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particularly for cells that are sensitive to biochemical perturba-
tion. Ideally, the transfection method should allow massively 
parallel delivery and have an ability to penetrate into the tis-
sues. [ 19 ]  The method should also be generally applicable to dif-
ferent cell and tissue types. In addition, intracellular sensing 
requires the biosensors to be inert to nonspecifi c binding 
and stable in the cells for the duration of the experiment. 
The binding dynamics of the biosensor and target molecules 
should also be elucidated systematically to facilitate the design 
of the biosensor for optimizing the sensitivity, specifi city, and 
dynamic response. 

 To address the unmet needs, we present a biosensor using 
nanoparticles and fl uorophore-labeled locked nucleic acid 
probes (LNA) for monitoring spatiotemporal gene expression 
dynamics in complex cell structures and native tissue micro-
environments at the single cell level. In this study, two nano-
particles, namely, a spherical gold nanoparticle (GNP) and a 
gold nanorod (GNR), with different sizes, coating and shapes 
are evaluated to monitor single cell gene expression dynamics in 
living cells and tissues. We focus our study on the ability of the 
biosensor for dynamic single cell gene expression profi ling in 
native tissue microenvironments. An equilibrium analysis along 
with experimental measurement is performed to elucidate the 
characteristics of the nanoparticle-LNA interactions and opti-
mize the sensing performance of the biosensor. The biosensor 
is optimized for monitoring spatiotemporal mRNA expression 
in primary human cells, capillary networks in vitro, and var-
ious animal tissues, including skin, retina and cornea tissues. 
Mechanically injured cornea tissues are also studied to demon-
strate the ability of the biosensor for monitoring single cell gene 
expression dynamics in native tissue microenvironments. 

 The biosensor consists of gold nanoparticles and LNA probes 
( Figure    1  a). The LNA probe is a 20-base nucleic acid sequence 
labeled with a fl uorophore (6-FAM) at the 5′ end. Alternating 
LNA/DNA oligonucleotides are utilized to optimize the sensi-
tivity, specifi city and intracellular stability. [ 20,21 ]  LNA is a modi-
fi ed RNA nucleotide in which the 2′ oxygen and 4′ carbon of 
the ribose are joined through a methylene bridge. The bridge 
“locks” the structure into a rigid conformation. Compared to 
traditional DNA and RNA, the LNA oligonucleotide has higher 
melting temperature and binding selectivity. These properties 
of LNA lead to outstanding sensitivity and specifi city for hybrid-
ization. The LNA also enhances the stability of the probe, which 
enables intracellular gene expression monitoring in complex 
tissue microenvironment. The LNA binds spontaneously to the 
nanoparticle to form nanoparticle-LNA complexes due to the 
affi nity between the LNA and gold nanoparticles. In the com-
plexes, the close proximity between the fl uorophore and gold 
nanoparticle facilitates effective energy transfer to quench the 
excited state of the fl uorophore. [ 22 ]  In the presence of the target 

  The tissue microenvironment plays crucial roles in the regula-
tion of various cell functions. [ 1 ]  Despite the available biosensing 
techniques, such as microfl uidics, [ 2 ]  RNA in situ hybridiza-
tion, [ 3,4 ]  and single cell transcriptomics, [ 5 ]  dynamic profi ling of 
gene expression in complex tissue structures at the single cell 
level remains a challenging task. Current approaches for char-
acterizing cell–cell and cell–microenvironment interactions are 
often limited because they are based on the fi xation or phys-
ical isolation of cells to identify specifi c phenotypes. Features 
of the tissue architectures, such as hierarchical organization of 
cells and cell-to-cell coordination, as well as dynamic behaviors 
of cells, are inherently lost when cells are studied in isolation 
or fi xed. Therefore, novel technologies that allow for dynamic 
monitoring of gene expression in individual cells in native 
tissue microenvironments will enable new approaches in eluci-
dating unrecognized characteristics and regulatory processes of 
the cells and develop novel therapeutic approaches. 

 The advent of nanoengineered and synthetic materials ena-
bles new opportunities in developing biosensor platforms for 
dynamic single cell gene expression analysis. [ 6–8 ]  Molecular and 
nanoengineered biosensors, such as molecular beacons, [ 9,10 ]  
nanofl ares, [ 11–13 ]  and displacement probes, [ 14,15 ]  have been 
reported for intracellular sensing in living cells. Nevertheless, 
major challenges exist for single cell gene expression analysis 
in complex tissue microenvironments. [ 16–18 ]  For instance, 
the nanoscale or molecular biosensors should be effectively 
delivered into viable tissues with minimal toxicity to the cells, 
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mRNA, the LNA probe is thermodynamically displaced from 
the gold nanoparticle and binds to the specifi c mRNA target 
sequence due to the higher binding affi nity. The binding reac-
tion physically displaces the LNA probe from the nanoparticle, 
allowing the fl uorophore to emit light. The competitive binding 
process is dynamic and reversible. The concentration of the 
target mRNA can, therefore, be measured dynamically based 
on the fl uorescence intensity in each individual cell. 

  The nanoparticle-LNA probes can be internalized by cells 
for detecting mRNA in the cytoplasm (Figure  1 b), providing 
an effective approach for probing the spatiotemporal gene 
expression dynamics in native tissue microenvironments. In 
particular, the nanoparticle-LNA complexes are internalized via 
endocytosis when incubating with living cells. [ 23 ]  The proce-
dure, which does not require transfection or physical injection, 
allows massively parallel delivery and minimizes perturbation 
to the cells. The noninvasiveness of the procedure is particu-
larly important for studying primary cells and viable tissues 
that are sensitive to biochemical and physical manipulation. 
We characterized the experimental procedure, including the 
incubation concentration and time, to control cellular uptake 
of GNR-LNA and GNP-LNA complexes (Figure S1, Supporting 
Information). At low concentrations of the nanoparticle-LNA 
complexes (e.g., below 24 µg mL −1 ), the cells displayed normal 
morphology and the viability is comparable to untreated cells 
(Figure S2, Supporting Information). The biosensor is compat-
ible with primary human cells and various tissue types. Figure 
 1 c shows the detection of delta-like ligand 4 (Dll4) expressions 
in human umbilical vein endothelial cells (HUVEC), mouse 
skin, mouse retina, and mouse cornea at the single cell level. 

 The characteristics and sensing performance of GNR and 
GNP were studied. The spherical GNP was 10 nm diameter 
and the GNR was 10 nm in diameter and 67 nm in length. 
The UV–vis-NIR absorption spectra of the GNP and GNR were 
characterized (Figure S3, Supporting Information). The sensing 

performances of the GNR-LNA and GNP-LNA probes were 
evaluated and compared in HUVECs (Figure S4, Supporting 
Information). Dll4 mRNA expression in individual HUVECs 
was detectable with both GNR-LNA and GNP-LNA probes. 
LNA probes targeting β-actin and random sequences were also 
tested as positive and negative controls. The biosensors cap-
tured the relative abundance of the gene expression, supporting 
the applicability of the technique ( Figure    2  a). Compared to the 
GNP-LNA probe, the GNR-LNA probe had a higher signal-to-
noise ratio. The maximum signal-to-noise ratios for GNR-LNA 
probe and GNP-LNA probe were 12.0 and 6.3, respectively. The 
difference in the signal-to-noise ratios between the GNR and 
GNP can be understood by the intracellular uptake, surface to 
volume ratio and binding affi nity (Section B, Supporting Infor-
mation). Overall, the GNR displayed better performance than 
the GNP and was used to detect intracellular mRNA expression 
for the rest of the study. 

  To demonstrate the probes for gene expression analysis in 
the morphogenesis of cellular structures, the regulation of Dll4 
in the formation of in vitro capillary networks was studied. [ 24–26 ]  
The capillary networks were self-assembled by seeding HUVEC 
on Matrigel. [ 27 ]  The morphology, viability, and network archi-
tecture were similar with and without the probe, suggesting 
that the GNR-LNA probe did not interfere with the normal 
functions of the cells. The cells were treated with DAPT (a 
γ-secretase inhibitor that blocks Notch signaling) and Jagged1 
(a ligand of the Notch pathway), which modulate the Notch-
Dll4 signaling pathway (Figure  2 b–d). [ 26 ]  Without treatment, a 
wide distribution of Dll4 expression was observed in the net-
works. In particular, a subset of cells expressed a high level of 
Dll4 in the capillary networks. With DAPT, which blocks Notch 
intracellular cleavage and signaling, the density of the capil-
lary network was increased. Consistent with the inhibitory role 
of Notch, [ 28 ]  DAPT treatment increased the expression of Dll4 
mRNA and resulted in a relatively uniform distribution. [ 29 ]  In 
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 Figure 1.    GNR-LNA for single cell gene expression analysis in living cells and tissues. a) Schematic of the GNR-LNA biosensor. b) Endocytic uptake 
of the GNR-LNA probe by cells for intracellular detection. c) Dll4 mRNA gene expression (green) in HUVEC, mouse skin, retina, and cornea tissues. 
For mice retina and cornea tissues, the nuclei of epithelial cells were stained using TO-PRO-3, cytoplasm of epithelium cells were recognized by Dll4 
probe. Images are representative of three independent experiments. 
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contrast, Jagged1 treatment, which mediates Notch signaling, 
reduced the Dll4 expression and the density of the capillary 
networks. 

 To demonstrate the applicability of the GNR-LNA biosensor 
for investigating single cell gene expression analysis in intact 
tissues, the mechanoregulation of Dll4 in mouse cornea tissues 
was studied. Mechanical force and Dll4 signaling are recently 
shown to play essential roles in the formation of leader cells 
during wound healing. [ 30 ]  Mechanical injury of the cornea tis-
sues was applied to disrupt the cell-cell interactions of corneal 
epithelial cells and to study the regulation of corneal wound 
healing. [ 31 ]  A ROCK inhibitor Y-27632, which reduces the cell 
traction force, [ 32 ]  was also injected into mice to perturb the cell 
traction force pharmacologically.  Figure    3  a,b shows the effects 
of mechanical injury on Dll4 expression in cornea tissues with 
and without Y-27632 treatment. The Dll4 expression was esti-
mated by measuring the fl uorescence intensity of individual 
cells in the corneal epithelium (Figure  3 e). Both mechanical 
injury of the cornea and Y-27632 treatment to mice were able to 
upregulate Dll4 expression. Mechanical injury in the cornea of 
Y-27632 treated mice enhanced the Dll4 expression synergisti-
cally. Furthermore, the expression of Dll4 of single cells near 
and far away from the mechanical wound were tracked to study 

the dynamics of injury-induced Dll4 expression. Figure  3 c,d 
shows time-lapse fl uorescence images of mouse cornea tis-
sues with and without mechanical injury. The Dll4 expression 
of six representative cells for each case were traced and ana-
lyzed (Figure  3 f,g). The Dll4 expression in cells far away from 
the wound remained constant. The Dll4 expression in cells 
near the wound was signifi cantly increased. Interestingly, the 
dynamics of Dll4 expression are highly diverse among different 
cells, highlighting the inhomogeneity in the injury response. 
Collectively, these results demonstrate the applicability of the 
GNR-LNA biosensor for single cell gene expression analysis in 
native tissues microenvironments. 

  In summary, this study demonstrates the nanoparticle-LNA 
biosensor for spatiotemporal mapping mRNA gene expression 
in living cells and tissues. The GNR-LNA probes were shown to 
have several inherent advantages. First, mRNA expression can 
be detected in complex cell structures at the single cell level, 
which is critical for elucidating the emergency and heterogeneity 
in complex biological processes. Second, the probe has excellent 
stability and low toxicity in living cells for dynamic gene expres-
sion analysis over 24 h. Third, the technique can be imple-
mented by an incubation step without transfection and injec-
tion, which minimizes the perturbation of cells. Furthermore, 
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 Figure 2.    Characteristics of nanoparticle-LNA probes for single cell gene expression measurement. a) Mean fl uorescence intensities of β-actin, Dll4, 
and random probes in HUVEC. b) Mean fl uorescence intensities of random and Dll4 probes under different treatments. c,d) Bright-fi eld and fl uores-
cence images of HUVEC networks treated with DAPT and Jagged1. Images are representative of at least two independent experiments. Scale bars, 
200 µm.
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the technique can be easily adapted to detect different genes 
and is applicable in various types of cells and tissues, including 
primary cells and intact animal tissues. These unique character-
istics of the GNR-LNA biosensor render the technique a prom-
ising approach for dynamic single cell gene expression analysis 
in tissue morphogenesis and regeneration. [ 32 ]   

  Experimental Section 
  Cell Culture : Primary human umbilical vein endothelial cells 

(HUVECs) were obtained from Invitrogen. The cells were cultured in 
EBM-2 endothelial basal medium with the supplement of 10% fetal 
bovine serum. Cells were cultured in a humidifi ed incubator at 37 °C and 
5% CO 2 . The media were changed every 2 d. Cells were passaged using 
trypsin (0.25%) and passage 2–7 was used in the experiments. 

  Mice Tissues : The University of Arizona Institutional Animal Care and 
Use Committee approved all animal protocols. C57BL/6J mice were fed 
on laboratory food and tap water ad libitum in a regular 12 h dark/light 

cycle. The mice were humanely sacrifi ced at day 7. The eyelids were fi rst 
cut. Then, the eyes were enucleated using a pair of curved forceps to 
pinch the optic nerve and ocular muscles. The eyes were transferred 
to a petri dish containing artifi cial cerebrospinal fl uid solution and 
placed under a dissecting microscope. All of the fat around the eye 
was removed. The cornea and iris were cut carefully from the eye. 
The iris was then removed using a forceps. Then, the lens and sclera 
were removed without tearing the retina. The cornea and retina were 
carefully cut into four sectors. The samples were transferred to petri 
dishes containing 1× DPBS to rinse the tissues. Meantime, the back skin 
tissues were harvested and cut into 500 µm slices with a Brendel/Vitron 
Tissue Slicer (VITRON. Inc.). All the harvested tissues were cultured in 
MEM with 0.5% gentamicin, at 37 °C, 5% CO 2 , and 100% air humidity 
incubator. 

  Y-27632 Treatment : Y-27632 (1 µg g −1 , per mouse) (Sigma-Aldrich, 
dissolved in DPBS) was injected into mouse once per day at P3, P4, P5, 
and P6. The mice were sacrifi ced in a humane way at day 7. 

  Single Cell mRNA Gene Detection in Mice Tissues : The GNR-LNA 
probes were incubated with the harvested mice retina and cornea at 
37 °C, 5% CO 2 , and with 100% humidity. After 2 h, mice retina tissue 
and cornea tissue were washed using 1× PBS for three times to remove 
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 Figure 3.    Mechanoregulation of Dll4 expression in cornea tissues. a) Dll4 expression in mouse cornea tissue with and without mechanical injury. 
b) Dll4 expression in mouse cornea tissues with and without mechanical injury from Y-27632 treated mice. c) Time-lapse fl uorescence images of a 
mouse cornea tissue without injury. d) Time-lapse fl uorescence images of a mouse cornea tissue after mechanical injury. Scale bars, 20 µm. e) Mean 
fl uorescence intensity of Dll4 expression in mouse cornea tissues, cornea tissues with mechanical injury, Y-27632 treated cornea tissues, and Y-27632 
treated cornea tissues with mechanical injury. f) Dynamic Dll4 expression of representative cells without injury. g) Dynamic Dll4 expression in cells 
near the wound after mechanical injury. Scale bars, 25 µm ( n  = 3).
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extra GNR-LNA probes that are not internalized. The samples were 
cultured in fresh MEM for imaging. 

  Imaging and Statistical Analysis : Images of HUVECs were captured 
using an inverted fl uorescence microscope with an HQ2 CCD camera. 
Fluorescence images were taken with the same the exposure time (1 s) 
and settings for comparison. Images of the animal tissues were captured 
using Zeiss LSM 510 Meta Confocal Microscope to resolve the gene 
expression in individual cells. Data collection and imaging analysis were 
performed using NIH ImageJ software. Data are presented as mean ± 
standard error of the mean (SEM). Student’s t-tests were performed to 
compare experimental groups (* P  < 0.05, ** P  < 0.01, and *** P  < 0.001).  
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