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Abstract: 

Leucine-rich alpha-2-glycoprotein-1 (Lrg1) is an emerging biomarker for angiogenesis. Its 

expression in ocular tissues is up-regulated in both human patients with proliferative diabetic 

retinopathy and rodent models of pathological angiogenesis. However, there is no existing sensor 

that allows visualization and monitoring of Lrg1 expression non-invasively and in real time. 

Herein, we report a nucleic acid-gold nanorod-based nanosensor for the non-invasive monitoring 

of cellular Lrg1 expression in angiogenesis. Specifically, this platform is constructed by 

covalently conjugating molecular beacons onto gold nanorods, which pre-quench the 

fluorophores on the molecular beacons. Upon intracellular entry and endosomal escape, the 

complexes interact with cellular Lrg1 mRNA through hybridization of the loop area of the 

molecular beacons. This complexation distances the fluorophores from nanorod and restores the 

pre-quenched fluorescence. The reliability of this platform is confirmed by examining the 

increased Lrg1 expression in migrating keratinocytes and the Lrg1 gene changes in different 

postnatal stages of mouse retinal vasculature growth in the mouse retina model. 
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Angiogenesis, a process of new blood vessel formation, contributes to the development and 

progression of several diseases including cancers, proliferative diabetic retinopathy, and chronic 

wound healing 
1
. This complex process is regulated through a balance of proangiogenic and anti-

angiogenic molecules, which is often derailed in diseases 
2
. Repetitive monitoring of angiogenic 

gene expression patterns in vivo would allow the dynamic tracking of biological changes during 

disease progression or upon treatment 
3
.  

Although vascular endothelial growth factors (VEGFs) and their receptors play a key role 

in angiogenesis 
4-6

, other factors also contribute to angiogenesis through extensive crosstalk with 

each other 
7-9

. For example, TGF-β1 signaling has been reported to be involved in multiple steps 

during angiogenesis 
10

, and can promote or inhibit new blood vessel formation, which is highly 

dependent on factors, such as ligand concentration, its bioavailability, presence of other 

regulatory factors 
11

. Our team et al. have discovered Leucine-rich alpha-2-glycoprotein 1 

(Lrg1), as a promising therapeutic target in the diagnosis and treatment of angiogenesis-related 

diseases 
12-13

. It was found to mediate vessel growth through regulating the endothelial TGFβ1 

signaling.  

The expression of Lrg1 in cells and animal models is currently examined through classic 

techniques such as reverse transcription polymerase chain reaction (RT-PCR), western blotting, 

and immunostaining 
12, 14-15

. While they provide extremely sensitive and definitive validation, it 

comes with a major drawback in the need to sacrifice multiple animals to obtain statistically 

significant observation, as in the case for any end-point analysis methods. Therefore, it is always 

desirable to have a non-invasive and real-time imaging method for in vivo monitoring of Lrg1 

expression, which could potentially relate to activation of angiogenic switch, leading to 

pathological angiogenesis in diseases.  

In recent years, oligonucleotides-functionalized gold nanomaterials such as Spherical 

Nucleic Acids (SNAs) have surfaced as a reliable technique for the detection of the abnormal 

expression of disease biomarkers 
16-22

. These biocompatible complexes can easily enter living 

cells through scavenger receptor-mediated endocytosis despite its negatively-charged surface 
23

, 

which can’t be achieved by the pure oligonucleotide-based probes (e.g. molecular beacon). The 

oligonucleotides on the particles are resistant to nuclease degradation due to steric effect from 

their tight packing 
24

 and more importantly, they can detect and quantify cellular gene in 

nanomolar sensitivity 
25-26

. SNAs have been used to sort aggressive melanoma cells within 
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heterogeneous cell lines via the detection of Nodal (a biomarker for tumor progression localized 

in vascular networks) re-expression in aggressive metastatic melanoma 
27

. Such sorting can be 

achieved through the hybridization of designed oligonucleotide and complementary Nodal 

mRNA sequence, releasing fluorescence signals within the cell which are detectable through 

fluorescence imaging. To allow more precise detection of biomarkers, these nanoparticles could 

be multiplexed with target gene and control sequence to improve cell sorting and 

quantification
28-31

. In addition, SNAs demonstrated great cellular penetration of >100% in skin 

keratinocytes within hours, accompanying effective suppression of epidermal growth factor 

receptor (EGFR) with EGFR siRNA-conjugated SNAs which led to reduction of epidermal 

thickness by almost 40% in mouse; without detectable toxicity 
17

.  

Based on these pioneering works, we hypothesize that oligonucleotide-gold complexes 

would also allow the non-invasive and real-time monitoring of cellular Lrg1 expression for the 

diagnosis of pathological angiogenesis. As a proof-of-concept, we built one model system by 

complexing molecular beacons (MB) with gold nanorod (Figure 1). MBs, single stranded hairpin 

shaped oligonucleotides, with only one fluorophore are specifically designed to recognize the 

exon sequences of Lrg1 mRNA. They are conjugated onto gold nanorods through thiol-gold 

bond. 
22, 32

. The complexation brings the dyes in close proximity with the gold nanorods, 

resulting in its quenching. Gold nanorods exhibit intense and narrow optical absorption peaks in 

the far-red and near-infrared (NIR) wavelength regions, owing to the excitation of longitudinal 

plasmons. This further permits the use of NIR dyes for a deep tissue penetration. In addition, 

gold nanorods are recently discovered to be a good contrast agent for photoacoustic imaging, a 

rapidly emerging biomedical imaging modality with functional imaging information at clinically-

relevant penetration depths, while maintaining high spatial resolution and signal contrast 
33

.  It 

provides the potential utilization of multimodality imaging in the future for more comprehensive 

analysis. The synthesized complexes are approximately 68 nm in diameter with quenching 

efficiency greater than 90%. Their specificity towards the Lrg1 mRNA is first examined with in 

vitro keratinocytes before ex vivo application on mouse retina models.  
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Figure 1: Schematic diagram of molecular beacon-gold nanorod complex-based biosensors for 

the non-invasive detection of the angiogenesis biomarker, Lrg1 in pathological angiogenesis. 

(Top left, clockwise): the nanosensors are designed as a potential diagnostic tool for pathological 

angiogenesis. In particular, abnormal blood vessel growth which results from high Lrg1 

expression in the endothelium cells lining the blood vessels. Upon uptake of nanosensors into the 

cells, Lrg1 mRNA will bind to the complementary molecular beacon strands on these sensors. 

The binding will displace the fluorophore from the gold nanoparticle, leading to the restoration 

of fluorescence. Therefore, the fluorescence intensity feedback could potentially reflect the 

regulation of Lrg1 expression. 

 

Experimental Section 

MB design and preparation: MB was designed using IDT’s OligoAnalyzer Tool. An 18-atom 

hexa-ethyleneglycol spacer (iSP18) was designed to hold together the loop sequence and 

thiolated group (Table S1). A short 20 base sequences were designed to be complimentary to 

Lrg1 mRNA exon sequences, with an expect value of 0.017 (human) and 0.008 (mouse). 

Oxidized (disulfide) MB (Integrated DNA Technologies) were chemically reduced by 

Dithiothreitol (DTT) to form thiolated MB. Briefly, 8µl of 100µM MB was mixed with 3.2µl of 

0.1M DTT in 400 µl RNAse and DNAse-free water for 1 hour at room temperature. DTT was 

then removed using NAP-5 Columns (GE Healthcare Life Sciences).  
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Complexation of Gold nanorods and MBs: Citrate-capped gold nanorods (25nm, absorbance 

550 nm, Sigma-Aldrich) were filtered with 0.2 µm syringe filter to remove any aggregate or 

bacteria. Later, 3 µL 1% Tween 20 (Bio-Rad) was added to the 0.3mL aqueous solution 

containing 13.5 µg gold nanorods and the whole solution was vortexed for 10 mins. The solution 

was added to reduced thiolated MBs (2µM) and left for 1 hour at room temperature. Next, the 

solution was salt-aged with 5M NaCl in water to achieve concentrations of 0.05, 0.1, 0.2, 0.3, 

0.4, 0.5M over a period of 3 hours. After every addition of salt solution, the molecular beacon-

gold nanorods solution was sonicated for 10 seconds. Finally, excess MBs were removed 

through centrifugation at 15,000rpm at room temperture for 30 minutes. The final complexes 

were suspended in 100 µL PBS with 0.01% Tween-20. 

 

Cell labeling with Lrg1 MB-gold nanorod nanosensors: HaCaT cells (both untreated and Lrg1 

silence) were labeled with 1.8 µg of Lrg1 MB-gold nanorods in 1ml Opti-MEM medium. As a 

control, cells were also labeled with scramble MB-gold nanorods. The cells were then left in the 

incubator for 4 hours, washed once with PBS to remove the excessive scramble MB-gold 

nanorods, followed by fixation in formalin solution (Sigma) for 10mins. Formalin was then 

removed and replaced with PBS for fluorescence imaging. RT3 cells (carcinoma squamous cells) 

were also labeled in the similar way to serve as a control.  

 

Cell Scratch Assay: 0.6 x 10
6
 cells of HaCaT were seeded onto one well of a 6-well culture 

plate. 1 day later, a 200µl pipette tip was used to create a cross scratch in the well. Cells were 

then washed with complete DMEM once and examined for proliferation rate by observing cell 

closure at 0, 12, 24, 30, 35hrs. For Lrg1 MB-gold nanorods labelling, cells were treated at 12 

hours with 1.8 µg of nanosensors for 4 hours before fluorescence imaging. For 

immunofluorescence staining, HaCaT cells were fixed with 4% PFA and blocked with PBS 

containing 0.5% BSA, 1% Tween 20, and 1.5% Triton X-100 for 1 hour before being incubated 

with primary antibodies against LRG1 (Proteintech Group, USA,13224-1-AP) overnight at room 

temperature and identified with Alexa Fluor® 488 and DAPI. 
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Lrg1 staining in mouse retina: All procedures were performed in accordance to IACUC 

(#140963) of Nanyang Technological University. Briefly, mouse retina from wild-type C57BL/6 

(adult, postnatal 15 and 5 days) was isolated as described elsewhere 
34

. To prevent retina from 

curling, 6-well plates were pre-coated with Aquaphor®. Retinas were then labeled with 5.4 µg of 

MB-gold nanorods in 100µL of Endothelial Growth Basal Medium (EBM-2). Concurrently, 

MBs (without gold nanorods) were also delivered using Lipofectamine 3000 into the mouse 

retina.  After 4 hours of incubation, the tissues were washed with PBS three times to remove 

excess nanorods, followed by formalin fixation, and carefully placed on glass slides for 

fluorescence imaging. To determine if the locality of nanosensors coincided with retina 

vasculature, immunostaining was performed with CD31 (BD Pharmingen) and IB4 (Vector 

Laboratories) (established markers for blood vessels 
35-36

) after incubation with gold nanorods. 

Briefly, retina labeled with nanorods was fixed with methanol for 2 hours. Retina was then 

washed three times with PBS, followed by incubating in blocking buffer for 1hr at room 

temperature. Primary antibody (CD31 or IB4) were diluted 1:200 and 1:100 respectively in 

blocking buffer before incubating with retina samples overnight at 4°C. Next, samples were 

washed with blocking buffer for six times, before incubating with secondary antibody (Alexa 

Fluor® 488, Thermo Fisher), 1:200 dilution in blocking buffer. Excess antibodies were then 

removed by washing with blocking buffer six times. Finally, samples were placed carefully on 

glass slides with ProLong Gold Antifade Mountant (Thermo Fisher) for fluorescence imaging. 

 

 

Results and Discussion 

Design, synthesis and characterization of Lrg1 MB-gold nanorod complexes  

Sequence similarity searching with Basic Local Alignment Search Tool (BLAST) showed that 

the 1233-1252 bp of mouse LRG1 mRNA sequence and the 1514-1533 bp of human LRG1 

mRNA sequence are highly specific to human and mouse Lrg1 mRNA (SI Figure S1). To create 

a loop structure, stem sequences are introduced (Table S1), and molecular beacon is stable as 

depicted by IDT Oligo Analyzer, with close ∆G values of -2.82 kcal/mole (human) and -2.81 

kcal/mole (mouse).  

Gold nanorods are selected because of their near-infrared absorption which facilitates 

imaging on deeper tissues. These unmodified gold nanorods had a longitudinal length of 
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52.6±0.8 nm and a transverse width of 34.2±1.0nm (SI Figure S2). The most critical question 

during the complexation step through gold-sulphur bond was whether gold nanorods were able to 

effectively quench the fluorescence of the dye (i.e. Cy3) on the MBs. As shown in Figure 2A, the 

absorbance of gold nanorods overlaps well with the Cy3 fluorescence emission. To examine the 

actual quenching efficiency, a range of gold nanorods solutions were modified with the Lrg1 MB 

solution at a fixed MB concentration. As shown in Figure 2B (black line), the fluorescence was 

strongest when the ratio of MB against gold nanorods was above 8,000. However, a gradual 

increase of the gold nanorods in the synthesis (i.e. a gradual decrease of the MB/gold nanorods 

ratio) led to a decrease of fluorescence, with the maximal quenching of 95% fluorescence 

intensity observed at 1,500 MBs per gold nanorod. Next, we fixed the concentration of gold 

nanorods while tuning the MB concentration in the synthesis. As shown in Figure 2B (red line), 

there was negligible fluorescence when the MB/gold nanorod ratio was below 1,500 until a spike 

increase in fluorescence intensity showed up when the ratio was 1500, suggesting that excess 

unbound MB was present in the mixture. Therefore, we conclude that the average number of 

MBs per gold nanorods should be around 1,500 which is comparable to the previous report from 

37
, demonstrating a DNA coverage of ~1200 strands per 50 nm spherical gold nanoparticle. One 

direct consequence of this MB coating is the increase of hydrodynamic diameters of the particles 

(Figure 2C). The size increased from 52 nm to 65 nm in dynamic light scattering. EDX analysis 

showed the Phosphorus peak surrounding the gold nanorods, indicating the presence of 

oligonucleotides (Figure 2D). One thing to note is that the longitudinal and transverse peaks 

were not differentiated in DLS, which was due to the low aspect ratio of gold nanorods used 

here. Therefore, it is confirmed through the quenching of MB fluorescence, increase of nanorod 

hydrodynamic diameter, and EDX that MBs are conjugated successfully onto nanorods.  
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Figure 2: Characterization of Lrg1 MB-gold nanorod complexes. (A) UV-VIS absorbance 

spectrum of gold nanorods and fluorescence emission of Cy3-labelled MBs. (B) The quenching 

effect during the complexation of MBs and gold nanorods. (C) Hydrodynamic diameters of gold 

nanorods before and after the complexation with MBs. (D) Energy Dispersive X-ray analysis for 

Transmission Emission Microscope image of Lrg1 MB-gold nanorod complex shows the 

presence of Phosphorus (a component of DNA) as indicated with black arrow.  

 

Next we determined the specificity of the complexes towards Lrg1 complementary short 

sequence. We mixed either Lrg1 MB-gold nanorods (stated as Nanosensors) or scramble MB-

gold nanorods (stated as Mismatched Nanosensors) with Lrg1 complementary short sequence or 

the scrambled sequence. As shown in Figure 3A, there was ~50% increase of fluorescence in 30 

minutes only when the Lrg1 MB-gold nanorods were mixed with Lrg1 complementary short 

sequence. It is expected to be the result of distancing the dyes from the gold nanorods upon the 

binding of Lrg1 complementary short sequence and MBs. No fluorescence restoration was 
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observed when scrambled sequence was added instead. In addition, scramble MB-conjugated 

gold nanorods could not be activated by neither Lrg1 complementary short sequence nor the 

scrambled sequence (Figure 3B). 

The sensitivity of this probe was examined with a range of Lrg1 complimentary short 

sequence concentrations, in which 0.25 µM Lrg1 sequence was sufficient to trigger a 40% 

increase of fluorescence within 30 minutes (SI Figure S3A). Furthermore, a study was performed 

to study the limit of detection for these nanosensors. A linear relationship was observed between 

0.01 and 0.25 µM (SI Figure S4).  Last but not least, despite saturating scramble MB-gold 

nanorods with 2µM of Lrg1 complimentary short sequence, no detectable change in fluorescence 

intensity was observed (SI Figure S3B). 

 

Figure 3: The specificity of Lrg1 MB-gold nanorod nanosensors against Lrg1 complementary 

strands. Fluorescence restoration of (A) Lrg1 MB-gold nanorods and (B) scramble MB-gold 

nanorods before and after the introduction of Lrg1 short sequence over a period of 17 hrs. All 

values are mean ± SD, n=3. 

 

In vitro testing of Lrg1 MB-gold nanorod cytotoxicity and penetration in mammalian cells 

The cytotoxicity of MB-gold nanorod complexes was examined through MTS cell proliferation 

assay in HaCaT keratinocyte cells. The concentration of the complexes was tuned between 0.45 

µg/ml and 2.7 µg/ml. As shown in SI Figure S5, any concentration below 1.8 µg/ml did not 

significantly affect the cell viability. Interestingly, the unmodified gold nanorods had negatively 

influenced the cell viability under the same concentration. This difference could be caused by the 

cytotoxicity of aggregated unmodified gold nanorods in cells 
38-39

. In the following in vitro 

experiments, the MB-gold nanorods’ concentration was controlled below 1.8 µg/ml. 

A B
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The cellular uptake was also studied by incubating HaCaT cells with 1.8 µg/ml complexes 

for 4 hours. As shown in Figure 4A, this incubation caused most of the cells to become 

fluorescent with Cy3 MB fluorescence surrounded the nuclei (blue). Flow cytometry further 

revealed that 40% cells were successfully labeled (positive for Lrg1) (SI Figure S6). Meanwhile 

only 7.52% cells (a negligible subpopulation) were found to exhibit Cy3 fluorescence, when 

labelled with scramble MB-gold nanorods. To confirm the location of the nanosensors, we 

labeled the cell membrane with lipophilic fluorescent dye (DiO). As shown in Figure 4B, red 

signal from nanosensors was mainly present within the green membrane boundary. It is also 

notable to mention that red signal was negligibly found in the cell nucleus. 

 

Figure 4: Cellular localization of Lrg1 MB-gold nanorods. (A) Fluorescence images of HaCaT 

cells labeled with Lrg1 MB-gold nanorods. (B) Confocal image of a HaCaT cell. Red (Lrg1 MB-

gold nanorods), blue (nucleus), green (plasma membrane), and merged image (red + green + 

blue). (Scale bar represents 10 µm) 

 

The cytotoxicity test confirms the safety of the MB-gold nanorods while the cellular uptake 

experiments reveal their capability of entering cell cytoplasm through endocytosis and thereafter 

residing in cell cytoplasm for mRNA detection. Next, we evaluate the functionality of the MB-

gold nanorods in detecting the Lrg1 mRNA expression in cells.  

Cells were split into three treatment groups. The first group were treated with Lrg1 MB-

gold nanorods directly. The second group were treated with Lrg1 siRNA to silence any Lrg1 
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gene before being labeled with Lrg1 MB-gold nanorods. The third group were treated with 

scramble MB-gold nanorods. After 4 hours, fluorescence signal in group 2 was ~50% lower than 

group 1 (Figure 5A & B). Similarly, fluorescence signal in group 3 was ~75% lower than group 

1. To confirm this observation, the cellular Lrg1 mRNA in three groups was quantified through 

RT-PCR (Figure 5C). Lrg1 mRNA expression was found to be ~80% lower in Lrg1 silenced 

cells when being compared to the untreated cells. Thus, Lrg1 mRNA expression is well-

represented by Lrg1 MB-gold nanorods signal.   

Besides the differentiation of Lrg1 gene expression in HaCaT cells under normal and Lrg1-

silenced conditions, Lrg1 MB-gold nanorods were also able to differentiate Lrg1 gene expression 

across different cell lines. For example, RT3, a malignant keratinocyte cells have lower Lrg1 

expression as compared to normal cells (HaCaT). Under the same labeling condition, higher 

fluorescence signal was observed in HaCaT cells (SI Figure S7A) and almost 9 times of that in 

RT3 cells (SI Figure S7B). RT-PCR analysis revealed the Lrg1 gene expression in RT3 cells was 

only 20% of that in HaCaT cells (SI Figure S7C). Therefore, our nanosensors allowed the 

differentiation of the normal keratinocytes (HaCaT cells), HaCaT cells silenced with Lrg1 

siRNA, and RT3 (Figure 5& SI Figure S7). 

In a separate in vivo experiment (Supplementary results only for reviewers), this Lrg1 MB-

gold nanorod sensor demonstrated the ability to label and detect the keratinocyte cells in the skin 

epidermis layer of the mouse. This is on par with our in vitro findings (Figure 4&5), 

demonstrating high expression of Lrg1 mRNA in HaCaT cells using Lrg1-targeted nanosensor. 

On the other hand, skin applied with scramble MB-gold nanorods showed minimal signal in the 

epidermal layer.  
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Figure 5: Lrg1 MB-gold nanorods monitor gene regulation in keratinocytes. (A) Representative 

fluorescence images of normal and Lrg1-silenced HaCaT cells labelled with Lrg1 MB-gold 

nanorods, and cells labelled with scramble MB-gold nanorods. (B) Fluorescence signal 

quantification from (A) using ImageJ analysis. (C) RT-PCR analysis of Lrg1 gene in untreated, 

Lrg1 silenced and control silenced HaCaT cells, normalized against GAPDH. All values are 

mean ± SD, N≥3. Scale bar represent 100 µm. *p<0.05 

 

Monitoring Lrg1 mRNA expression in in vitro wound healing model with Lrg1 MB-gold 

nanorods  

Cell scratch assay is a convenient in vitro wound healing model. Here, Lrg1 MB-gold nanorods 

were used to examine the dynamic expression of Lrg1 in HaCaT cells in the healing model. To 

ensure constant imaging of similar area, scratch areas were marked with a scratch using a blade; 

this served as a reference to image the same area of cells over time. As shown in Figure 6A, the 

initial scratched area at 0 hour was displayed in light blue. Cell migration could be observed 

within 12 hours and an almost complete closure was observed by 30 hours. We labeled the cells 

with both sequence MB-gold nanorods for 12 hours after inducing the scratch. To note, the 

presence of MB-gold nanorods did not inhibit cell migration and closure. As shown in Figure 

6B, ~50% higher fluorescence could be observed in cells at the scratched area as compared to 

cells in unscratched area (SI Figure S8A). This is indicative of Lrg1 upregulation when 
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keratinocytes underwent migration during wound healing process 
14, 40

. To confirm this 

observation, immunostaining of Lrg1 protein was performed on the cells (Figure 6C). A 2-fold 

increase in fluorescence was observed for HaCaT cells at the scratched area as compared to 

HaCaT cells at the unscratched area (SI Figure S8B). 

 

Figure 6: Lrg1 upregulation in HaCaT cells in the wound healing model. (A) Representative 

images of HaCaT cells in an in vitro wound healing model (scratch assay) – blue indicates the 

area without cells; (B) Representative fluorescence images of HaCaT cells at the scratched or un 

scratched areas after being labelled with Lrg1 MB-gold nanorods (red); (C) Immunostaining of 

Lrg 1 proteins in HaCaT cells at the wounded or untouched areas. Red (Lrg1 MB-gold 

nanorods), blue (nucleus), green (immunostaining of Lrg 1 proteins). (Scale bar represents 100 

µm) 

 

Lrg1 detection with Lrg1 MB-gold nanorods in ex vivo mouse retina model 

Recently, we have discovered that the expression of Lrg1 would be upregulated during retinal 

vascular remodeling 
12

. Moreover, studies showed time course illustration of retinal vascular 

development in C57BL/6 mice with endothelial cells immunostaining, whereby superficial 

vascular plexus were observed during first week after birth, Postnatal 1 (P1) – P3, and radial 

outgrowth of vessels from the optic nerve into the periphery and retinal edges were observed 

from P4 – P8 
41

.  

Figure 7A is a Rottermann contrast image of a removed C57BL/6 mouse retina right after 

separation from choroid. In Figure 7B, extracted retinas were placed in endothelial basal medium 

and labeled with Lrg1 MB-gold nanorods before being immunostained with blood vessels 
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specific biomarker CD31. Here, CD31 is used to specifically stain intercellular junction of 

endothelial cells. To study if gold nanorods are good gene carrier for retina tissue, molecular 

beacons (MBs) with similar sequences (gold nanorod was replaced by a dark quencher, sequence 

found as “Mouse Lrg1 MBs with dark quencher” in Table S1) were transfected using 

lipofectamine. Approximately 4 times higher Lrg1 gene detection can be observed with gold 

nanorods (Figure 7B & SI Figure S9); and upon closer look at the stained retina at high 

magnification, signals from Lrg1-MB gold nanorods aligned well with signal from CD31 (SI 

Figure S10). This implies that cells alongside blood vessels in the same layer of retina may also 

express Lrg1 gene.  Next, we studied the specificity and stability of Lrg1 MB-gold nanorods in 

an ex vivo model by introducing scramble MB-gold nanorods into the retina. It can be observed 

that no fluorescence was recovered in retina labeled with scrambled MB-gold nanorods (SI 

Figure S11), indicating that MBs were still attached to gold nanorods, with Cy3 fluorescence 

remained quenched. 

The location and biodistribution of Lrg1 MB-gold nanorods could be identified from the 

image of sectioned retinas (Figure 7C). DAPI signals (blue) indicate the presence of three major 

layers in retina including Ganglion cell layer (GCL), Inner nuclear layer (INL), and Outer 

nuclear layer (ONL). IB4 was used to specifically stain endothelial cells. Most nanosensors (red) 

resided in areas close to ganglion cell layer (GCL), where blood vessels were found. We also 

observed that few red signals were in INL, which overlapped with IB4. This indicates the 

presence of endothelial cells in this layer.  
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Figure 7: Lrg1 nanosensors for the analysis of Lrg1 expression in mouse retinal vascular. (A) 

Rotterman contrast image of the freshly collected mouse retina. (B) Fluorescence image of 

mouse retina labelled with pure Lrg1 MB (1
st
 row) and Lrg1 nanosensors (2

nd
 row). Both groups 

were stained with the blood vessels specific biomarker CD31 (green). (C) The sectioned mouse 

retina that has been labelled with Lrg1 nanosensors (red), IB4 which stains for endothelial cells 

(green) and DAPI (blue). The three major layers in retina include 1) Ganglion Cell Layer (GCL), 

2) Inner Nuclear Layer (INL), and 3) Outer Nuclear Layer (ONL). Scale bar represents 100 µm. 

Finally, to fully reveal the ability of Lrg1 MB-gold nanorods to detect Lrg1 gene regulation 

in mouse retina, we studied Lrg1 gene expression in different early postnatal stage mouse retina 

(P5, P15 and adult). The differences in Lrg1 expression in different postnatal stages have been 

demonstrated in 
12

 where an increase in Lrg1 is observed with increase postnatal stage. The 

vascular growth in adult and P15 retina would have reached the retinal edges, whereas P5 retina 

would demonstrate vascular outgrowth only in the periphery region 
41

. Among all stages, there is 

no noticeable difference of cell number (Figure 8, nucleus staining). On the other hand, Lrg1-

MB gold nanorods labeling in these retinas showed clear distinction in fluorescence signal (i.e. 

both intensity & pattern). The highest fluorescence intensity can be observed in the ascending 

order of P5 (0.14 a.u.), P15 (0.58 a.u.), followed by adult mouse retina (0.80 a.u.) (SI Figure 

S12). These studies confirm Lrg1 MB-gold nanorods ability to transfect mouse retina efficiently, 

with non-invasive monitoring of Lrg1 gene expression. While the nanosensor showed great 

potentials in detecting Lrg1 mRNA in various models, there are questions left to answer.  

Firstly, the nanosensor’s sensitivity remains a challenge. While the overlap of gold 

nanorods’ absorption spectrum and Cy3 fluorophore emission coincides (Figure 2A), slight 

background fluorescence remains. Distinct gold nanoparticle morphology could be adapted for 

improved quenching, besides optimization of beacon probe length. And it is also possible to 

shorten the distance between gold nanorod fluorescence, leading to stronger fluorescence 

quenching. Secondly, it is of importance to study gold nanorods uptake in the different cell lines 

studied. Possible studies in the future include silver staining to quantify the MB-gold nanorods 

uptake 
42

. Thirdly, mechanism allowing nanosensors’ penetration into the top two retinal layers 

(including GCL and INL) remains unclear. As the retina used in this experiment was fresh, the 

penetration should be attributed to the particles themselves. In the future, in vivo experiment on 

live mice will be carried to confirm this phenomenon before we further study the mechanism. 
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Finally, the Lrg1 MB-gold nanorod signal did not fully overlay with blood vessels-specific 

biomarker (i.e. CD31) signal (Figure 7B, SI Figure S10). This could be due to heterogenous 

penetration/ distribution of the nanosensors in the tissue. Some interaction between the ECM and 

nanosensors likely have convoluted its expression profile as well. In the future, daily “eye drops” 

application over a time period (e.g. 1 week) will be performed, to improve nanosensors 

distribution and thereby penetration into endothelial cell lining. Last but not least, it remains a 

question whether the developed nanosensor’s detection limit is able to achieve an early diagnosis 

of pathological angiogenesis. In the future, in vitro/ in vivo studies can be performed to study the 

Lrg1 copy number in individual cells (both healthy and pathological state) and correlate it to the 

nanosensor’s detection limit.   

 

 

Figure 8: Representative fluorescence images of Lrg1 expression in different developmental 

postnatal stages of mouse retinal vascular. Red represents Lrg1 MB-gold nanorods, and blue 

represents nucleus. (Scale bar represent 100µm) 

 

Conclusion 

This article reports the design, synthesis, characterization, and utilization of the Lrg1 mRNA 

nanosensors for the noninvasive, real-time monitoring and verification of angiogenic biomarker 

Lrg1. This sensor is constructed by conjugating MBs onto the gold nanorods, which pre-

quenches the MB fluorescence. As target mRNA hybridizes with the sensor, the straightening of 
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MB structure separates the fluorophore from gold nanorod and restores its fluorescence. The 

nanosensors were tested with target sequences, skin keratinocytes under various conditions, and 

mouse retina tissue. In all circumstances, it showed consistent performance in revealing the 

dynamic changes of Lrg1 expression without the need of additional cell/tissue disruption. We 

believe this nanosensor will pave the way to examine and monitor the development of 

angiogenesis in a real time manner.  
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