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Abstract. This study dealt with quantification and imaging of human epidermal growth factor 

receptor 2 (HER2), an important prognostic marker for cancer diagnosis and treatment, using 

specific quantum-dot-based conjugates. Fluorescent inorganic nanocrystals or quantum dots 

(QDs) are extremely highly resistant to photobleaching and have a high emission quantum 

yield and a continuous range of emission spectra, from the ultraviolet to the infrared regions. 

Ultrasmall nanoprobes consisting of highly affine anti-HER2 single-domain antibodies (sdAbs 

or "nanobodies") conjugated with QDs in a strictly oriented manner have been designed. QDs 

with a fluorescence peak maxima at wavelengths of 562 nm, 569 nm, 570 nm or in the near-

infrared region were used. Here, we present our results of ISA quantification of HER2 protein, 

in situ imaging of HER2 protein on the surface of HER2-positive SK-BR-3 cells in 

immunohistochemical experiments, and counting of stained with anti-HER2 conjugates HER2-

positive SK-BR-3 cells in their mixture with unstained cells of the same culture in flow 

cytometry experiments. The data demonstrate that the anti-HER2 QD–sdAb conjugates 

obtained are highly specific and sensitive and could be used in numerous applications for 

advanced integrated diagnosis. 

1. Introduction 
Several types of fluorescent labels are used in biological and medical applications: heterocyclic 

organic dyes, fluorescent proteins, and fluorescent inorganic nanocrystals or quantum dots (QDs). The 

main advantages of QDs over other fluorescent dyes are an extremely high resistance to 

photobleaching, bright photoluminescence, and the possibility of obtaining a continuous range of 

emission colors from ultraviolet to infrared [1]. These characteristics make it possible to use QDs for 

imaging both fixed and live biological samples [2], as well as for obtaining contrast images of samples 

of different thicknesses in multiphoton applications [3, 4, 5]. Antibodies carrying fluorescent labels 

have become widely used for imaging specific protein markers, cells, and tissues in biology and 

medicine. 

Detection of specific protein cancer markers in clinical samples is important for theranostics, a 

promising approach at the interface of therapeutics and diagnostics [6, 7]. Human epidermal growth 

factor receptor 2 (HER2) has been found to be an extremely important marker for detection of 
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malignant tumors, assessment of the stage of their development, and medical prognosis [8]. The 

development of antitumor therapy where HER2 serves as a target is underway [9, 10]. 

Immunoglobulins of cartilaginous fishes belonging to the nurse shark antigen receptor (IgNAR) 

family [11, 12] and similar to G-type immunoglobulins of camelids [13] stand apart from other 

immunoglobulins serving as antibodies in mammals. The antigen binding surface of these antibodies 

consists of a single globular domain, in contrast to two domains in typical mammalian 

immunoglobulins. An isolated variable domain of a camelid similar to G-type immunoglobulin 

capable of antigen binding is termed a single-domain antibody (sdAb). The size of sdAbs (weighing as 

little as 13 kDa) makes them the smallest sensors or capture molecules for specific nanoprobes 

currently used in biomedicine [14]. The technique for obtaining recombinant sdAbs allows their 

primary amino acid sequence to be additionally tagged. 

In this study, we estimated the performance of nanoprobes containing photoluminescent 

nanocrystals with different spectral characteristics and highly affine sdAbs against HER2 in detecting 

this cancer marker. 

 

2. Materials and methods 
2.1. Cell cultures 

The SK-BR-3 and MDA-MB-231 cell cultures were kindly provided by Dr. Baryshnikova (Laboratory 

of Experimental Diagnosis and Biotherapy of Tumors, Blokhin Cancer Research Center, Moscow, 

Russia). The cultures were grown on cover slips or chamber slides to 80% confluence in RPMI 1640 

supplemented with 10% bovine serum at 37°C in an atmosphere of 5% CO2. 

 

2.2. Antibodies 

Single-domain antibodies against HER2 containing a C-terminal Cys–(His)6 peptide [5, 15, 16] were 

kindly provided by Dr. Baty (CNRS UMR 7258, Inserm U1068, Centre de Recherche en Cancérologie 

de Marseille). 

 

2.3. Quantum dots 

CdSe/ZnS core/shell QDs with emission peaks maxima at 562 nm, 569 nm, and 570 nm (QDs562, 

QDs569, and QDs570, respectively) dissolvable in an organic solvent were kindly provided by Dr. P. 

Samokhvalov (National Research Nuclear University MEPhI, Moscow, Russia). The PbS/CdS/ZnS 

core/core-periphery/shell QDs with an emission peak maximum in the near infrared region (1120 nm, 

QDsNIR) were kindly provided by Dr. Sungjee Kim (Department of Chemistry Pohang University of 

Science & Technology Pohang, South Korea). 

 

2.4. Transfer of quantum dots to the aqueous phase 

The procedure is described in detail elsewhere [14]. In brief, 10 mg of QDs was dissolved in 1 ml of 

chloroform, an equal volume of methanol was added, and the mixture was stirred and centrifuged at 

14,000 rpm. The supernatant was removed, and the pellet was dissolved in methanol, after which 200 

μl of a 10 mg/ml solution of DL-cysteine in methanol was added dropwise while stirring to a final 

volume of 1 ml. The QDs were settled by centrifugation at 14,000 rpm and washed with methanol 

three times, centrifuging the mixture at the same speed every time. The pellet was vacuum-dried and 

dissolved in water while adding 1 M NaOH dropwise and stirring in a vortex. The resultant QD 

solution was sonicated and filtered through a filter with a mesh size of 0.22 μm. The size variation of 

the dissolved nanoparticles was estimated by dynamic light scattering using a ZetaSizer ZS device 

(Malvern). A 150 mg/ml solution of the complex polymer HS–(CH2)m–EGn–OH (Prochimia) was 

added to the aqueous suspension of 10 mg of QDs prepared for water-solubilization, and the mixture 

was incubated at 4°C for at least 12 h. Unbound molecules were removed by centrifugation on 

Amicon Ultracel-10K filters. Milli-Q water filtered through a filter with a mesh size of 0.22 μm was 

used for washing. The final purification of the QDs was performed in PD MiniTrap Sephadex G-25 
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columns (GE Heathcare). The size variation of the nanoparticles was estimated by dynamic light 

scattering using a ZetaSizer ZS device (Malvern). 

 

2.5. Bioconjugation 

The procedure is described in detail elsewhere [14]. In brief, a solution of the N-(p-maleimidophenyl) 

isocyanate crosslinker was added to 50 μl of a 2 mg/ml aqueous solution of QDs coated with modified 

polyethylene glycol buffered with sodium borate (pH 8.5) to a 50-fold molar excess of the crosslinker 

over the QDs. The reaction mixture was incubated at room temperature in the dark for 30 min while 

gently stirring. The reaction of QD activation was terminated by gel filtration of the preparation 

through Sephadex G-25 columns equilibrated with 50 mM phosphate buffer saline (PBS). 

Disulfide bonds in the antibody preparation were reduced by incubation in a tris(2-

carboxyethyl)phosphine solution at a molar ratio of 1:10 for 30 min; the preparation was purified in 

PD MiniTrap Sephadex G-25 columns. The sdAbs treated with tris(2-carboxyethyl)phosphine were 

mixed with the maleimid-activated QDs at a molar ratio of 10:1. The reaction was carried out at room 

temperature in the dark for 2 h while gently stirring. The preparation of the conjugates was purified in 

Superdex 200 columns equilibrated with 50 mM PBS. 

 

2.6. Agarose gel electrophoresis 

Electrophoresis of the QDs and QD–sdAb conjugates was performed in 0.5% agarose gel at a potential 

gradient of 1 V/cm in tris-acetic buffer saline for 30–60 min. Gel documentation was performed using 

a ChemiDoc MP system (Bio-Rad). 

 

2.7. Immunosorbent assay 

The adsorption of HER2 protein (10 mg/ml) was carried out in 50 mM carbonate/bicarbonate buffer 

saline (pH 9.4) in an immunological plate at 4°C overnight. The plate was washed with PBS three 

times, with tween 20 added to a volume concentration of 0.1% (PBST). The plate was blocked with a 

1% casein solution in PBS (Thermofisher) at room temperature for 1.5 h on a rotator and washed with 

PBST three times. A 0.3 mg/ml solution of QD–sdAb conjugates was used to prepare a series of 

successive dilutions with PBS to ratios of 1:100, 1:1000, and 1:10,000. The conjugates diluted 1:100 

in the absence of the antigen were used as a negative control. The incubation was carried out at room 

temperature in the dark for 1 h. After the end of the immune reaction, the plate was washed four times 

with PBST. The results were read at excitation and emission wavelengths of 500 and 562 nm. 

 

2.8. Immunohistochemistry 

The protocol [17] with our modifications was used. The cells were washed from the medium with D-

PBS and fixed with a 4% formaldehyde solution in 1 PBS at 4°C for 10 min. Nonspecific binding 

sites were blocked by incubating the slides in a 1% bovine serum albumin (BSA) solution in PBS at 

room temperature for 40 min. Then, they were incubated in the presence of QD569–sdAb solution 

diluted 1:50, 1:100, or 1:300 in the blocking solution of BSA in PBS for 1 h. After the immune 

reaction, the slides were washed with D-PBS–0.1% Tween 20 three times. Total DNA was stained 

with Hoechst solution (10 μg/ml) at 4°C overnight. Finally the slides were washed twice with D-PBS 

and once with PBS. The preparations were mounted in a 50% glycerol solution in PBS and stored at 

4°C overnight before imaging. 

 

2.9. Microscopy 

Fluorescent microscopy was carried out using a Zeiss Axioscope microscope with an A-Plan 40/0.65 

lens upon fluorescence excitation with a mercury lamp. The fluorescence detection channels were 

370–430 nm for Hoechst and 520–555 or 593–610 nm for QDs569. 
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2.10. Flow cytometry 

The attached SK-BR-3 and MDA-MB-231 cell cultures were grown to 80% confluence, detached 

from the culture vessels with 0.05% EDTA in PBS without Ca
2+

 or Mg
2+

 cations, and washed twice 

with an FACS buffer saline (D-PBS containing Ca
2+

/Mg
2+

 and 0.5% BSA). 10
5
 cells in 50 μl of the 

FACS buffer saline were incubated in the presence of monoclonal anti-HER2 antibodies conjugated 

with Alexa Fluor 488 in the dark at 4°C for 1 h and then washed with the FACS buffer saline. After 

that, stained cells were counted using a flow cytometer. 

The possibility of counting HER2-expressing cells with the use of QD570–sdAb conjugates was 

estimated as follows. The SK-BR-3 cells grown to 80% confluence were detached with 0.05% EDTA 

in PBS without Ca
2+

 or Mg
2+

 cations and washed twice with an FACS buffer saline (D-PBS containing 

Ca
2+

/Mg
2+

 and 0.5% BSA). 10
5
 cells in 50 μl of the FACS buffer saline were incubated in the presence 

of QD570–sdAb conjugates at a concentration of 30 μg/ml in the dark at 4°C for 1.5 h and then washed 

with the FACS buffer saline. After that, conjugate-stained cells and unstained cells from the same 

culture were mixed in different proportions. The stained cells were counted using a flow cytometer, 

and the proportions of the experimentally detected stained cells and the introduced into the analyzed 

mixture stained cells were compared. 

 

3. Results and discussion 
The conjugates of sdAbs and QDs were obtained as described in the "Materials and Methods". The 

design of the sdAbs in combination with the selected cross-linker and surface functional groups of the 

QDs made it possible to conjugate all the sdAbs to the QDs in the same predetermined orientation 

ensuring the maximum accessibility of the antigen-binding sites of the antibodies for the antigen 

molecules [14]. In order to preliminarily estimate the results of conjugation between QDs and sdAbs, 

we compared the electrophoretic mobilities of unconjugated QDs and QD–sdAb conjugates (Figure 1). 

 

 

Figure 1. The electropherogram of QDs and 

QD–sdAb conjugates in agarose gel. Lanes: 

1, QDs with an emission peak in the near-

infrared region (QDsNIR); 2, bromophenol 

blue; 3, conjugates of QDsNIR with anti-

HER2 sdAbs 

The changes in mobility indicated successful conjugation of QDs and sdAbs. The potential 

applications of the conjugates were estimated in experiments with immune-sorbent assay (ISA), 

immunohistochemistry (IHC), and flow cytometry.  

In order to estimate the possibility of using the conjugates in ISA, recombinant HER2 was 

adsorbed to wells of an immunological plate at a concentration of 10 mg/ml, after which, solutions of 

conjugates of the QDs with emission maximum at 562 nm and anti-HER2 sdAbs (QD562–sdAbs) with 

different concentrations were added to the wells. The results of the analysis (Figure 2) have shown that 

the HER2 antigen can be detected using QD562–sdAb conjugates at a concentration of 3 μg/ml. 
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Figure 2. Analysis of the effect of the QD562–sdAb conjugate 

concentration on the intensity of the fluorescence signal of the conjugates 

specifically binding HER2. The ordinate shows the fluorescence signal 

intensity; the abscissa shows successive dilutions of the original 0.3 

mg/ml solution of QD562–sdAbs. In the negative control, the antigen 

concentration was zero and the conjugate concentration was 3 μg/ml. 

The possibility of using conjugates of anti-HER2 sdAbs and QDs with an emission peak at 569 nm 

(QDs569) in IHC was employed in experiments with cultured SK-BR-3 cells, which are known to 

overexpress HER2 protein located on the cell membrane surface [18]. Cultures of MDA-MB-231 

cells, which do not show high level of HER2 expression [18], served as a negative control. The HER2 

expression in the cell cultures was confirmed by flow cytometry (data not shown) shortly before the 

IHC procedure. The fluorescent images demonstrated the staining of the cell membrane of the HER2-

positive cells (Figures 3, B–D) and only background staining of the cytoplasm and nucleus in HER2-

negative cells (Figures 3, F–H). Thus, the experiments showed highly specific detection of the HER2 

surface antigen by means of IHC using QD569–sdAb conjugates. 
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Figure 3. Microscopic images of cultures of (A–D) SK-BR-3 and (E–H) MDA-

MB-231 immunostained with QD569 conjugated with anti-HER2 sdAbs. The 

fluorescent detection channels were: 370–430 nm for Hoechst (DAPI channel, 

panels A, D, E, H), 520–555 nm for QDs569 (FITC channel, panels С, D, G, H), 

and 593–610 nm (TexasRed channel, panels B, F). Optical magnitude, 40. 

The possibility of using conjugates of anti-HER2 sdAbs and QDs with an emission peak at 570 nm 

(QDs570) to count of stained with anti-HER2 conjugates HER2-expressing cells in a mixture with other 

cells was demonstrated in flow cytometry experiments. A portion of SK-BR-3 cells was incubated 

with anti-HER2 conjugates as described in the "Materials and Methods" and mixed with unstained 

cells. Subsequent estimation of the percentage of correctly recognized cells stained with QD570–sdAb 

conjugates has shown that the technique allows the detection of HER2-positive cells even if their 

proportion in the population is as small as 0.5% (Figure 4). 
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Figure 4. Results of counting the cells stained with anti-HER2 sdAbs conjugated with QDs570. 

The black numbers above the plots show the percentages of SK-BR-3 cells stained with the 

conjugates that were included into the analyzed mixtures; the pink numbers at the upper right 

corners of the plots show the percentages of stained SK-BR-3 cells detected in the analyzed 

mixtures by means of flow cytometry. 

 

4. Conclusions 
The results of our study allow us to propose a method for fabrication of QD-based nanoprobes with 

advanced functional characteristics, including an increased sensitivity. The ultraminiature nanoprobes 

consisting of anti-HER2 sdAbs conjugated with QDs in a highly oriented manner developed in our 

studies have numerous implications for advanced integrated diagnostic procedures. 
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