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ABSTRACT

Long-term labeling of stem cells during self-replication and differentiation benefits investigations of development and tissue regeneration. We
report the labeling of human mesenchymal stem cells (hMSCs) with RGD-conjugated quantum dots (QDs) during self-replication, and multilineage
differentiations into osteogenic, chondrogenic, and adipogenic cells. QD-labeled hMSCs remained viable as unlabeled hMSCs from the same
subpopulation. These findings suggest the use of bioconjugated QDs as an effective probe for long-term labeling of stem cells.

Stem cells are central to the understanding of native Among all cell labeling probes, organic fluorophores such
development and tissue regeneration. Stem cells overcomeas rhodamine, fluorescein, DAPI, DsRed, and alexa488 have
many of the limitations of tissue or organ transplantation been widely utilized in cell biology and developmental
such as donor shortage and donor site morbidity, pathogenbiology3-1¢ Organic dyes are easy to use, relatively
transmission, and immune incompatibilitystem cells give inexpensive, and are capable of labeling cells in culture for
rise to tissue progenitor cells, which in turn differentiate into short time. However, organic fluorophores may photobleach
tissue-forming cell§-* For example, mesenchymal stem cells and lose fluorescence and therefore are not typically used
(MSCs) give rise to osteoprogenitor cells, which in turn to label cells for substantial time. Fluorescence emission of
differentiate into bone-forming osteoblast$.In addition to organic dyes is quenched upon conjugation to biological
osteogenic differentiation, MSCs are capable of differentiat- molecules as dye molecules start to form nonfluorescent
ing into chondrocytes, myocytes, tenocytes, adipocytes, derivativest>'6Organic dyes are sensitive to changes in local
fibroblasts, eté:2-19 Without telomere manipulations, MSCs  pH and chemical degradation and accordingly may readily
undergo a substantial, but not unlimited, number of popula- disintegrate, lose fluorescence, or vyield false positive
tion doublings®”1! When stem cells or their progeny are results!*~16 Additionally, the broad emission spectra of
applied to regenerate tissues and organs, there is a criticabrganic dyes can overlap and may lead to false positive
need to delineate the relative contribution to the regeneratedsignals.

tissues and organs from delivered cells versus host cells. Genetically encoded fluorescent proteins such as green
Thus, long-term labeling of stem cells is critically needed fiyorescent protein (GFP) have been widely used for cell
in the field of regenerative medicine for understanding their |apeling. GFPs are spontaneous fluorescent proteins isolated
fate, migration, and contribution to the regenerating tis- from a jellyfish, Aequoreavictoria.l’ 18 GFP transduces the
sues'®*?Reliable and cytocompatible labeling of stem cells pjye chemiluminescence of aequorin into green fluorescent
is also critically needed in developmental biology so that light by energy transfet®1° GFPs are typically transfected
the proliferation, apoptosis, and differentiation of various cell jnto the cells via retrovirus, lentivirus, or nonviral ap-
lineages can be tracked. proacheg? In comparison with organic dyes, GFPs have a
number of advantages such as better photostability and pH
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drawback of narrow excitation and wide emission spectrum. 5 nM QD concentrations failed to yield effective labeling
It is difficult to excite multiple fluorescent proteins simul- (data not shown). Accordingly, we elected to use 30 nM QD

taneously with a single excitation sourf&? concentration for subsequent experiments. Additionally,

Quantum dots (QDs) are small, light-emitting semiconduc- overnight incubation was fpund to be effective ?n Iabelipg
tor nanocrystals, typically in the size range ef 0 nm?23-27 hMSCs, whereas QD labeling of hMSCs for 5 min, 30 min,
QDs are generally composed of atoms from groupsvil and 2 h failed to yield satisfactory fluorescence (data not

(e.g., CdSe, CdTe, CdS, and ZnSe) oM (e.g., InP and shown). With the knowledge of effective QD concentration
InAs) of the periodic table, and are nanoparticles with and labeling time, we labeled hMSCs with the bioconjugated
physical dimensions smaller than the excitation Bohr ra- QDs at the optimized 30 nM concentration and overnight
dius1628The diameter of QDs determines their emission and incubation. Following removal of unbound QDs, we con-
excitation spectra and can be fine-turfeéP After years of ~ tinued to culture and expand QD-labeled hMSCs for up to
nonbiological applications, highly luminescent QDs were 22 days. Figure 1 shows bright-field, fluorescent, and overlay
made water soluble and tethered to biomolecules for cell images of QD-labeled MSCs after days 0, 4, 7, and 22 of
labeling3:32 Subsequently, the fluorescence yield of bio- cell proliferation. QD-labeled human MSCs continued to
conjugated QDs has been enhan&edurrently, com- proliferate after continuous culture expansion for day 0
mercially available QDs are tailored for cell labeling. In (Figure 1al,a2), day 4 (Figure 1b1,b2), day 7 (Figure 1c1,
contrast to organic dyes or fluorescent proteins, QDs havec2), and day 22 (Figure 1d1,d2). QDs were internalized after
several distinctive advantages, especially for long-term cell overnight incubation and were visible in the cytoplasm of
labeling and in vivo cell tracking. QDs are generally cells (Figure lel,e2). Interestingly, bioconjugated QD ag-
photostable and maintain fluorescent intensity in cell culture gregates did not appear to enter the nuclei (Figure lel,e2).
for a prolonged timé®&2834The higher absorbance rate of Cell viability of QD-labeled hMSCs and unlabeled hMSCs
QDs is translated into higher fluorescence intensity. For (from the same subpopulation) measured by trypan blue
example, the fluorescence intensity of a single cadmium exclusion lacked significant difference after 0, 4, 7, and 22
selenide QD is equivalent to that of approximately 20 days of cell culture (Figure 2a), suggesting that the present
rhodamine molecule¥.QDs are approximately HP0 times bioconjugated QDs are cytocompatible and did not induce
brighter than fluorescent proteifsThe narrow emission  cell death. Fluorescence activated cell sorting (FACS) was
spectrum and broad excitation spectrum of QDs enable used to sort QD-labeled hMSCs and unlabeled hMSCs as
multiplexing by a single wavelength activatiéi?229.3437 controls, following overnight QD incubation at 30 nM
Different cell lineages can be labeled and potentially tracked concentration. In comparison with a low FACS vyield of
via multicolor QD probes for studies of both native develop- unlabeled hMSCs (Figure 2b,c), QD-labeled hMSCs had a
ment and tissue regeneration, given that biological tissueshigh fluorescent yield (Figure 2d,e). This was verified by
and organs contain multiple cell lineagfe? 337 quantitative data in Figure 2f showing that 96% of QD-
QDs have been shown to label several cell lineages suchlabeled hMSCs fluoresced in 665 20 nm in comparison
as tumor cells, endothelial cells, erythrocytes, and fibro- with only 6.5% of unlabeled hMSCs in the signal range of
blasts!628.31.38However, little is known whether stem cells 605 £+ 20 nm. A common challenge with cell tracking is
can be effectively labeled by QDs during both proliferation that the labeling dyes leach out from the cell over time,
and multilineage differentiation for long term. Stem cells, leading to possible uptake of dyes by other cells and
by definition, are capable of self-replication and differentia- introducing false positive artifacts. We started to address this
tion into multiple lineage:* In the present study, we labeled issue by using a transwell culture system. QD-labeled hMSCs
human mesenchymal stem cells (hMSCs) with bioconjugatedwere cultured in the insert of the transwell system. Unlabeled
quantum dots during proliferation as well as during dif- hMSCs were cultured underneath in the transwell plate. The
ferentiations into osteogenic, chondrogenic, and adipogenicdiameter of the pores in the insert is 400 nm, much larger
cells. Our data demonstrate that QD-labeled human mesenthan the diameter of QDs in the range of 20 nm. QD-
chymal stem cells were viable and continued to proliferate labeled hMSCs were observed under fluorescent microscope
for the tested 22 days, similar to unlabeled hMSCs of the during the tested 1, 4, and 7 days (Figure 3al,bl,cl), no
same subpopulation. Bioconjugated QDs remained visible apparent QD labeling was observed in the unlabeled hMSCs
in hMSCs after differentiation into osteogenic, chondrogenic, cultured underneath in the same medium (Figure 3a3,b3,c3).
and adipogenic lineages, as evidenced by the expression oBright-field images revealed the presence of QD-labeled
matrix biosynthesis markers, similar to the differentiation hMSCs (Figure 3ac) and unlabeled hMSCs (Figure 3a2
capacity of unlabeled hMSCs. The effective concentration c2) up to the tested 7 days. These data suggest that QDs
and incubation time of bioconjugated quantum dots were that have been extruded by hMSCs cultured on the insert
determined for broad applications. are not taken up by hMSCs cultured underneath in the
QD Labe"ng of Human Mesenchyma| Stem Cells transwell plate up to the tested 7 dayS in culture.
during Proliferation. An essential question for QD labeling QD Labeling of Human Mesenchymal Stem Cells
of stem cells is cytocompatibility over long term and during during Osteogenic, Chondrogenic, and Adipogenic Dif-
proliferation. We first optimized effective QD concentrations ferentiations. With the knowledge of the efficacy of QD
for labeling hMSCs and found that 20 and 50 nM QD labeling following up to 22 days of proliferation, we asked
concentrations effectively labeled hMSCs, whereas 0.5 andthe next logical question of whether QD labeling interferes
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Figure 1. Human mesenchymal stem cells (hMSCs) labeled with bioconjugated quantum dots (QDs) undergo proliferation up to the tested
22 days. hMSCs after overnight incubation with bioconjugated QDs (30 nMaZa Following the removal of extracellular QDs, QD-
labeled hMSCs and unlabeled hMSCs of the same subpopulation were continuously cultured for 4, 7, and 22lifys-¢2, d—d2,
respectively). Scale bar: 3tn. QDs were internalized in the cytoplasm, even after 22 days of culture-expansie)(elearly observed

in fluorescent (el) and overlay (e2) images, apparently endocytosed as aggregates. Scaterbar: 5

with the differentiation capacity of hMSCs toward multiple previous worké®3940.4344The QD-labeled hMSCs during
cell lineages. Per our prior differentiation methods, hMSCs osteogenic differentiation showed somewhat more rounded
were induced to differentiate into osteoblasts (hMSC-Ob), morphology in monolayer culture (Figure 4b) in comparison
chondrocytes (hnMSC-Cy), and adipocytes (hMSC-Rd§. 42 with hMSCs without osteogenic differentiation (e.g., Figure
Figure 4a shows that QD-labeled hMSCs treated with la—d). The corresponding fluorescent (Figure 4bl) and
osteogenic supplemented medium for 7 days were stainedoverlay (Figure 4b2) images showed that the presently used
positively to alkaline phosphatase (ALP), similar to our QDs labeled the hMSC-derived osteogenic cells, suggesting
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a OUnlabeled hMSCs image of the same chondrogenic pellet (Figure 5b), and an
100 1 Hl QD-labeled hMSCs overlay of bright-field and fluorescent images of the chon-
drogenic pellet (Figure 5c¢). When cultured in chondrogenic
stimulating medium, QD-labeled hMSCs showed continuous
pellet formation (Figure 5e), similar to hMSCs without QD
60 1 labeling (Figure 5d). Glycosaminoglycan (GAG) content, an
indication of biosynthesis of cartilage matrix, showed a lack
40 - of significant difference between QD-labeled hMSCs and
unlabeled hMSCs during chondrogenic differentiation up to
20 A the tested 28 days (Figure 5f).

Adipogenic differentiation of hMSCs followed our previ-
0 T T T ously developed method%.424¢ Intracellular lipids began
Day0 Day4 Day7 Day22 to accumulate in QD-labeled or unlabeled hMSCs treated
with adipogenic supplements during 28 days of culture
(Figure 6a). Similar to hMSCs, hMSC-derived osteogenic
b 1C and chondrogenic cells, bioconjugated QDs remained in the
cytoplasm of hMSC-derived adipocytes during differentiation
(Figure 6b,c). Oil-red O staining revealed the formation of
= a substantial amount of lipid vacuoles by unlabeled hMSCs
RV [ e (Figure 6d) as well as QD-labeled hMSCs (Figure 6e) during
e B adipogenic differentiation. In conjunction with our previous
- findings of the expression of PPAR and other adipogenic
€] markers by hMSC-derived adipogenic cells and glycerol
B o 2 production?®46 glycerol content of unlabeled hMSCs, and
% EI _ QD-labeled hMSCs lacked significant difference up to the
O omardeator St riam | 1eee tested 28 days (Figure 6f), suggesting that QD labeling does
not interfere with adipogenic differentiation of hMSCs.

These findings represent an original demonstration of long-
term labeling of human mesenchymal stem cells during both
60 proliferation and multilineage differentiation into osteogenic,
chondrogenic, and adipogenic cells by bioconjugated quan-
tum dots. Bioconjugated QDs are endocytosed and remain
20 + in the endosomes of expanded hMSCs up to tested 22 days

0 — of proliferation. Although bioconjugated QDs have been
Unlabeled QD labeled utilized to label tumor cells, endothelial cells, and fibro-
hMSCs hMSCs blasts!®-28:34.38tem cells present potential challenges for QD
Figure 2. Cell viability and fluorescent cell sorting. Cell viability ~ 1@beling because stem cells, including the presently used
lacked statistically significant difference between QD-labeled Mesenchymal stem cells, undergo self-renewal and multi-
hMSCs and unlabeled hMSCs (a) with or without QD labeling, lineage differentiatio?114%50 Cytoskeleton of MSCs is

substantial number of hMSCs remained viable (range: 67% 10 known to undergo substantial reorganization during the
93%). Compared to unlabeled hMSCs (6.5%) (b,c), fluorescence-

activated sorting shows the yield of QD-labeled hMSCs at 96% differentiation into Iineage-specific cells such'as ogteoblasts
(d,e) in the fluorescent range of 6@5 20 nm with quantitative ~ and chondrocyte®:>1%2t is remarkable that bioconjugated
data shown in (f). QDs are continuously present in both hMSCs and hMSC-
derived osteogenic, chondrogenic, and adipogenic cells for
that the presently used QDs can label stem-cell-derivedup to the tested 28 days as shown in the present study.
lineage-specific cells. ALP content lacked significant dif- Although tumor cells readily proliferate, many types of tumor
ference between QD-labeled and unlabeled hMSCs duringcells do not differentiate into multiple cell lineages. Thus,
osteogenic differentiation for day 0 and day 14 (Figure 4c). the present demonstration of QD labeling of hMSCs during
Calcium content, an end-stage osteogenic differentiation the differentiation into multiple lineages such as osteogenic,
marker, also lacked significant difference between QD- chondrogenic, and adipogenic cells is likely useful for
labeled hMSCs and unlabeled hMSCs during osteogenicdelineating the relative contribution of various cell lineages
differentiation (Figure 4d), suggesting that QD labeling does to the regeneration of tissues and organs. Additional experi-
not interfere with the capacity of hMSCs to elaborate a ments are warranted to determine the labeling efficacy of
mineralized matrix. bioconjugated QDs in differentiated cells. For example, the
Chondrogenic differentiation of hMSCs was tested with synovial joint condyle consists of chondrocytes and osteo-
or without QD labeling per our previous approaché?345 blasts, in addition to progenitor cells, that interact during
QD labeling was visible in the pellet as revealed by bright- both native development and tissue regenerafioti.Long-
field image of a chondrogenic pellet (Figure 5a), fluorescent term labeling of stem cells, osteoblasts, and chondrocytes is
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Figure 3. Transwell culture shows a lack of cross-labeling of human mesenchymal stem cells (hMSCs) by bioconjugated quantum dots
(QDs). QD-labeled hMSCs were cultured in the insert of a transwell system. The diameter of the insert is 400 nm, much larger than the
diameter of QDs in the range of-20 nm. Unlabeled hMSCs were cultured underneath in the transwell plate. Whereas QD-labeled hMSCs
were observed under fluorescent microscope during the tested 1, 4, and 7 days (al, b1, and c1), no apparent QD labeling was observed in
the unlabeled hMSCs cultured underneath in the same medium (a3, b3, and-c3)B(aht-field images of QD labeled hMSCs; (@22)

bright-field image of unlabeled hMSCs. These data suggest that QDs extruded by hMSCs are not taken up by the unlabeled hMSCs up to
the tested 7 days of culture. Scale bar: 100.

beneficial for understanding the relative contribution to the in the endosomes and/or the lysosorffeBhe present work
morphogenesis of either native or engineered synovial joint used RGD peptide for integrin binding, similar to previous
condyles. approaches using GFE (CGFECVRQCPERC), F3 (KDEPQ-
QDs in the present study are apparently endocytosed asRRSARLSAKPAPPKPEPKPKKAPAKK), and LyP-1(CGNK-
aggregates into the cytoplasm. This is consistent with RTRGC) peptides for integrin binding on endothelial cells,
previous findings in other cell types such as tumor c&lf. blood vessels, and tumor cells in various tumors, and
QDs without bioconjugation usually do not bind to cell lymphatic vessels and tumor cells in certain tumors respec-
surface molecules and instead need to be coated to peptidesvely.f! In the present study, semiconductor nanocrystals are
or proteins that serve as ligands for integrin binding on cell bound to CGGGRGD peptide through the thiol linkage
surface. Another indirect indication of endocytosis of QDs between the cysteine (C) amino acid and the semiconductor
is our present observation, consistent with QD labeling of nanocrystals. The GGG sequences of glycine (G) amino acids
tumor cells, that QD aggregates apparently do not enter theprovide a spacer in the amino acid chain, and the RGD
nuclei, given the inability of the nuclear pore to internalize sequence has selective binding affinity to specialized trans-
QDs. Consistent with several previous reports, we found thatmembrane cellular structures such as integrins.
bioconjugated QDs were internalized into the cytoplasm and A recent communication confirms our finding that QD
not translocated into the nuclei. Bioconjugated QDs cluster labeling does not inhibit ALP activity of bone marrow
into particles that are greater than the size of nuclear pores.progenitor cells but shows inhibition of osteopontin expres-
Alternatively, the radius of QDs (hydrodynamic radius sion upon QD labelin§?> Because osteopontin was not
~25 nm) exceeds the passive diffusion of the QD-RGD assayed in the present study, we have yet to confirm or
assembly through the nuclear pore complex (hydrodynamic dispute the attenuated osteopontin expression. A careful
radius~5 nm)>® Additional experiments are warranted to examination reveals several important differences between
investigate why bioconjugated QDs do not enter the nucleus.their and our work. Their bone marrow cells are immortalized
Furthermore, RGD-conjugated QDs may have been packagedn contrast to primary MSCs in the present study. Immortal-
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Figure 4. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during osteogenic differentiation. (a) Expression of
alkaline phosphatase (ALP) during osteogenic differentiation of QD-labeled hMSEB2JQDs remained in hMSCs during osteogenic
differentiation: (b) brightfield image of hMSCs labeled with QDs; (b1) fluorescent image of b1 showing QD labeling; (b3) overlay of (b)
and (b1). (c,d) No significant differences in ALP content and calcium production between QD-labeled and unlabeled hMSC-derived osteoblasts,
respectively. Scale: 30m.

ized cells may not express certain matrix marki®nly a provides further evidence that QD labeling may not sub-
qualitative osteopontin image was presented without quan-stantially interfere with hMSC differentiation into multiple
titative osteopontin assay. The present data showing com-mesenchymal lineages. In light of these recent communica-
parable C&" production, an end-stage osteogenic differen- tions, our ongoing studies will monitor an array of osteogenic
tiation marker, by QD-labeled hMSCs and unlabeled hMSCs and chondrogenic markers by real- time PCR, quantitative
during osteogenic differentiation indicate that osteogenic protein assays (ELISA), and matrix structural analysis. A
differentiation of hMSCs was not inhibited by QD labeling. recent communication confirms our finding that QDs ef-
The QDs they used were from a different source, had a fectively label human bone-marrow-derived mesenchymal
different emission spectrum, and were not bioconjugated to stem cells, although the experiment was short term and did
the same peptide. Interestingly, another recent communica-not label MSC progenies.

tion by the same group has suggested that QD labeling QD labeling of stem cells needs to be further studied to
inhibits the elaboration of chondrogenic matitxOnly test the labeling and in vivo tracking of not only mesenchy-
qualitative mRNA expression and histological images of mal stem cells but also embryonic, hematopoietic, epithelial,
selected chondrogenic markers were shown without quantita-neural, and other stem cells. When cells divide, the total
tive data. In contrast, we have shown comparable quantitativenumber of QDs is likely divided, not necessarily 50:50,
GAG synthesis between QD-labeled hMSC-derived chon- between two daughter celt.Upon endless cell divisions,
drocytes and unlabeled hMSC-derived chondrocytes. Ourit is probable that the initial number of QDs is divided
present demonstration of the comparable ability of QD- between parent and daughter cells. However, this can be
labeled hMSCs in the differentiation into adipogenic cells compensated by using higher QD doses upon initial cell
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Figure 5. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during chondrogenic differentiati)iQalabeling

of hMSCs during chondrogenic differentiation in pellet culture ((a) bright-field; (b) fluorescent; (c) overlay). (d,e) Positive alcian blue
staining of QD-labeled or unlabeled hMSCs during chondrogenic differentiation. (f) No statistically significant difference in glycosanminoglyca
(GAG) content between QD-labeled and unlabeled hMSC-derived chondrocytes. Scale bam.250
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Figure 6. Quantum dot (QD) labeling of human mesenchymal stem cells (hMSCs) during adipogenic differentiatgr-g¢amation of
intracellular lipid vacuoles in QD-labeled hMSCs during adipogenic differentiation. Arrow points to intracellular lipid vacuole. Scale bar:
50um. (d,e) Oil-red O staining showing adipogenesis formation without (d) or with (e) QD labeling. Scale barm1(f No statistically
significant difference in glycerol content between QD-labeled and unlabeled hMSC-derived adipocytes.

labeling. The cost of QD labeling currently is a barrier for proliferation and differentiation capacity of stem cells,
large-scale studies. QDs can be tethered to single peptidesadditional toxicity studies of QD labeling of hMSCs and
and DNA fragments for broader applicatiotis®%in addi- other stem cells likely will further contribute to our under-
tion to the present approach of labeling cells. Human MSCs standing of the application of QDs in cell biology, devel-
in the present study were isolated and expanded fromopmental biology, and regenerative medicine. Together,
multiple donors of both genders and various ages. The bioconjugated quantum dots (QDs) are capable of labeling
majority of cell labeling studies have concluded that properly human mesenchymal stem cells (hMSCs) during proliferation
capped and bioconjugated QDs are not toxic to éeths7.6569 for the tested 22 days. Cell survival assays indicate that QD-
Now we have found that QD-labeled mesenchymal stem cellslabeled hMSCs are as viable as unlabeled hMSCs from the
are capable of proliferation and differentiation. Given the same subpopulation. These findings suggest that QDs are
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effective probes for self-replicating stem cells. During the (22) Alivisatos, A. P.; Gu, W.; Larabell, @nnu. Re. Biomed. Eng2005
; e ; ; ; 7, 55-76.

dlfferenna}non of IMSCs |ntc_> chondroge_mc,_ostgogemc_:, gnd (23) Frangioni, J. VCurr. Opin. Chem. Biol2003 7, 626-634.
adipogenic cells, QDs continued to reside in differentiating (24) Frangioni, J. VNat. Biotechnol 2006 24, 326-328.
cells. The multilineage differentiation of h(MSCs into chon-  (25) Bruchez, M. PCurr. Opin. Chem. Biol2005 9, 533-537.
drocytes, osteoblasts, and adipocytes was verified by respec-(26) Chan, W. CBiol. Blood Marrow Transplant2006 12, 87-91.
fi trix bi thesi k h | . | (27) Medintz, I. L.; Clapp, A. R.; Brunel, F. M.; Tiefenbrunn, T.; Uyeda,
Ive matrix |os_yn €SIS markers suc ‘T"S 9 ycosam'_nOQ ycan H. T.; Chang, E. L.; Deschamps, J. R.; Dawson, P. E.; Mattoussi, H.
content, alkaline phosphatase, calcium production, and Nat. Mater.2006 5, 581—589.
glycerol content as well as histological dyes. Taken together, gg; j\li}/isatIOSJ, F}’(-Nast; Bioteé:hrlc;l2034 532’”4;155(')04 L4 497504

. H . H : : alswal, J. K.; SiImon, 5. l.renas Ce 101. . — .
thesg findings represe_nt an orlglnal investigation of the (30) Delehanty. J. B.: Medinz, I. L. Pons, T.; Brunel, F. M.. Dawson,
labeling of stem cells with bioconjugated quantum dots and P. E.;Bioconjugate Chen200§ 17, 920-927.
suggest that bioconjugated quantum dots may be an effective (31) Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P., Jr.

; i ; i Sciencel998 281, 2013-2016.
probe for labeling stem cells during both proliferation and (32) Chan, W. C.: Nie, SSeiencel998 281, 2016-2018.

differentiation into multiple lineages. (33) Peng. Z. A.: Peng, XJ. Am. Chem. So@001, 123 183-184.
(34) Gao, X.; Cui, Y.; Levenson, R. M.; Chung, L. W.; Nie, Sat.
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