFA, and 

stained with Oil-red-O (Sigma-Aldrich, St. Louis, MO, USA) for adipocytes or a von Kossa 

staining kit for osteocytes (Fisher Sci., Waltham, MA, USA). The induced labeled vacuoles 

and calcium deposits were imaged with bright field microscopy (Keyence BZ-9000, 

Germany).

Measurement of Intracellular Iron Content

After imaging, the labeled cell suspensions were assayed to quantify iron contents using 

ICP-OES analysis (PerkinElmer Optima 3000DV). Labeled cells were transferred to 10% 

Kim et al. Page 10

ACS Nano. Author manuscript; available in PMC 2017 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aqua regia in water and sonicated in a bath sonicator to dissolve PBNPs. A standard curve 

was obtained using an iron standard (Catal. #43149, Sigma-Aldrich), and the intracellular 

nanoparticle concentration was calculated using the total iron amount divided by the number 

of cells.

Photoacoustic Imaging of Labeled Cells in Vitro

All in vitro imaging was performed in 1% agarose phantoms. Agarose was added to distilled 

water at 1% and heated at 60 °C until use. The agarose solution was then mixed with labeled 

cell solutions at a one-to-one ratio. For the first set of experiments, 100 × 103 cells were 

incubated with different concentrations of particles (0, 25, 50, and 100 µg/mL), and the 

labeled cells were suspended in 50 µL of PBS and 50 µL of 1% agarose. A blank control was 

made with 0.5% agarose solution. Photoacoustic imaging was performed using a 

Visualsonics LAZR photoacoustic scanner (Vevo LAZR) with transducers (LZ 400) having a 

center frequency of 30 MHz and pulsed laser excitation at 730 nm. Next, different numbers 

of labeled cells (200 × 103, 100 × 103, 50 × 103, 25 × 103, 12.5 × 103, and 6.3 × 103) were 

suspended in 50 µL of PBS, and 50 µL of 1% agarose was added and thoroughly vortexed. 

The final cell concentrations were 2000, 1000, 500, 250, 125, and 63 cells/µL in 0.5% 

agarose, respectively. A blank control was made with 0.5% agarose solution.

Photoacoustic Imaging of Labeled Cells in Vivo

All animal studies were performed in accordance with the Institutional Animal Care and Use 

Committee (IACUC) at the University of California, San Diego (UCSD). Male nude mice 

(20 g) (n = 3) were anesthetized with 1–2% isoflurane and positioned underneath the 

transducer with coupling media. Then, 0.4 million of unlabeled or labeled hMSCs in 50% 

matrigel/PBS (60 µL) were injected subcutaneously with a 28.5 gauge catheter and imaged 

using the same Visualsonics LAZR photoacoustic scanner. Different numbers of labeled 

hMSCs (100 × 103, 50 × 103, 25 × 103, and 12.5 × 103) suspended in 50% matrigel/ PBS 

(60 µL) were injected subcutaneously and imaged. For brain intraparenchymal injections, 50 

× 103 of unlabeled or labeled cells were suspended in 20 µL of PBS and then injected. 

Images were obtained via 3-D mode with a 30 MHz transducer and pulsed laser excitation at 

730 nm.

Data Quantification and Statistical Analysis

The photo-acoustic imaging data were analyzed using ImageJ. First, raw data images from 

the photoacoustic scanner were converted to 8-bit images. Second, a region of interest (ROI) 

was drawn over the area containing the transplanted cells or background via an ROI 

manager. The mean gray values of the same size of ROI were measured from at least three 

different fields of views (FOVs) per sample. Finally, photoacoustic intensities at each 

samples were calculated as mean and standard deviation for each FOV.

Mean values, standard deviations, and p-values were calculated in Mcrosoft Excel 2016. All 

error bars represent the standard deviations. A two-tailed Student’s t test was used to 

determine statistical significance, and p-values of <0.05 were considered to be significant. 

The detection limit was calculated as three standard deviations above the mean of the blank 

signals.

Kim et al. Page 11

ACS Nano. Author manuscript; available in PMC 2017 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Physical and spectral characterization of the nanoparticles
(A) TEM images of PBNPs. Scale bar is 100 nm. (B) X-ray diffraction patterns of PBNPs 

with characteristic peaks assigned to the (200), (220), (400), (420), (422), (440), (600), 

(620), (640), and (642) planes of face-centered-cubic lattice Prussian blue (JCPDS 73-0687). 

(C) Schematic representation of PB-PLL nanocomplexes. Negatively charged, citrate-

stabilized PBNPs are electrostatically complexed with positively charged PLL. (D) Dynamic 

light scattering measurements of PBNPs and PB-PLL nanocomplexes. Hydrodynamic 

diameters of PBNPs (black trace line) and PB-PLL nanocomplexes (red trace line) were 

83.36 nm (PDI: 0.11) and 133.8 nm (PDI: 0.14), respectively. Data are presented as relative 
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intensity measurements. (E) UV/visible absorbance measurements of PBNPs (black trace 

line) and PB-PLL nanocomplexes (red trace line). (F) Plot of the photoacoustic amplitude 

with increasing concentrations of the solution of PB-PLL nanocomplexs (0, 31.3, 62.5, 125, 

250, 500, 1000 µg/mL). The inset shows the corresponding photoacoustic images for the 

plot. Error bars represent the standard deviation.
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Figure 2. Microcopy analysis to confirm cell labeling
(A) Bright field microscopy images of hMSCs incubated with PB-PLL nanocomplexes. 

Scale bar is 100 µm. (B) Bright field microscopy images of hMSCs incubated with naked, 

citrate-stabilized PBNPs. Scale bar is 100 µm. (C) Fluorescence microscopy images of 

labeled hMSCs (green: PB-PLL (FITC) nanocomplexes; blue: DAPI-stained nuclei). Scale 

bar is 50 µm. (D) TEM images of labeled hMSCs. The intracellularly labeled PB-PLL 

nanocomplexes are indicated by blue arrows in the images. Neu indicates nucleus. Scale bar 

is 500 nm.
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Figure 3. Assessment of cell viability after labeling
(A) An MTS assay showed no decrease in metabolic activity upon labeling. The hMSCs 

were incubated overnight with increasing PB-PLL concentrations (0, 6.3, 12.5, 25, 50, 100, 

and 200 µg/mL) (“pos” indicates cytotoxic positive control; 20 mM CTAB; **, p < 0.01). 

(B) Growth rate of unlabeled and labeled hMSCs over time. hMSCs were prelabeled by 

incubation with PB-PLL nanocomplexes (50 µg/mL) for 6 h. (C) Secretome analysis of 

labeled hMSCs. Cytokine expression levels in cell culture media from labeled hMSCs were 

analyzed for 12 different proteins, and their concentrations are shown as the fold changes 

versus unlabeled hMSCs (BDNF: brain-derived neurotrophic factor, TIMP-1: tissue inhibitor 

of metalloproteinases 1, B2M: beta-2-microglobulin, RANTES: T-cell-specific protein, 

MMP-3: matrix metalloproteinase-3, MCP-1: monocyte chemotactic protein 1, VEGF: 

vascular endothelial growth factor, VCAM-1: vascular cell adhesion molecule-1, A2Macro: 

alpha-2-macroglobulin, IL-4: interleukin-4, IL-6: interleukin-6, IL-8: interleukin-8).
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Figure 4. Stability of labeling and impact on pluripotency
Differentiation (A–C) of labeled hMSCs and (D–F) unlabeled hMSCs. Images were 

obtained 3 weeks after particle labeling. Oil-Red-O staining for adipocytes (B, E) and von-

Kossa staining for osteocytes (C, F). As shown in arrows in A and B, PB-PLL 

nanocomplexes were retained in the labeled cells even after 3 weeks of incubation. Scale bar 

is 100 µm.

Kim et al. Page 21

ACS Nano. Author manuscript; available in PMC 2017 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Labeling conditions and validation
(A) Photoacoustic images of a 1% agarose suspension of 100 × 103 hMSCs labeled with 

different concentrations of PB-PLL nanocomplexes (0, 25, 50, and 100 µg/mL) for 6 h. (B) 

Photoacoustic intensity shows a linear dependence with different concentrations of PB-PLL 

nanocomplexes used for the labeling. (C) Signal vs quantification of intracellular Fe 

concentration as determined by ICP-OES relative to photoacoustic signal.
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Figure 6. In vivo imaging
(A) B-mode ultrasound (gray scale) and photoacoustic (red) images of subcutaneously 

injected unlabeled hMSCs (top) and labeled hMSCs (bottom) into nude mice. Here, 400 × 

103 cells in 50% Matrigel/PBS (60 µL) were injected subcutaneously and imaged. Scale bar 

is 3 mm. (B) Linear plot of photoacoustic signal intensity versus number of labeled hMSCs 

(13, 25, 50, and 100 × 103 cells) in vivo. The inset shows the corresponding photoacoustic 

images for the plot. Error bars represent the standard deviation. (C) Longitudinal 

photoacoustic imaging of transplanted cells in vivo. 50 × 103 labeled cells were injected 

subcutaneously and imaged serially at day 1, 3, 5, 7, 10, and 14. The strong photoacoustic 

contrast was still visible 14 days after injection. Scale bar is 3 mm. (D) Spectral analysis 

from the 50 × 103 injected cells and the background host tissues at day 14. The 

photoacoustic spectral properties of injected cells were preserved and remain discernible 

from the surrounding tissues.
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Figure 7. Deep tissue imaging
B-mode ultrasound (gray scale) and photoacoustic (red) images of 50 × 103 unlabeled (A, C, 

E) and labeled hMSCs (B, D, F) injected into a murine brain. Images were taken 

preinjection (A, B), after needle insertion (C, D), and postinjection of the cells (E, F). The 

significant photoacoustic signal increase (980%) pre- and postinjection of the labeled cells at 

the injection site (white dashed circle) is shown in F relative to B. In contrast, no 

photoacoustic signals were detected postinjection of unlabeled cells (white dashed circle) in 

E. Scale bar is 3 mm. Real-time injection imaging of labeled hMSCs (50 × 103) is shown in 

the Supporting Information, Supplementary Movie SM 1.
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