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Stem cell research has provided prom-
ising solutions for treating progressing 
neurological disorders.[1] In particular, the 
generation of neurotransmitter-producing 
neurons, such as dopaminergic neurons 
(DA-neurons), from stem cells and their 
transplantation into damaged areas of the 
brain has shown encouraging therapeutic 
results for neurodegenerative diseases 
such as Parkinson’s disease (PD).[2] In 
the case of PD, most patients lose more 
than 80% of their DA-neurons in the 
substantia nigra by the time motor symp-
toms, including bradykinesia, rigidity, and 
tremors, become present.[3,4] Therefore, 
the detection of neurotransmitters during 
stem cell differentiation and neuromodu-
lation processes in the central nervous 
system (CNS) is of paramount importance 
for advancing stem cell-based therapeu-
tics and studying neuropathological path-
ways involved in cellular processes. Such 
processes may include the biochemical 
conversion of l-DOPA to dopamine (DA), 
an essential neurotransmitter involved in 
modulating various neurophysiological 
processes.[5] Abnormal DA levels have 
been correlated with serious neurological 
disorders including PD,[6] schizophrenia,[7] 

and Huntington’s disease.[8] Hence, developing a highly sensi-
tive, selective, real-time, and noninvasive detection method for 
neurotransmitters at the single-cell level would be critical for 
gaining an insight into how neural interactions regulate brain 
functions, into developing better molecular diagnostics and 
therapeutics for neurological disorders, and into the evaluation 
of drug efficacy.

Conventional optical biosensors often possess a bright 
luminescent response to excitations; however, for bioimaging 
and optical biosensing, a high signal-to-noise ratio is much 
more important than luminescent output. This is due to 
the fact that there are major disadvantages regarding typical 
fluorescent probes that limit their use in biological systems 
including phenomena like autofluorescence, light scattering, 
and phototoxicity in response to commonly used UV–vis 
excitations. One class of phosphors with a particularly high 
signal-to-noise ratio includes lanthanide-doped upconver-
sion nanoparticles (UCNPs).[9,10] UCNPs are a unique class 

Nondestructive neurotransmitter detection and real-time monitoring of 
stem cell differentiation are both of great significance in the field of neu-
rodegenerative disease and regenerative medicine. Although luminescent 
biosensing nanoprobes have been developed to address this need, they have 
intrinsic limitations such as autofluorescence, scattering, and phototoxicity. 
Upconversion nanoparticles (UCNPs) have gained increasing attention for 
various biomedical applications due to their high photostability, low auto-
fluorescent background, and deep tissue penetration; however, UCNPs also 
suffer from low emission intensities due to undesirable energy migration 
pathways. To address the aforementioned issue, a single-crystal core–shell–
shell “sandwich” structured UCNP is developed that is designed to minimize 
deleterious energy back-transfer to yield bright visible emissions using low 
power density excitations. These UCNPs show a remarkable enhancement of 
luminescent output relative to conventional β-NaYF4:Yb,Er codoped UCNPs 
and β-NaYF4:Yb,Er@NaYF4:Yb “active shell” alike. Moreover, this advanced 
core–shell–shell UCNP is subsequently used to develop a highly sensitive bio-
sensor for the ultrasensitive detection of dopamine released from stem cell-
derived dopaminergic-neurons. Given the challenges of in situ detection of 
neurotransmitters, the developed NIR-based biosensing of neurotransmitters 
in stem cell-derived neural interfaces present a unique tool for investigating 
single-cell mechanisms associated with dopamine, or other neurotransmit-
ters, and their roles in neurological processes.
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of inorganic phosphors capable of absorbing near-infrared 
(NIR) light and converting it, through the sequential absorp-
tion of photons, to UV–vis emissions.[11] Coupled with their 
high photostability,[12] minimal background autofluorescence, 
and NIR excitation’s ability to deeply penetrate biological tis-
sues,[13] UCNPs have gained more and more attention in the 
fields of subcellular labeling,[14,15] in vivo bioimaging,[16,17] 
biosensing,[18–20] and optogenetics.[21–24] However, despite 
their great potential, even the most efficient upconversion 
material to date, codoped NaYF4:Yb,Ln (Ln = Lanthanide), 
remains with relatively poor upconversion efficiencies, espe-
cially in response to low-intensity laser excitation.[19,25–27] This 
is due to several factors such as (i) the low absorption cross-
section of Yb3+, which sensitizes the UCNPs to the absorp-
tion of 980 nm NIR light,[28] (ii) the parity forbidden nature 
of the 4f–4f transitions of the lanthanides,[29] (iii) and the use 
of relatively low concentrations of luminescent lanthanides to 
prevent quenching.[27] As such, UCNPs are typically excited 
with relatively high power density excitations, exceeding the 
safe threshold for many biological applications[16,30] due to 
the heating effect of 980 nm NIR excitation. Recent reports 
have demonstrated that high doping ratios, combined with 
interesting core@shell strategies can be used to mitigate this 
effect,[31–33] but further improvement would be beneifical to 
push the boundaries of the potential for the use of UCNPs in 
biomedical applications.

To overcome these limitations and further push the bounda-
ries of biomedical technologies, it would be critical to develop 
UCNPs which can capitalize on low power density excitations 
and convert them to visible emissions. To this end, one of the 
most promising methods for increasing upconversion nano-
particle efficiency is the utilization of core–shell architectures. 
While previous core–shell methods addressed issues including 
surface defect-based quenching, Ln–Ln cross-relaxation, and 
dopant concentration tuning,[31] there is a clear need to inves-
tigate the Ln–Yb energy back-transfer mechanisms. Interest-
ingly, it has been shown that red emissions from Er3+ doped 
NaYF4 are resultant from a three-photon process involving 
energy back-transfer from the high lying 4G/2K manifold to 
the 5F5/2 Yb3+ ground state. As such, energy back-transfer has 
a profound impact on the spectral profile, causing red emis-
sions to occur at the expense of higher order green emissions, 
decreasing the overall luminescent intensity. Manipulating 
these energy migration dynamics can critically affect the ability 
of UCNPs to emit intense higher order visible emissions in 
response to low power density laser excitations, enhancing 
their potential in bioimaging, subcellular labeling, as well as 
biosensing.

Herein, we describe the innovative design and synthesis of 
a novel type of core-shell-shell “sandwich” structured UCNP 
[β-NaYF4: Yb3+@ β-NaYF4: Er3+ @ β-NaYF4: Yb3+ (Yb@Er@Yb)], 
which demonstrates relatively high luminescent output in 
response to low power density NIR excitations. Moreover, we 
demonstrate that these UCNPs can be combined with aptamers 
to be further utilized for detection of neurotransmitters from 
neural stem cell (NSC)-derived DA-neurons at the single-cell 
level in a highly sensitive, selective, real-time, and noninvasive 
manner. More specifically, the differentiation of human neural 
stem cells (hNSCs) into DA-neurons was confirmed using a 

nondestructive, real-time, and NIR-based detection method com-
prised of our developed UCNP-aptamer construct (Figure 1A).

In a typical experiment, we prepared our Yb@Er@Yb 
UCNPs in three steps, first by synthesizing a “sensitizing” 
nanoparticle core (SC) containing 20% Yb3+ as the only dopant 
following a reported method with modifications.[34] Second, we 
coated this nanoparticle core with a luminescent shell (LS) con-
taining the emitting 2% Er3+ dopant, followed by a final “sensi-
tizing” shell (SS) containing 20% Yb3+ only. This Yb@Er@Yb 
architecture serves to mitigate energy back-transfer from Er3+ 
ions′ excited state to adjacent Yb3+ ions by spatially separating 
them into different layers to enhance desired two-photon emis-
sions, while discouraging three-photon energy pathways. The 
rationale for this architecture is based on two phenomena 
that are exhibited in rare earth ion doped NaYF4 upconversion 
nanoparticles. First, while rare earth ions’ virtual energy states 
have relatively long lifetimes, they are still limited as they are 
excited energy states, and will deplete eventually to yield spon-
taneous emission. Second, resonance energy transfer (RET), 
the mechanism by which photon energy is transferred between 
the rare earth ions, is strongly affected by distance.[35] Further-
more, by isolating the sensitizers and activators in separate 
layers, the number of Yb3+ ions in close proximity to emitting 
Er3+ centers is decreased, therefore decreasing the probability 
of Er–Yb energy back-transfer without decreasing Yb3+ ion 
count (Figure 1B). Compared to traditional codoped structured 
β-NaYF4: Yb3+/Er3+ (20%Yb/2% Er), or those coated with sensi-
tizing shells β-NaYF4: Yb3+/Er3+ @ β-NaYF4: Yb3+ (20% Yb/2% 
Er@20% Yb), the Yb@Er@Yb “sandwich” structured UCNPs 
provide significantly more intense, two-photon process emis-
sions due to the mitigation of Er–Yb energy back-transfer. As 
a proof of concept demonstration, this “sandwich” structured 
Yb@Er@Yb UCNP system was constructed into a highly sen-
sitive NIR-based optical DA sensor with live cell DA detection 
capability (Figure 1A).

The general structure of the “sandwich” structured UCNP, 
as previously described, is composed of an activator (Er3+)-
containing layer sandwiched between two sensitizing layers 
doped with Yb3+ (Figure 1B). This architecture allows for the 
inner and outer Yb3+ doped sensitizing layers to efficiently har-
vest 980 nm NIR excitation, funneling it towards the activator 
containing luminescent layer where it can promote the higher 
energy emissive states of the activator ions; however, consid-
ering the shell’s thickness, emissions requiring three or more 
photons will be diminished due to the distance-dependent 
nature of RET.[35] Moreover, this specific arrangement of layers 
also minimizes the number of nearest neighbors between the 
activating lanthanides in the LS, sensitizing Yb3+ in the SC, and 
SS, therefore minimizing the probability of Er3+ to Yb3+ energy 
back-transfer (Figure 2A).

Following these general design considerations, we chose 
NaYF4 as our host matrix due to its well-characterized nature, 
low lattice phonon energies, and relatively higher upconver-
sion efficiencies when compared to other materials.[36] To con-
struct our Yb@Er@Yb “sandwich” structure, as illustrated in 
(Figure 2A), we first synthesized a sensitizing core containing 
only 20% Yb3+ as a sensitizer (Figure 2B), which was then 
coated with a 10 nm thick activator-containing luminescent 
shell, doped with only the activator (2% Er3+) (Figure 2B). The 
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luminescent shell was specifically designed to be 10 nm thick, 
as this puts the innermost Ln ions of this layer within 5 nm of 
the Yb3+ doped layers, ensuring efficient energy migration to the 
luminescent Ln3+ centers[35] for up to two photons while miti-
gating further transfer. Finally, a 10 nm thick outer sensitizing 
shell (20% Yb3+) was grown over the particle, sandwiching the 

luminescent shell between the Yb3+ containing sensitizing core 
and sensitizing shell, allowing for efficient energy migration 
to the luminescent lanthanide ions, and more intense upcon-
version emissions[35] (Figure 2B). High-resolution scanning 
transmission electron microscopy (HR-STEM) images show 
the monocrystalline nature of the as-synthesized Yb@Er@Yb 
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Figure 1. A) Schematic diagram of the constructed NIR-based dopamine sensor using the “sandwich” structured UCNP and its application in live cell 
dopamine sensing in non-DA-neurons and DA-neurons. Graphene-oxide based luminescence quenching is disrupted by the introduction of dopamine 
which interacts with aptamers to restore the upconversion luminescence from “sandwich” structured UCNPs. B) Schematic diagram comparing energy 
migration mechanisms among Yb/Er codoped UCNPs, Yb/Er@Yb “active-shell” UCNPs and the novel Yb@Er@Yb “sandwich” structured UCNPs. 
Left: codoped Yb/Er UCNPs, energy back-transfer (red arrows) from Er3+ to Yb3+ exists throughout the nanoparticle. Middle: “active shell” Yb/Er@Yb 
UCNPs, energy back-transfer (red arrows) from Er3+ to Yb3+ exists majorly in the Yb3+ and Er3+ codoped core. Right: the novel “sandwich” structured 
Yb@Er@Yb UCNPs, energy back-transfer is blocked (red arrows with cross) due to layered separation of Er3+ and Yb3+. A more detailed schematic can 
be found in Figure S1 in the Supporting Information.
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“sandwich” UCNPs, which bear the characteristic lattice spacing 
of β-hexagonal NaYF4 (Figure 2C).[37] To confirm the structural 
and compositional integrity of our core–shell architecture, we 
performed spatially-resolved step-by-step single particle elec-
tron energy loss spectroscopy (EELS) in to verify that Yb3+ is 
only detected in the SC and SS of the Yb@Er@Yb “sandwich” 
structure. In the EELS spectrum of the Yb3+ containing sensi-
tizing core, the unique shoulder peak at 40 eV can be solely 
ascribed to the 5p to 5d transition of Yb3+[38,39] (Figure 2D). 
Accordingly, this peak is only found when the EELS spectrum is 
taken in the SC and SS of our Yb@Er@Yb structured UCNPs 
(Figure 2D,F). The EELS data also points out the absence of 
the Yb3+ in the LS (Figure 2E), which is of significance for 
the upconversion luminescence study. This demonstrates our 
ability to synthesize the described sandwich structured UCNPs 
as corroborated by the TEM images in (Figure 2B).

Next, we studied the upconversion spectra of the as-synthe-
sized Yb@Er@Yb UCNPs, which shows clear enhancement 
as can be seen in (Figure 3A). Comparing the upconversion 
luminescence of our Yb@Er@Yb UCNPs with typical Yb/Er 
codoped core UCNPs, a marked enhancement in green emis-
sions of 80 times and total luminescent output of 63 times is 
shown (Figure 3B,C). Interestingly, our “sandwich” structured 
UCNP also compares favorably to “active shell” Yb/Er@Yb 
nanoparticles as well, showing a eight times green emission 
enhancement as well as six times total luminescent enhance-
ment (Figure 3B,C). We speculate this is largely due to the miti-
gation of Er–Yb energy back-transfer, which occurs to a much 
greater extent in Yb/Er codoped core UCNP structures. This  
observation holds true when comparing Yb/Er codoped core 
UCNPs to “half sandwich” structured UCNPs (Yb@Er) of 
the same composition (20 mol% Yb3+ and 2 mol% Er3+), where 
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Figure 2. A) Schematic diagram of the designed Yb@Er@Yb “sandwich” structured UCNP. B) TEM images showing size and morphological evolution 
of the synthesized Yb@Er@Yb “sandwich” structured UCNP of 42 ± 1.6, 51 ± 1.4, 60 ± 1.9 nm respectively. C) High resolution STEM characterization 
of Yb@Er@Yb UCNPs. Inset shows the typical 0.52 nm lattice spacing of (100) crystallographic planes of β-NaYF4. D) EELS spectrum of sensitizing 
core (SC). The shoulder peak highlighted by the blue circle at 40 eV is indicative of Yb3+ existence inside nanoparticle. E) EELS spectrum of luminescent 
shell coated sensitizing core (SC@LS). The characteristic peak of Yb3+ at 40 eV is present when the center of the UCNPs is exposed to the scanning 
electron probe (purple curve). On the contrary, when the scanning electron probe passes only edge (LS) of the nanoparticle, the 40 eV Yb3+ peak is 
absent, indicating the compositional separation of the two layers F) EELS spectrum of Yb@Er@Yb “sandwich” structured UCNPs. The Yb-specific 
peak at 40 eV is observed throughout the nanoparticle, since the electron probe always scans through a Yb3+ doped region after the SS layer growth.
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the only difference is the isolation of sensitizers and activa-
tors into separate shells, which mitigates the detrimental Er–
Yb energy back-transfer, resulting in a 35% increase in green 
emissions (Figure 3C). Moreover, to further support that back-
transfer mitigation is responsible for our enhancement, we have 
synthesized our sandwich structure with increasing Yb3+ mol% 

in the middle layer (LS) of the “sandwich” UCNPs, observing 
significant luminescence intensity decreases (Figure 3D).

The sandwich structured UCNPs′ bright emissions in 
response to low power density excitations provides them with 
significant advantages in fields such as bioimaging, subcel-
lular labeling, and biosensing. To demonstrate the utility of 
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Figure 3. A) Photographs of Yb/Er@Yb (upper) and Yb@Er@Yb (lower) structured UCNPs in hexane solution (1 wt%) under same 980 nm laser 
excitation (25 W cm−2). B) Upconversion luminescence profiles, demonstrating a large increase in luminescence from Yb/Er (codoped), Yb/Er@Yb 
(active shell), Yb@Er (half-sandwich), to Yb@Er@Yb (sandwich) UCNPs in response to the same 980 nm NIR excitation (25 W cm−2). C) Bar chart 
shows the integrated luminescence intensity for the green, red, and blue emissions for the four types of UCNPs shown in inset (B). Note the large 
increase in the green emission and green to red ratios for “sandwich” structured Yb@Er@Yb UCNPs. D) Graph shows the decrease in integrated 
luminescence intensity when Yb3+ is included in the luminescent shell in Yb@Er@Yb “sandwich” structure UCNPs, allowing for energy back-transfer 
which leads to the decrease in luminescence intensity. E) Schematic diagram of the “sandwich” structured UCNP-based upconversion luminescence 
turn-on sensor. F) Upconversion luminescence quenching in response to cumulative graphene oxide coating. G) Upconversion luminescence incre-
ment in response to DA binding.
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the designed UCNPs, a simple luminescence resonant energy 
transfer (LRET)-based biosensor was constructed to sensitively 
detect DA at extremely low detection limits (pm) illustrated  
by the schematic in (Figure 3E). Dopamine is an important 
neurotransmitter which plays an important role in neuronal 
circuits involved in emotion, behavior, motor coordination, 
and addiction.[40] Moreover, the loss of DA-producing cells is 
a hallmark of PD, which currently affects up to ten million 
people worldwide.[41] To this end, it is essential to develop 
simple, robust, and sensitive biosensors capable of monitoring 
DA production and release from neurons.

To demonstrate NIR-based biosensing of neurotransmitters, 
a DA biosensor was constructed using our developed sand-
wich structured UCNPs. First, the UCNPs were coated with 
a silica shell to allow for facile surface chemistry and protec-
tion from luminescence quenching by water (Figure S6, Sup-
porting Information). We then modified the silica shell with 

a customized aptamer specific for DA.[42,43] The presence of 
DA-specific aptamer on the surface of the UNCPs led to selec-
tive binding with DA molecules secreted during the NSC dif-
ferentiation into DA-neurons. Lastly, to finish the assembly of 
our biosensor, we added graphene oxide (GO), prepared using 
a previously reported method,[44] (Figures S6 and S7, Sup-
porting Information) at varying concentrations to the UCNP@
SiO2-aptamer complex. The DA aptamer interacts with the GO 
via pi–pi stacking between the GO and the nucleobases of the 
aptamer, quenching the UCNPs′ fluorescence in a concentra-
tion-dependent manner[45] (Figure 3F). Upon the introduction 
and binding of DA with a 3 min equilibrium time, the aptamers 
take on their 3D shape, abrogating the pi–pi interactions with 
the GO, causing the release of GO and the commensurate 
recovery of luminescence[46] (Figure 3G).

Furthermore, due to the highly efficient upconversion pro-
cess resulting from our “sandwich” structured UCNPs, we 

Figure 4. A) Schematic depicting the conversion of Neural Stem Cells (ReNcell VM) into DA-neurons. B) Immuno-fluorescence imaging characterizing 
DA-neurons and non-DA-neurons. Scale bar: 50 µm. (Blue: Nucleus (DAPI). Red: β tubulin (TUJ1). Green: Tyrosine Hydroxylase (TH).) C) Spontaneous 
calcium fluctuations determined by Fluo4 fluorescence for an active DA-neuron (white circle) during 17 s of imaging. Scale bar: 20 µm. D) Live cell 
upconversion luminescence imaging with DA and non-DA-neurons. Scale bar: 20 µm (Blue: Nucleus (DAPI). Green: Upconversion Luminescence 
(UC)) E) Live cell DA sensing quantitative comparison through microscope imaging signal. (Percent luminescence intensity increments are all nor-
malized to live cell nucleus staining intensity as internal references). (Error bars represent mean ± s.d.; n = 3, ** p < 0.01, by one-way ANOVA with 
Tukey post-hoc test.)
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were able to detect DA in a range of 1–10 pm with an R2 = 0.94 
(Figure S8, Supporting Information). This is three orders of 
magnitude more sensitive than previously demonstrated 
UCNP-LRET-based biosensors, which typically operate in the 
µm to nm range.[18,20,45,46] Critically, this has significant implica-
tions for the ability to monitor the in situ production of DA in 
the cytoplasm of neurons, as well as to study relevant diseases 
such as Alzheimer’s and PD, where it is present in much lower 
concentrations.[47] For a proof-of-concept experiment, neural 
progenitor/stem cells (hNPSCs or hNSCs) with the ability to 
readily differentiate into neurons and glial cells were used[48,49] 
(Figure 4A). The hNSC-derived neurons can respond to extrinsic 
and intrinsic signals that further affect the neuronal fate in 
the CNS, which leads to subtype-specific neurons such as DA-
neurons and GABAergic neurons. To confirm the dopaminergic 
and nondopaminergic differentiation of hNSCs respectively, 
cells were stained with tyrosine hydroxylase (TH), which is a 
representative marker of DA-neurons as shown in (Figure 4B). 
To further characterize the functionality of the DA-neurons, 
calcium imaging was conducted to monitor the changes in the 
intracellular calcium concentrations using a commercially avail-
able calcium indicator dye, Fluo4 (Figure 4C). Once the func-
tionality of the DA-neurons was confirmed, showing appropriate 
biocompatibility with the synthesized DA sensors (Figure S9,  
Supporting Information), they were treated to detect the KCl 
triggered DA release by the two differentiated neuronal cell lines 
(Figure 4D). As expected, the biosensors in the DA-neurons 
showed brighter upconversion luminescence (Figure 4E). 
Additionally, the DA-neuron condition generated the highest 
luminescent increment when compared to various other con-
ditions (Figure S11, Supporting Information). Interestingly, the 
luminescent increment of the nondopaminergic cell condition 
is very similar to that of the increment caused by the addition of 
the l-dopa alone (Figure S11, Supporting Information). Collec-
tively, these results show that our NIR-based biosensor’s lumi-
nescent recovery can not only sensitively detect DA, but can also 
be distinctly and directly correlated with l-dopa to DA conver-
sion by normalizing for the difference in their response.

In summary, this work is a demonstration of a novel type 
of core–shell–shell “sandwich” structured, UCNP-based NIR 
sensing strategy focusing on DA detection during stem cell 
differentiation into subtype specific neurons at the single-cell 
level in a highly sensitive, selective, real-time, and noninva-
sive manner. This UCNP-based neurotransmitter sensing 
method can be used for detecting DA neuromodulation in 
vivo and be further extended to the development of novel diag-
nostics relevant to neurodegenerative diseases. These novel 
methods and applications also complement recent advances in 
UCNP-based brain imaging, nanomaterial-based biosensing of 
neurotransmitters, as well as conventional stem cell therapeutic 
strategies. While the ability to rationally design and synthesize 
a brighter Yb@Er@Yb “sandwich” structured UCNPs, using an 
energy back-transfer mitigation mechanism is critical for wide 
bioapplications of UCNPs, this uniquely designed UCNP spe-
cifically enables our system to produce bright visible emissions, 
520 and 543 nm specifically, in response to relatively low power 
density excitations. The use of low power density 980 nm NIR 
excitation to produce bright emissions is critical in biological 
applications, as it mitigates the heating effect of 980 nm NIR 

excitations which is a long-standing challenge of using 980 nm 
NIR mediated upconversion nanomaterials. Furthermore, the 
enhanced visible emissions allowed us to demonstrate our 
architecture’s functional utility in the form of a turn-on sensor, 
capable of detecting DA in low pm concentrations, which pos-
sesses an at least three-order of magnitude higher sensitivity 
comparing to similarly designed systems. Collectively, our NIR-
based biosensing strategy to detect neurotransmitters in stem 
cell-derived neural interface using an advanced UCNP core–
shell–shell architecture has significant potential for biomaterial 
science, neuroscience, and stem cell biology.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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