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In the current work, we labelled human hematopoietic stem 
cells with polymeric nanoparticles (NPs) that can be tracked 
by Magnetic Ressonance Imaging (MRI) and studied their 
effect on cell metabolism, proliferation, secretomics, genomics 10 

and differentiation. We showed that NPs had no effect on the 
stem cell differentiation program but affected their paracrine 
activity. 
Hematopoietic stem cells (HSCs) are being evaluated in several 
clinical trials for the treatment of the heart after angina1 or 15 

infarction2, chronic wounds3, 4, ischemic limb5,6, etc… MRI is the 
most attractive imaging modality to track cells because it 
provides high-quality 3-dimensional functional and anatomic 
information with high contrast7. Emulsions containing fluorine 
are being used to label different type of cells since there is no 20 

fluorine in the human body, and therefore cells labeled with these 
NPs can be selectively imaged by 19F MRI8-10. Unfortunately, so 
far it is unclear the effect of the NPs in the biology of stem cells, 
particularly in their differentiation program as well as their 
paracrine activity. Studies have shown that superparamagnetic 25 

iron NPs coated with protamine sulfate had no measurable 
cytotoxicity on HSCs but their effect in the differentiation and 
paracrine activity of HSCs was not demonstrated11. In addition, 
self-assembling ferumoxytol-heparin protamine nanocomplexes 
were also used as labeling agents for MRI12. The internalization 30 

of these nanocomplexes by HSCs (1.33 ± 0.2 pg iron/cell) 
slightly decreased the proliferation of HSCs and proliferative 
capacity of the cells was recovered only after 30 days.  

Here we studied the effect of poly(lactic acid-co-glycolic 
acid) (PLGA) NPs containing perfluoro-1,5-crown ether (PFCE) 35 

with an average diameter of 210 nm (therefore named as NP210-
PFCE) and polydispersity index of  0.12 ± 0.01 (Fig. 1A), that 
have the capacity to track cells13, on the viability, proliferation, 
secretomics, genomics and differentiation of hematopoietic 
stem/progenitor cells (CD34+ cells). Endothelial cells (ECs) have 40 

been used as control. Initially, internalization studies were 
performed using fluorescence activated cell sorting (FACS) and 
fluorimetry to calculate the percentage of the cells labeled and the 
amount of NPs internalized by the cells, respectively.  
Cytotoxicity profile of the NP210-PFCE formulation was 45 

evaluated by cell counting, ATP production, LDH release, ROS 
production, secretion of pro-inflammatory cytokines and gene 
expression. Then, the effect of NP formulation on the 
differentiation capacity of CD34+ HSCs was evaluated. Finally, 
the mechanism underlying the anti-inflammatory effect of our 50 

NPs was studied. Our results show that NPs have no substantial 
effect in cell proliferation, metabolism and differentiation of 
CD34+ cells or ECs; however, the NPs significantly reduced the 

inflammatory activity of CD34+ cells but not ECs, as evaluated 
by gene microarray and protein secretion analysis.  55 

 
Fig. 1 Cell tracking, internalization and cytoxicity of the NPs. (A) 
Schematic presentation of the NP composition. The NPs are formed by 
PLGA encapsulating PFCE. The NP is then coated with PS, to facilitate 
cell internalization. (B.1) Percentage of HUVECs or CD34+ cells labeled 60 

with fluorescence NPs as assessed by flow cytometry, immediately after 4 
h incubation or followed by 20 h of culture in the absence of NPs (total 
time: 24 h). (B.2) Amount of NPs internalized by HUVECs and CD34+ 
cells as assessed by fluorimetry (EP corresponds to electroporated cells). 
In B.1 and B.2, results are average ± SEM, n=3. (C) 19F MRI of CD34+ 65 

cells labeled with NPs after electroporation. (C.1) MR images of 
eppendorfs containing unlabeled cells (7.5 !106 cells), cells transfected 
with NP210-PFCE (7.5!106 cells), NP210-PFCE (10 mg) and PBS. 
CD34+ cells were transfected with 2 mg/mL of NPs for 24 h. (C.2) MR 
images of 10 million CD34+ cells labeled with NPs (transfection for 4 h, 70 

0.5 mg/mL) and injected into the myocardium of Sprague Dawley (SD) 
rats after ligation of the left anterior descending coronary artery (LAD) to 
create myocardial infarction. (D) ATP production of unlabeled and NP-
labeled HUVECs (D.1) or CD34+ cells (D.2). Results are average ± SEM, 
n=4. (E) Cell proliferation of unlabeled or NP-labeled HUVECs (E.1) or 75 
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CD34+ cells (E.2). Results are average ± SEM, n=4. (F) Leakage of the 
lactate dehydrogenase (LDH) from NP-labeled HUVECs (F.1) or CD34+ 
cells (F.2) relatively to unlabeled cells. Results are average ± SEM, n=4. 
(G) Percentage of HUVECs (G.1) or CD34+ cells (G.2) expressing ROS. 
Untreated cells and hydrogen peroxide (H2O2)-treated cells were used as 5 

negative and positive controls, respectively. Results are average ± SEM, 
n=3. In B, D, E, F, G cells were incubated with the NPs for 4 h and then 
washed to remove NPs that were not internalized by the cells. 

NP210-PFCE containing 176.5 !g of PFCE per mg of 
PLGA was coated with protamine sulfate (PS; approximately 13 10 

!g of PS per mg of NP), a cationic agent to facilitate intracellular 
delivery (Fig. 1A)11. In these conditions, NP210-PFCE had an 
average diameter of 210 nm and a zeta potential of 7.0 ± 1.7 mV. 
HUVECs and CD34+ cells were exposed to fluorescent-labeled 
NPs (500 !g/mL) for 4 h, harvested and labeling efficiency of the 15 

cells was assessed by Fluorescence Activated Cell Sorting 
(FACS) and fluorimetry. FACS results show that 95% (ECs) and 
50% (CD34+) of the cells were labeled after 4 h (Fig. 1B.1). 
Fluorescence measurements indicate that this labeling 
corresponds to the internalization of 34.7 ± 3.4 and 0.5 ± 0.3 pg 20 

of PFCE per cell of HUVECs and CD34+, respectively (Fig. 
1B.2). When the CD34+ cells were electroporated and incubated 
with higher concentrations (2 mg/mL) of NPs up to 24 h, the 
internalized amount of NPs increased up to 86.4 ± 11.2 pg of 
PFCE per cell in vitro (Fig. 1B.2). Under this loading condition, 25 

which is comparable to fluorine-based liposomes used in the 
literature for different cell types8, the cells can be tracked by MRI 
(Fig. 1C.1) However, MRI can also monitor CD34+ cells in vivo 
without electroporation (Fig. 1C.2).  

NP210-PFCE internalized by CD34+ cells or ECs have no 30 

substantial effect in cell proliferation, metabolism and oxidative 
stress. Cells labeled with fluorescent NPs were sorted by flow 
cytometry before evaluation. Both cells transfected with NP210-
PFCE show similar cell metabolism, as assessed by an ATP 
assay, and cell proliferation as compared to untreated cells (Figs. 35 

1D and 1E). In addition, after 24 h, no significant differences 
were observed in LDH release on CD34+ cells or HUVECs 
treated with or without NPs, showing that NPs do not 
significantly affect cell membrane integrity (Fig. 1F). Moreover, 
CD34+ cells cultured with NPs show low capacity to generate 40 

ROS even after 24 h of culture (Fig. 1G). The relative low effect 
of NPs in ROS generation is likely due to CD34+ cell capacity to 
tolerate oxidative stress due to high expression and activity of 
antioxidant enzymes (see below)14. This phenomenon might 
explain the toleration of the cells to NPs and H2O2. ECs cultured 45 

for 4 h in the presence of NP210-PFCE generate ROS but then 
the levels drop off to baseline levels if cells were cultured for 
additional 20 h in the absence of NPs. Together, our results 
indicate that the oxidative stress induced by NPs was moderate in 
CD34+ cells and ECs and the increase in ROS was time-, dose- 50 

and cell-dependent.  
NP210-PFCE formulation has no effect on the endothelial 

differentiation capacity of CD34+ cells. CD34+ cells transfected 
with NP210-PFCE for 4 h were then sorted to isolate the ones 
containing NPs. Both untreated and NP-treated CD34+ cells 55 

attached to the culture dish after 15-20 days of culture with a 
cobblestone-like morphology and expressed high levels of EC 
markers4 (Fig. 2). No differences were observed in terms of 
kinetics or phenotype between both cells. Overall, our results 
indicate that NP210-PFCE has no measurable effect in the in 60 

vitro differentiation program of CD34+ cells. 
 

 
Fig. 2 Impact of NPs on the endothelial differentiation program of 
CD34+ cells. (A) Flow cytometric analysis of vascular markers (CD31, 65 

CD34 and Flk-1/KDR) on ECs derived from unlabelled (dark grey) and 
NP-labelled CD34+ cells (black). Percent of positive cells were calculated 
based in the isotype controls (grey plot) and are shown in the histogram 
plots. B) Characterization of ECs derived from NP-labelled CD34+ cells 
by immunofluorescence and functionality. ECs express CD31, CD34, 70 

vWF, and vascular endothelial-cadherin (VE-CAD). ECs metabolize Ac-
LDL and form microvessels on top of Matrigel. 

Next, we investigated the impact of the NPs on both cells by 
gene microarray analysis. Gene expression in HUVECs was not 
statistically significant in cells treated or not with NPs. In 75 

contrast, CD34+ cells showed more than 100 genes that were 
statistically (p<0.001) significant and grouped in 5 categories and 
15 sub-categories (Fig. 3A). Interestingly, the most affected 
cellular function was immune response, being 41 genes 
downregulated at 24 h, and 7 genes at day 7 (Supplementary 80 

Tables 2-8). In addition, there was an increase in the expression 
of the genes that prevent oxidative stress, in particular 
metallothioneins (MTs)15. 

 
Some of the genes identified in the microarray analysis have 85 

been confirmed by qRT-PCR (Fig. 3B). The cellular expression 
of MTs at mRNA level is dependent on the initial concentration 
of the NPs that cells were exposed to (Fig. 3C). Importantly, the 
anti-inflammatory properties of NP210-PFCE are not shared by 
superparamagnetic iron oxide NPs (SPION), very often used in 90 

MRI applications, which have a similar internalization level (0.27 
± 0.01 pg/cell) as NP210-PFCE (Fig. 3B). To confirm the impact 
of the NPs, we evaluated the secretion of pro-inflammatory 
cytokines in cells exposed to NPs for 24 h by Bioplex. CD34+ 
cells incubated with NPs show a decrease in the secretion of pro-95 

inflammatory cytokines (e.g. IFN-!, IL-8, MCP-1, MIP-1", TNF-
#) (Fig. 3D). In contrast, HUVECs containing NPs increased the 
secretion of IL-6 ($2.0 fold) and MCP-1 ($1.5 fold) among all 
cytokines tested (Fig. 3E). Altogether, our results show that the 
exquisite properties (chemistry (PLGA, PS or PFCE), size or 100 

geometry) of NP210-PFCE are unique in inducing the anti-
inflammatory properties on CD34+ cells. Further testing is needed 
to elucidate this issue. Although not shown, soluble protamine 
sulfate has no anti-inflammatory properties on CD34+ cells.  

 105 
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Fig. 3 Effect of NPs in gene expression and secretion of chemokines/ 
cytokines by CD34+ cells. (A) Classification of genes into functionally 
related gene groups. Functional categories (inflammation, apoptosis, cell 
activation/differentiation, cell signal and homeostasis) and sub-categories 5 

significantly affected in CD34+ cells labeled with NPs. The number of 
genes affected at different time points is given inside parentheses. –logP 
values for different sub-categories for 24 h and 7 d are given in a column 
bar graph. (B-C) Validation of gene expression by qRT-PCR after 24 h. 
The dashed line represents the separation of down-regulated and up-10 

regulated genes. Control group corresponds to the cells without NPs after 
24 h. Results are average ± SEM, n=4. In C, gene expression was 
evaluated in CD34+ cells exposed to different concentrations of NP210-
PFCE. (D-E) Secretome analysis. Seventeen cytokines were measured 
simultaneously in medium collected from unlabeled or NP-labeled 15 

HUVECs (E) or CD34+ cells (D). Cells were exposed to the NPs for 4 h. 
Results are Mean ± SEM (n=3). (F) Expression of toll-like receptors 
(TLR 1-9) in CD34+ cells after isolation from human cord blood. Results 
are Mean ± SEM (n=3). (G) Secretion of TNF-" by unlabeled and NP-
labeled CD34+ cells when activated by FSL1 (TLR6) and imiquimod 20 

(TLR7). Results are Mean ± SEM (n=3). In D, E and G, *, **, *** 
denotes statistical significance (p<0.05, p<0.01, p<0.001, respectively). 
 

NP210-PFCE formulation interferes with agonist-mediated 
activation of TLRs.  TLRs are pattern-recognition receptors that 25 

allow cells to recognize and protect tissues from various harmful 
stimuli16. At least 10 human TLRs have been identified so far, 
being TLRs 1, 2, 4, 5 and 6 mainly located on the cell surface 
while TLRs 3, 7, 8 and 9 mostly found in the endocytic 
compartments17. Cellular activation of TLRs leads to the 30 

expression of inflammatory cytokines and chemokines. CD34+ 
cells express 9 TLRs at mRNA level, being TLR2 and TLR-7 the 
lowest expressed (Fig. 3F). Next, we evaluated whether CD34+ 
cells labeled with NP210-PFCE showed attenuated activation of 
agonist-mediated activation of TLRs. From all the TLRs tested, 35 

the activation of TLR6 and TLR7 by TLR agonists was 
significantly decreased (P<0.001 for TLR6 and P<0.05 for 
TLR7)  (Fig. 3G). Overall, our results indicate that the 
immunomodulatory properties of the NP210-PFCE are mediated 
by TLR6 and TLR7.  40 

Conclusions 
This work shows that NPs with the capacity to track stem cells 
may have immunomodulatory properties. Previous studies have 
used several NP formulations to track CD34+ cells in vivo (e.g. 
superparamagnetic18 as well as nanocomplexes12) by MRI; 45 

however, the effects of NPs in stem cell biology were never 
addressed using high-throughput characterization techniques such 
as gene arrays. Our results show that NPs may interfere with 
CD34+ TLRs attenuating their secretion of inflammatory 
cytokines. Although studies have shown that NPs (specifically 50 

silver NPs) can inhibit the secretion of pro-inflammatory 
cytokines (IL-6, IL-8, TNF-", etc…) on macrophages mediated 
by specific TLRs19, such studies were never extended to HSCs 
and more specifically to NPs with the capacity to track stem cells. 
The immunomodulatory properties of NPs may be relevant in a 55 

biomedical context since it has been shown that inhibition of TLR 
and proinflammatory cytokine signaling contributes critically to 
ischemic tolerance in different organs20, 21. Injured tissue and 
necrotic cells release endogenous activators (TLR ligands)22, 
which activate TLRs and causes of high level of inflammatory 60 

cytokine secretion and cellular injury. However, down-regulation 
of proinflammatory TLR and cytokine signaling reduces the acute 
inflammatory response that worsens ischemic injury. Different 
studies showed that both TLR2- and TLR4-deficient mice show 
less injury upon cerebral ischemia23. Similarly, our NPs might be 65 

an interesting tool to increase ischemic tolerance and cell survival 
in different organs. Altogether, the NPs described in this work 
represent a novel class of NPs for MRI imaging while acting as 
an anti-inflammatory agent. 
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Novel MRI-detectable PLGA nanoparticles can track hematopoietic stem cells and down-regulate the 
secretion of pro-inflammatory cytokines by interfering with TLRs.  
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