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Structured Abstract 

Aim 

We report, for the first time, on the development of a quantum dot (QD)-based fluorescent somatostatin (SRIF) 

probe that enables specific targeting of somatostatin receptors. Receptor-mediated endocytosis of SRIF was 

imaged using this probe.  

Materials & Methods 

Biotinylated SRIF-analog (SRIF-B) and streptavidin-coated quantum dots (Sav-QDs) were used for the probe 

synthesis. A dye-labeled streptavidin (Sav-dy) complex was used to evaluate the effect of Sav-binding on the 

activity of SRIF-B. 

Results 

A pre-conjugated probe of the form SRIF-B:Sav-QD‡, was inactive and unable to undergo receptor-mediated 

endocytosis. An alternative in situ bioconjugation strategy, where SRIF-B and Sav-QD were added in two 

consecutive steps, enabled visualization of the receptor-mediated endocytosis. The process of Sav-binding 

appeared to be responsible for the inactivity in the first case. 

Conclusion 

The in situ two-step bioconjugation strategy allowed QDs to be targeted to somatostatin receptors.  This strategy 

should enable flexible fluorescent tagging of SRIF for investigation of molecular trafficking in cells and targeted 

delivery in live animals. 
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conjugated to dylight594; SRIF = Somatostatin-14; SRIF-mRFP = Somatostatin fused to monomeric red 

fluorescent protein; previously reported; sst = Somatostatin receptor; sstn = Somatostatin receptor of subtype ‘n’; 



Introduction 

Somatostatin-14, otherwise known as somatotropin release-inhibiting factor (SRIF), is a tetradecapeptide that is 

found in a variety of mammalian tissues, regulating crucial biological functions, ranging from growth 

inhibition [1] to modification of the central neural control of blood pressure and breathing [2]. Among the 

multitude of physiological functions that SRIF participates in, some are of high clinical relevance, for example, 

acromegaly is treated using the SRIF-induced inhibition of growth [3]. The biological functions of SRIF are 

initiated upon its binding to transmembrane G-protein-coupled receptors of 6 subtypes: sst1, sst2A, sst2B, sst3, 

sst4, and sst5 (in general, sst), which are differentially distributed in organs such as brain, spinal cord and 

pancreas [4-7]. As sst(s) are over-expressed in neuroendocrine tumor cells, radiolabeled SRIF-analogs are used 

clinically for both the diagnosis and ongoing imaging of these tumors during treatment [8, 9]. The physiological 

effects of SRIF, evoked after ligand binding and receptor activation, are mediated through intracellular signaling 

mechanisms including the adenylyl cyclase inhibition [10], K+ channel opening [11] and phospholipase C 

activation [12]. The subsequent internalization and intracellular fate of the sst:SRIF complex is influenced by 

several factors including the receptor subtype [13], cell type [14], presence of chemical additives [15] and 

temperature [15]. Acute SRIF-treatment can result in receptor removal from the cell surface as a part of receptor 

regulatory processes [16]. Most studies of the endocytosis of sst:SRIF complex relied on radiolabeling or 

immunolabeling approaches, except for a handful of reports that used SRIF-analogs, which were chemically or 

genetically fused to organic fluorophores [17-20]. The organic fluorophore-based, optically active, ligands can 

be sensitive alternatives to radiolabeled-SRIF and can provide explicit ligand-localization capability, when 

compared with the receptor-immunolabeling techniques [21]. However, fluorescent ligands are susceptible to 

many technical challenges including the low chemical stability, bio-toxicity and photobleaching [22]. As an 

alternative, fluorescent nanoparticles, such as quantum dots (QDs) [23], upconversion nanophosphors [24], 

fluorophore-impregnated matrices (e. g., silica) and crystals with color centers [25], represent a comprehensive 

toolkit of bright, photostable probes that are also capable of providing a variety of biocompatible docking 

terminals. 

QD represents a semiconductor nanocrystal core, whose photo-excitation is governed by the quantum 

confinement effects resulting in exceptionally bright fluorescence [26]. Another manifestation of the quantum 

confinement is the nanocrystal core size-dependent wavelength of fluorescence-emission that facilitates 

spectrally multiplexed imaging strategies [26]. In order to protect the QD nanocrystal core from the 



environmental quenching, its surface is passivated with a semiconductor shell. Moreover, the resultant core/shell 

structure is capped with an auxiliary polymer layer to avoid potential cytotoxicity and render the QD-

fluorescence photostable [22]. Therefore, commercially-available bright and photostable QDs are attractive for 

probing the sst:SRIF binding, where tagging SRIFs with QDs render them conspicuous amidst the crowded cell-

originated autofluorescence background. 

Tagging SRIF with QD requires a conjugation reaction, which can be conveniently realized by using a versatile 

high-affinity molecular pair: biotin:avidin (or biotin:streptavidin)‡ [27] or barstar:barnase [28]. In virtue of their 

high-affinity pairing, the two molecular counterparts are capable of forming an extremely stable link between 

the two sub-units of a complex (for example, an SRIF molecule and a QD particle). An SRIF molecule pre-

conjugated to biotin (SRIF-B) is expected to bind to a QD coated with streptavidin (Sav) to form a biologically 

active SRIF-B:Sav-QD complex. 

In this paper, we report, for the first time to the best of our knowledge, QD-assisted optical imaging of the 

specific endocytosis of SRIF molecules within cells that endogenously express sst (receptor). Biotinylated SRIF 

molecules were conjugated to Sav-QD particles using the biotin:Sav pairing reaction, which resulted in the 

formation of SRIF-B:Sav-QD complexes. However, the SRIF biological activity in the complex was inhibited, 

rendering the SRIF-B:Sav-QD unable to bind to sst. This inhibition was overcome by deploying an in situ two-

step bioconjugation strategy. Using this strategy, we observed that the fate of a pre-bound sst:SRIF 

(receptor:ligand) complex remained unaltered by the subsequent Sav-binding. The inhibition was identified to 

be due solely to the Sav-binding, most likely by causing steric hindrances during the receptor binding process.  

 

Materials & Methods 

Data analysis, curve fitting and image analysis were performed using the softwares Matlab R2009a, Microcal 

Origin 8.1 and Image J 1.41 o, respectively.  

Biotinylated SRIF analogs 

SRIF (somatostatin-14) was purchased from GenScript USA Inc., NJ. SRIF modified with biotin, containing a 

flexible poly-ethylene glycol (PEG;n= 2) spacer, forming SRIF-PEG (n = 2)-B (abbreviated to SRIF-2B), was 

in-house designed and purchased from Auspep, Australia. SRIF-5B i. e., SRIF-PEG (n = 5)-biotin, was 

purchased from GenScript. In addition to the quality control data provided by the vendors, SRIF-2B was 



characterized using mass spectroscopy and the data is presented in the supporting information (SI). The 

structures of both biotinylated SRIF analogs are schematically presented in Figure 1. 

QD-assisted SRIF imaging experiments 

The rat AR42J pancreatic tumor cell line that endogenously expressed several sst subtypes was obtained from 

ATTC (VA, USA). The cells were grown in F-12K medium (DKSH, Australia) supplemented with 20% FBS in 

tissue culture treated flasks, inside a humidified incubator maintained at 37 oC with 5% CO2. For imaging 

experiments, the cells were grown overnight (or until reaching a density at which small cell clusters were 

abundant) on glass-bottomed 4- or 8-well slides (BD Biosciences, Australia). 

For SRIF imaging experiments with the pre-conjugated SRIF-B:Sav-QD complexes, conjugation reaction was 

carried out by mixing SRIF-2B and Sav-QD (Qdot® 605 ITK TM Streptavidin Conjugate; Life Technologies, 

Australia) at a molar ratio of 24:1, taking into account the following: (1) an Sav molecule contained four biotin-

binding terminals [29]; and (2) each QD was conjugated to 6-8 Sav molecules, according to the product 

datasheet. AR42J cells, grown on the culture slides, were incubated with 40-nM SRIF-B:Sav-QD (or Sav-QD, 

as control) solution, prepared in phosphate buffered saline (PBS), for time varying from 15 min to 90 min. After 

washing with PBS, the cells were fixed with 3.7% paraformaldehyde. Fixed cells were incubated with 10-µM 

Hoechst (Hoechst 33342) for 12 min to stain the nuclei. The cells were mounted using PBS and imaged by using 

fluorescence confocal microscopy (FCM; Leica TCS SP2). 

For SRIF imaging experiments using the in situ bioconjugation strategy, the culture slide with AR42J cells was 

placed on an ice-cold substrate covered with a thin latex insulating layer, to arrest the internalization that 

normally followed the SRIF-induced sst activation [15]. 20-µM SRIF-2B solution (SRIF, biotin or PBS 

represented negative controls for testing the specificity), prepared in cold PBS, was added to the cells and 

incubated for 12 min. After washing once with cold PBS, 2-nM cold Sav-QD solution was added to the cells, 

while maintaining the temperature for 12 min. The cells were washed twice with PBS and moved to a 37 oC 

incubator, in order to resume the internalization of the receptor-ligand complexes, which were in situ-conjugated 

to the QDs, for 30-min. Finally, the treated cells were fixed with 3.7% paraformaldehyde and prepared for 

imaging using FCM. Where the Hoechst nuclear staining was not used, the cell morphology was acquired by 

means of epi-reflection microscopy.  



Membrane potential assay 

The mouse AtT-20 neuroblastoma cell line was obtained from ATCC (VA, USA). AtT-20 cells were known to 

endogenously express several sst subtypes [30]. They were grown in culture media composed of 90% DMEM 

(Dulbecco’s modified Eagles Medium; Sigma Aldrich, Australia), 10% FBS (Fetal Bovine Serum; Invitrogen, 

Australia) and 50/5 µg/mL penicillin/streptomycin (Invitrogen, Australia), in tissue culture treated flasks, inside 

an incubator maintained at 37 oC and 5% CO2. For the membrane potential assay, cells were grown on a 96-well 

culture plate (black, clear bottom; Costar) until reaching confluency. 

A membrane potential change in the AtT-20 cells upon SRIF (or analogs)-induced activation was monitored by 

using a fluorescence-based assay (FLIPR bulk assay kit, Molecular Devices), as previously reported [19]. 

Briefly, the AtT-20 cells grown in 96-well plates were incubated overnight in Leibovitz’s L-15 media with 

1% FBS (100 µL/well) inside an incubator maintained at temperature of 37 oC. L-15 media was used to 

maintain the physiological pH under atmospheric CO2 conditions during the membrane potential assay. 100-µL 

membrane-potential-sensitive dye solution (proprietary blue dye) was added to the cells and incubated at 37 oC 

for 30 min prior to the experiment. The agonist solutions (SRIF, SRIF-2B, SRIF-5B) of 5 × final concentrations, 

with or without Sav-dy (Streptavidin conjugated to a fluorophore, dylight594; Vector Laboratories, Inc., CA.), 

were prepared in a 96-well drug plate (clear, v-bottom).  Control experiments were carried out to ensure that 

Sav-dy fluorescence did not interfere with the assay fluorescence readings (detailed in SI). For the time-trace 

experiments, addition of 10× concentrate of agonists was followed by (50 s time delay) a 5× concentrate of Sav-

dy solution. The cell and drug plates were placed inside the flexstation (FlexStation 3, Molecular Devices). The 

changes in the membrane potential in response to the drugs additions were obtained by recording a real-time 

fluorescence signal (excitation/emission wavelengths, 530 nm/565 nm, respectively). Data fittings were 

performed using the following logistic equation in the Origin software library: 
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where, y is a peak hyperpolarization response to the drug concentration of x; ymin and ymax are the minimum and 

saturation responses, respectively; EC50 is the drug concentration required to stimulate a half-maximum 

response; n is the fitting parameter that determines a fitting curve slope. 

 



Results and Discussion 

The activation and endocytosis of somatostatin receptors [sst(s)] were studied in vitro. Two types of biotinylated 

SRIF conjugates were developed, each containing a specific length of poly-ethylene glycol (PEG; n = 2 or 5, n 

being the number of the PEG monomers) spacer in between the SRIF and biotin moieties (SRIF-2B and 

SRIF-5B, respectively). The biological activities of SRIF-2B, SRIF-5B and their complexes with Sav (or 

analogs) were evaluated using a cell membrane potential assay. An in situ bioconjugation strategy was used for 

the QD-assisted fluorescence imaging of the SRIF to overcome the inability of the SRIF-B:Sav-QD complexes 

to induce receptor-activation and receptor-mediated endocytosis. 

Biological activity of SRIF-2B 

The activities of the biotinylated SRIF analogs, SRIF-2B and SRIF-5B, were compared to that of the native 

SRIF using a fluorescence-based hyperpolarization assay, where the intracellular concentration of the charged 

dye was dependent on the membrane potential [19]. The hyperpolarization responses of the cells were recorded 

as fluorescence intensity changes and the dose-response curves of the native SRIF and analogs are presented in 

Figure 2. The data from three independent measurements were analyzed to obtain pEC50 values of SRIF, SRIF-

2B and SRIF-5B to be 8.1 ± 0.1, 8.1 ± 0.6 and 7.15 ± 0.08, respectively [pEC50 is defined as the negative 

logarithm (base-10) of the drug concentration required to stimulate a half-maximum hyperpolarization 

response]. Thus, the biotinylation of SRIF using PEG (n = 2)-biotin molecule did not alter its activity; hence the 

SRIF-2B remained a potent agonist of sst. However, the potency of SRIF-5B was approximately ten-fold lower 

than that of SRIF, and it was not used in the QD-bioconjugate synthesis. In order to investigate the sst-specific 

SRIF endocytosis in the cells, fluorescent SRIF complexes were produced by conjugating SRIF-2B to the 

Sav-QD.  

Endocytosis of pre-conjugated SRIF-2B:Sav-QD complexes was non-specific 

AR42J cells are efficient at internalizing sst after SRIF-binding, i. e. after the formation of an sst:SRIF 

receptor:ligand complex, on the time scale of several minutes [16, 21]. The SRIF optical imaging in the full 

context of the sst-internalization was carried out by assembling two sub-units of SRIF-2B and Sav-QD into a 

fluorescent SRIF-2B:Sav-QD complex utilizing the strong link between biotin and Sav. Images of the AR42J 

cells treated with 40-nM SRIF-2B:Sav-QD for several time durations are presented in Figure 3. The uptake of 

the SRIF-2B:Sav-QD by the cells was comparable at all time points with that of the negative control, Sav-QD. 

The cellular uptake of the QDs saturated only after 60 min, suggesting that the SRIF moiety in the SRIF-



2B:Sav-QD complex failed to induce receptor-mediated endocytosis [13, 19]. Therefore, the observed uptake 

was probably due to non-specific interactions between the QD-conjugates and the cells, as reported 

elsewhere [31-33]. The inability of SRIF-2B:Sav-QDs to evoke receptor-mediated endocytosis might be either 

due to the loss of SRIF-2B activity upon conjugation to Sav-QDs, or due to inability of the cells to internalize 

QD-containing aggregates formed by SRIF-induced oligomerization of sst(s) [34-36] that are larger than 

clathrin-coated pits. Another possibility for the lack of receptor-mediated internalization is the cross-linking of 

receptors due to the binding of multiple SRIF moieties present on each QD to several sst(s), therefore altering 

the normal internalization processes. However, study by Swift et. al.[37] showed that such multivalent binding 

was unlikely in the case of a G-protein-coupled receptor [closely related to sst(s)], because of the bulk of the 

QDs. 

Receptor mediated endocytosis of the in situ-conjugated SRIF-2B:Sav-QD complexes 

To enable QD-assisted SRIF intracellular pathway imaging, we devised an alternate in situ two-step 

bioconjugation strategy as suggested by the study of Jaiswal et. al. [38], which at the same time allowed us to 

identify the reason for the inactivity of SRIF-2B:Sav-QDs. The two steps used in this strategy are schematized 

in Figure 4, and compared with the initial method. At the first step, the natively potent SRIF-2B was allowed to 

bind to the sst, normally expressed on the cell surface, while the cells were maintained at a low temperature to 

prevent endocytosis of the newly formed sst:SRIF-2B (receptor:ligand) complexes [15]. This ensured that the 

biotin moiety in the sst:SRIF-2B complex remained exposed to the extracellular medium, which was necessary 

for the contemplated Sav-binding at the second step. Subsequent addition of Sav-QD for 12 min facilitated 

formation of the membrane-bound sst:SRIF-2B:Sav-QD complex, which would be internalized upon restoring 

the cells to the physiological temperatures for a period of 30 min. The result of this experiment is presented in 

Figure 5(a), showing the internalized QD fluorescence signal, visible as bright red spots within the cell. Control 

experiments were carried out in order to verify whether this fluorescence originated from the SRIF-2B:Sav-QDs 

internalized via the receptor-mediated endocytosis. An addition of buffer, instead of SRIF-2B, as the negative 

control induced no QD-internalization [see Figure 5(b)]. The high specificity was again confirmed using 

additional controls, where SRIF or biotin solutions were used instead of SRIF-2B, all of which resulted in 

negative QD uptake (data not shown). When the in situ two-step bioconjugation strategy was applied at 

physiological temperatures, no QD-uptake was observed (data not shown). This was expected because the SRIF-

2B binding would immediately trigger receptor-mediated internalization, causing removal of biotin moieties. 

Receptor-mediated internalization of SRIF (and related agonists) has previously been shown to occur via a 



clathrin-dependent pathway, and the time scale of the internalization observed in our experiments is in 

agreement with that in these reports [34]. These results suggested that the processes of receptor binding and 

receptor:ligand internalization can be isolated and controlled individually by modulating the environmental 

conditions, such as the temperature. 

Sav-binding affected biological activity of SRIF-2B 

The specific internalization observed using the in situ two step bioconjugation strategy revealed that the 

inactivity of the pre-conjugated SRIF-2B:Sav-dy was because of the conjugation to the Sav-QD. Two possible 

effects underlie this inactivation:  firstly, the Sav-binding and; secondly, steric hindrances imposed upon 

conjugating to the large QD. The effect of Sav-binding on the activity of SRIF-2B was investigated using a 

fluorescence-based membrane potential assay, which provided real-time information on receptor signaling from 

a cell-population. Sav-dy was used instead of Sav-QD in order to distinguish the effect of QD-induced steric 

hindrance. The membrane potentials of AtT-20 cells were read out as fluorescence signals versus time, in 

response to activation by SRIF-2B (or SRIF). Later, Sav-dy, or buffer-negative control, was added into the cells 

to investigate the Sav inhibitory function. The results are presented in Figure 6(a). The addition of 1-µM SRIF-

2B (or SRIF) generated a persistent (lasting several minutes) hyperpolarization, maintained by the presence of 

the free ligands in the extracellular medium, which eventually subsided due to the combined effects of receptor 

desensitization and endocytosis. The addition of 0.27-µM Sav-dy after 50 s resulted in an abrupt reversal of the 

SRIF-2B-induced hyperpolarization. In comparison, the cells treated with SRIF remained hyperpolarized and 

were immune to the Sav-dy addition. The observed inhibition was most likely due to the scavenging of the free 

SRIF-2B molecules by the Sav-dy molecules forming, apparently, biologically inactive complexes, SRIF-

2B:Sav-dy. 

In order to corroborate our observations, we evaluated the applicability of a priori known 4:1 binding 

stoichiometry of the biotin:Sav, to the inhibition observed in Figure 6(a). A fixed 20-nM concentration of 

Sav-dy was added to a concentration series of SRIF-2B (or SRIF) to obtain a skewed dose-hyperpolarization 

response curve presented in Figure 6(b). As expected, 20-nM Sav-dy scavenged 80-nM SRIF-2B, resulting in a 

rightward shift of the curve. A finite hyperpolarization was observed in response to the addition of 100-nM 

SRIF-2B + 20-nM Sav-dy, evoked by 20-nM free SRIF-2B, in line with our calculations based on the 4:1 

binding stoichiometry of biotin:Sav. The smaller response, in comparison with that produced by 20-nM pristine 

SRIF-2B, was most likely due to the non-specific binding to Sav, as explained in the SI. These observations 



confirmed that the Sav-binding resulted in the formation of biologically inactive SRIF-2B:Sav complexes that 

were unable to bind and activate the sst(s). Therefore, the formation of the Sav-bound, biologically inactive, 

complex was a significant contributor to the inability of SRIF-2B:Sav-QD to evoke receptor-mediated 

endocytosis (c.f. Figure 3). 

It has previously been reported that the inhibited activity of biotinylated functional moieties is due to the deep 

biotin-binding pockets in a Sav-molecule [29, 39, 40]. A suitably long spacer between the functional moiety and 

biotin was suggested to reduce this inhibition. Contrary to this recommendation, biotinylated somatostatin with 

longer spacer (SRIF-5B) also succumbed to the inhibitory effect of Sav-binding (data not shown). Based on the 

low potencies of SRIF-5B (c. f. Figure 2) and SRIF-mRFP (somatostatin fused to monomeric red fluorescent 

protein; previously reported) [19], we propose that receptor binding affinity reduces on increasing the size of the 

somatostatin analogs. 

Therefore, the two-step bioconjugation strategy countered the inhibitory-effects of Sav-binding on the activity 

of SRIF-2B, enabling the in situ synthesis of a QD-based sst-targeting probe. A similar strategy can also be 

conceived for in vivo sst-targeting and delivery applications. However, in such applications, non-physiological 

conditions due to the low temperature can be avoided by using the other methods of in situ bioconjugation, for 

example, slowly internalizing agonists or antagonists. Therefore, to target neuroendocrine tumors that over 

express sst(s), biotinylated antagonists that would specifically bind to receptors, without inducing endocytosis, 

are administered at the first stage [19]. At the second stage, Sav-QD binds to the biotinylated cell surfaces, 

reporting on the tumor location. The demonstrated approach is also suitable for investigations in in vivo research 

that require cellular uptake, such as exploring the intracellular pathways of endocytosed SRIF in blood-pressure-

regulating neurons in the central nervous system [2]. At the first step, SRIF-2B is injected into a live animal. 

Once this sub-unit specifically binds and activates the sst2 (receptors), which can be physiologically monitored, 

the animal is sacrificed at the time-point of interest. At the second step, Sav-QD is used, ex vivo, to tag and 

visualize the activated neurons. The developed probe can also serve as a tool for investigating mechanistic 

details of the receptor:ligand binding and consequent cellular processes. For example, the demonstrated probe 

can be used to study the binding affinity of the receptor:ligand complex using fluorescence correlation 

spectroscopy, as suggested by Swift et. al. [37]. 



Conclusion 

Somatostatin analogs, bearing a contrast-agent, are useful for a variety of applications ranging from basic 

research into elucidating the post-endocytotic molecular pathways in cells, to clinical scenarios, such as the 

targeting/diagnosis of neuroendocrine tumors. We report on the development of a somatostatin (SRIF) analog 

that bears a fluorescent nanoparticle contrast agent represented by a quantum dot (QD), as the model 

nanoparticle, in virtue of its exceptional fluorescence properties. A biotinylated analog of SRIF (SRIF-2B) was 

conjugated to a streptavidin-coated QD (Sav-QD), forming an SRIF-2B:Sav-QD complex. However, this pre-

formed SRIF-2B:Sav-QD complex was impotent to bind/activate the somatostatin receptors. Further 

investigation revealed that the loss of the biological activity of SRIF moiety occurred during the process of 

SRIF-2B binding to Sav. An in situ two-step conjugation strategy was deployed to overcome this Sav-induced 

inhibitory effect, an approach that demonstrated to be successful for specific targeting of the somatostatin 

receptors. Using this strategy, the receptor-mediated endocytosis of the nanoparticle-labeled SRIF was optically 

imaged. Despite the initially observed loss of the activity, SRIF-2B and similar biotinylated sst-ligands are 

envisaged to be useful for the targeted delivery of cargo into cells that express somatostatin receptors, for 

example, in brain regions responsible for the regulation of blood pressure, using a two-step approach. Research 

towards novel of newer sst-agonists that are resistant to the inhibitory effects of Sav-binding, along with novel 

nanoparticles is underway, and believed to enable targeting specific tissue sites, especially beneficial for 

diagnosis and fluorescence-guided surgery. 

 

Footnotes 

‡ Covalent bonds are denoted by “-” and non-covalent molecular pairing bonds (for example, between 

streptavidin and biotin or between a receptor and a ligand) are denoted by “:”. “+” in denotes the mixture of two 

biochemicals. 



Future Perspective 

Radiolabelled somatostatin analogs are used clinically for diagnosis of neuroendocrine tumors and treatment of 

acromegaly, both of which relied on the specific binding of somatostatin to its receptors. Replacement of the 

radiolabels with fluorescent probes should enable ultrasensitive optical detection of ligands. If the fluorescent 

probe is engineered as a fluorescent nanoparticle bioconjugated with a somatostatin targeting molecule, it 

affords targeted delivery of therapeutic cargo to these tumors. It is envisaged that quantum dot is replaced with a 

non-cytotoxic nanoparticle, such as a fluorescent nanodiamond or upconversion nanophosphors, with the latter 

offering unprecedented capability of illumination/autofluorescence background suppression. 

The development of the fluorescent nanoparticle molecular probe is plagued by aggregation, loss of the 

targeting molecule’s activity and increased complexity. Development of a set of bioconjugation platforms that 

addresses these challenges, while preserving versatility of biomolecule and nanoparticle building blocks are of 

great demand. Our increasing understanding of nanoparticular systems with the aid of biochemical and genetic 

engineering technologies holds much promise towards development of these novel strategies. 



Executive Summary 

Biological activity of SRIF-2B 

• Both biotinylated somatostatin analogs (SRIF-2B and SRIF-5B) were able to activate the somatostatin 

receptors; however, the larger analog (SRIF-5B) was found to be less potent than the native SRIF. 

Endocytosis of pre-conjugated SRIF-2B:Sav-QD  

• SRIF-2B molecules pre-conjugated to streptavidin-coated quantum dots (Sav-QD), forming 

SRIF-2B:Sav-QD complexes were found to be biologically inactive. 

Endocytosis of in situ-conjugated SRIF-2B:Sav-QD 

• An in situ two-step bioconjugation strategy, where B:Sav binding occurred after the receptor:SRIF 

binding, was successful. 

• The somatostatin receptor binding and activation can be temporally separated by modifying 

experimental conditions. 

Sav-binding affected biological activity of SRIF-2B 

• Addition of Sav-analogs resulted in the reversal of SRIF-2B-induced hyperpolarization in the AtT-20 

cells; Sav-binding was concluded to be inhibitory for the SRIF-2B activity. 

• Sav-induced inhibition of SRIF-2B activity conformed the a priory known B:Sav-binding ratio of 4:1. 

• The biotin-SRIF spacer length increase had a negligible effect on the Sav-induced inhibition. 
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Figure 1 

Schematic diagram of a somatostatin molecule modified with biotin via a flexible PEG spacer. An 
integer ‘n’ designates the number of ethylene glycol repetitive units to vary the length of the PEG 
(poly-ethylene glycol) spacer. Two biotinylated analogs SRIF‑2B and SRIF-5B were synthesized, with n 
= 2 and 5, respectively.  



Figure 2 

Peak hyperpolarization responses of the wild type AtT-20 cells, evoked by a range of concentrations of 
SRIF, SRIF‑2B and SRIF‑5B, measured using a fluorescence hyperpolarization assay. The data is 
representative of three independent experiments (each performed in triplicates), presented as mean ± SD 
for SRIF (closed circles; solid line logistic fit), SRIF-2B (open squares; dotted line logistic fit) and 
SRIF‑5B (grey open triangles; dashed grey line logistic fit). Error bars, if not visible, are smaller than 
symbols. 



Figure 3 

Fluorescence confocal images of cells treated with (a) - (d) 40‑nM SRIF-2B:Sav-QD and (e) - (h) 
40‑nM Sav-QD, as negative controls, for time periods ranging from 15 min to 90 min. Fluorescence 
from QD and Hoechst-stained nuclei are color‑coded red and blue, respectively. Each image was 
obtained from a z-stack consisting of multiple images by using a maximum pixel projection method, 
which resulted in imaging artifact of QD signals appearing inside the nuclei. The data presented is a 
representative of three independent experiments. Scale‑bar, 10 µm. 



Figure 4 

Schematic diagram of two methods used for QD-based imaging of the receptor-mediated endocytosis of 
SRIF-2B. (a) A pre-conjugated SRIF-2B:Sav-QD complex was inactive, failing to evoke receptor-
mediated internalization, as indicated by the red ‘stop’ sign. (b) An in situ two-step bioconjugation 
strategy: (top) an SRIF-2B complex binds to the sst at low temperature (on ice); followed by (bottom) 
binding an Sav-QD complex, and receptor-mediated internalization of the SRIF-2B:Sav-QD at elevated 
temperature (37 oC) 



Figure 5 

Fluorescence confocal images of cells treated with (a) 20‑µM SRIF-2B or (b) blank negative control, 
followed by 2‑nM Sav‑QD at low temperature. The cells, when restored to 37 oC, internalized the pre-
formed receptor:ligand complexes. The QD-fluorescence is color-coded red and the cell-morphological 
contrast, originated from laser back-scattering, is coded green. The data presented is a representative of 
at least three independent experiments. Scale-bar, 10 µm. 



Figure 6 

(a) Time courses of hyperpolarization of the AtT-20 cells in response to the addition of 1‑µM SRIF or 
SRIF-2B, with or without further 0.27‑µM Sav-dy addition. (b) Effect of the presence of 20‑nM Sav-dy 
on the dose-response curve of SRIF-2B. The data presented is a representative of three independent 
experiments (each performed in triplicates). Error bars, if not visible, are smaller than symbols.	  


