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Abstract 

Protein-conjugated nanoparticles have the potential to precisely deliver therapeutics to target sites 

in the body by specifically binding to cell surface receptors. To maximize targeting efficiency, the 

three-dimensional presentation of ligands towards these receptors is crucial. Herein, we 

demonstrate significantly enhanced targeting of nanoparticles to cancer cells by controlling the 

protein orientation on the nanoparticle surface. To engineer the point of attachment, we used amber 

codon reassignment to incorporate a synthetic amino acid, p-azidophenylalanine (azPhe), at 

specific locations within a single domain antibody (sdAb or nanobody) that recognizes the human 

epidermal growth factor receptor (EGFR). The azPhe modified sdAb can be tethered to the 

nanoparticle in a specific orientation using a bioorthogonal click reaction with a strained 

cyclooctyne. The crystal structure of the sdAb bound to EGFR was used to rationally select sites 

likely to optimally display the sdAb upon conjugation to a fluorescent nanocrystal (Qdot). Qdots 

with sdAb attached at the azPhe13 position showed 6 times greater binding affinity to EGFR 

expressing A549 cells, compared to Qdots with conventionally (succinimidyl ester) conjugated 

sdAb. As ligand-targeted delivery systems move towards clinical application, this work shows that 

nanoparticle targeting can be optimized by engineering the site of protein conjugation. 
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The use of targeting proteins to deliver nanoparticles to specific cells has significant potential to 

improve the therapeutic delivery of drugs.1,2 Conjugation of proteins such as antibodies or antibody 

fragments to nanoparticle surfaces improves the target-specificity of these conjugated 

nanoparticles, offering the promise of precise delivery of therapeutics to the intended cell target.3 

A major challenge of protein conjugation originates from the innate link between the protein 

structure and biological function. Protein recognition is governed by the 3D structure, and thus 

conjugation must not only maintain the native 3D structure of the protein, but also present the 

protein to its target in the correct orientation. Steric hindrance from the nanoparticle surface can 

potentially limit protein binding (Scheme 1a).4 Recent reports have shown that when antibody 

fragments are attached to nanoparticles via lysine residues, as little as 3.5% of the proteins have 

an appropriate orientation to bind their target receptor.5 The advent of bio-orthogonal click 

chemistry, such as copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) and strain-promoted 

alkyne-azide cycloaddition (SPAAC), has greatly simplified protein conjugation to surfaces.6–8 

These reactions are rapid, efficient, occur under mild conditions and have minimal side reactions 

that can degrade the activity of the protein. However, to employ these click reactions, linkers are 

typically required to incorporate either an azide or alkyne into the protein. Traditionally, 

succinimidyl ester chemistry has been used to attach linkers to lysine residues naturally present in 

the protein.3,5 This initial reaction is poorly controlled, as it is difficult to direct the attachment of 

a linker to a particular lysine residue.9 Factors such as the abundance of lysine residues per protein, 

their relative steric accessibility, and reaction stoichiometry results in an essentially random and 

uncontrolled orientation of the protein on the surface.9,10 Recently, it has been proposed that 
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adsorption of antibodies onto nanoparticles is just as effective at targeting nanoparticles to cells as 

covalently coupling antibodies in a random orientation via lysine residues.11 A degree of control 

over the protein orientation can be achieved by using sortase-catalyzed transpeptidation12–14 or 

native chemical ligation (NCL),15 however attachment using these strategies is limited to either the 

C or N terminus of the protein. 

 

An alternative approach is to genetically modify the protein so that it contains a coupling site at 

a specific location, anywhere within the protein. Indeed, site-specific genetic modification to 

generate antibodies bearing additional reactive, naturally-occurring amino acids such as cysteine 

is a widely employed strategy for attaching drugs to antibodies.16 However, by their very nature, 

cysteine residues are not bio-orthogonal. The incorporation of additional cysteines can lead to the 

formation of unwanted disulfide bridges that change the structure of the protein, and coupling can 

occur through native cysteines rather than the intended engineered sites.17  

 

Recently, techniques have been developed to widen the range of amino acids that can be 

incorporated into recombinant proteins by expanding the genetic code.3,18 These methods exploit 

the redundancy of the natural genetic alphabet, where three separate stop codons (UAA, UGA and 

UAG) signify the end of a protein and terminate RNA translation. ‘Recoding’ the amber stop codon 

(UAG) to incorporate a new non-canonical or synthetic amino acid permits the introduction of 

virtually any functional group into a protein at any desired position.19,20 In materials science, this 

technology has been used to engineer protein scaffolds as well as responsive protein polymer 

hybrid materials.21–24 Herein, we demonstrate how the precise incorporation of an azide-bearing 

azPhe (p-azidophenylalanine; pAzF) into a single domain antibody (sdAb) that recognizes the 
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epidermal growth factor receptor (EGFR) can substantially improve binding of a model 

nanoparticle (QDot) to cancer cells.  

 

The 7D12 sdAb, which binds human EGFR,25 was selected to investigate how protein orientation 

affects Qdot binding to cells. sdAb are antibody fragments derived from the variable domain of 

camelid heavy chain antibodies. They can be easily expressed using a prokaryotic expression 

system that is cost-efficient and scalable. The EGFR was selected as a target because it is a surface-

displayed trans-membrane protein that is highly expressed on non-small cell lung cancers and is 

frequently associated with epidermal cell tumors. It is also a target for cancer therapy, through 

monoclonal antibody therapies such as cetuximab.26 

 

To demonstrate the importance of protein orientation on nanoparticle targeting, we generated 

five sdAb constructs for immobilization onto a nanoparticle surface: four constructs with 

controlled orientation and one construct that attaches randomly through modification of lysine 

residues. Using the 3D crystal structure of the 7D12 sdAb bound to EGFR (Scheme 1b.)25, we 

selected four potential coupling sites. These positions were chosen based on three criteria: 1) 

positioned away from the complementary determining region (CDR), 2) not part of a ß-sheet or a-

helix, 3) on the outer surface of the protein in sterically unhindered positions. The residues Gln13, 

Gly42, and Asp73 were selected using these criteria, as well as the C-terminus (Scheme 1b). To 

generate sdAb with azide groups at these positions, an amber stop codon was substituted at amino 

acid positions azPhe13, azPhe42, and azPhe73, and an amber stop codon was inserted at the C-

terminus (azPheCT) after Ser124. To demonstrate conventional ‘random’ protein immobilization 
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to a surface, an unmodified sdAb (expressed without amber codon incorporation) was post-

synthetically modified with an NHS-linker, which reacts with lysine residues (and the N-terminus). 

 

In order to incorporate the azPhe into these sdAbs, the host bacteria used for protein expression 

were equipped with the additional molecular machinery. A plasmid encoding a highly optimized 

Methanocaldococcus jannaschii suppressor tRNA and aminoacyl-tRNA synthetase27 was co-

transformed into an Escherichia coli host with each 7D12 sdAb expression plasmid. This 

additional tRNA bears the CUA anticodon and facilitates insertion of azPhe by ribosomes, while 

the paired aminoacyl-tRNA synthetase specifically recognizes and charges the substrate azPhe 

(pAzF) onto the suppressor tRNA. In standard E. coli expression hosts, competition for the amber 

stop codon between the suppressor tRNA and release factor 1 (RF-1) limits the efficiency of azPhe 

incorporation into recombinant proteins. Incorporation of azPhe into endogenous bacterial proteins 

also reduces the growth rate and viability of the host. To overcome these limitations, Sakamoto 

and co-workers20 developed the B95.ΔA strain by synonymously recoding 95 growth limiting 

genomic amber stop codons within E. coli. The B95.ΔA strain employed in this study facilitates 

efficient azPhe incorporation and preserves growth vigor under amber codon suppression. 

 

All sdAbs were purified from bacterial lysates using immobilized metal affinity chromatography 

(IMAC). After purification with IMAC, C-terminal hexahistidine tags were removed by Tobacco 

Etch Virus (TEV) protease cleavage followed by size exclusion chromatography (SEC). The purity 

of sdAbs preparations was confirmed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and molecular weight determined by MALDI-TOF mass 

spectrometry (Table S1). To verify successful incorporation and accessibility of the azPhe, a 
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complementary fluorescent click functional dye (DBCO-Cy5) was reacted with the azide bearing 

sdAbs. Following removal of excess uncoupled dye, click reaction efficiency was determined by 

UV-visible spectrometry (Table S2). Expressed as the ‘degree of labeling’ (DoL), the spectrally 

corrected absorbance at 280 nm and 647 nm was used to determine the molar ratio of dye per sdAb 

molecule. The DoL is a measure of the average number of dye molecules that are coupled to each 

protein. A higher DoL indicates more dyes coupled to the protein and indicates how accessible the 

engineered azPhe is for subsequent reactions. As only one azPhe was incorporated into the 

engineered sdAb, the maximum DoL for these constructs is 1. The DoL for the NHS-Cy5 

modification can be as high as six, as there are five reactive lysine residues and one N-terminus 

present in the protein. The DoL of the different azPhe mutated sdAbs was similar (~0.16 – 0.18). 

The low DoL may be indicative that modifications at these positions are less accessible for 

subsequent coupling reactions. Increasing the reaction time and reaction temperature increased the 

reaction efficiency (Table S3). Reactions with DBCO-Cy5 were also fluorescently imaged after 

separation by SDS-PAGE, with sdAb observed as a fluorescent band of approximately 15 kDa 

(Figure S1).   

 

To determine if the binding activity of the sdAb was compromised by the incorporation of the 

azPhe, the fluorescently labelled sdAb proteins were incubated with EGFR-expressing A549 cells 

and binding assessed using flow cytometry. Each of the modified sdAbs demonstrated binding to 

A549 cells (Figure 1 and S2), indicating that incorporation of the azPhe did not prevent attachment 

to the target receptor. To directly compare the magnitude of binding, the fluorescence intensity 

was normalised to the DoL (Table S2). When corrected for the DoL, the modified sdAbs displayed 

similar cell binding to cetuximab. Anti-GFP sdAb was included as an isotype control, and showed 
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minimal non-specific binding to the EGFR-expressing cells. To further confirm the binding 

specificity of azPhe engineered sdAbs, the EGFR was blocked with cetuximab for 30 minutes 

before the addition of Cy5 labelled sdAbs. Blocking with cetuximab resulted in decreased cell 

binding for all the azPhe modified 7D12 sdAbs. These results demonstrate that azPhe can be 

incorporated into sdAb at specific positions and these modifications do not adversely affect the 

binding to their target receptor. Biolayer interferometry (BLI) was also performed to determine if 

the mutations affected the binding affinity of the sdAbs. Introduction of azPhe increased the KD of 

the mutants, however they were all still capable of recognizing the immobilised EGFR (Table S4).  

 

To demonstrate the effect of sdAb orientation on nanoparticle targeting, we attached the sdAb 

constructs to 15 nm fluorescent nanocrystals (Qdots). To facilitate conjugation to commercially 

available streptavidin-functionalized Qdots, we modified the azide groups on the sdAbs with a 

DBCO-biotin linker. Although the streptavidin orientation on the Qdots used in these experiments 

did not have a controlled orientation, we were able to control the orientation of the sdAb relative 

to the streptavidin surface. Each Qdot has approximately 40 potential binding sites, and we used a 

3.75 molar excess of biotin-modified sdAb, to ensure the conjugation was not limited by sdAb 

availability. SDS-PAGE was then used to determine the amount of binding of each sdAb onto 

Qdots (Figure S3, S4 and Table S5). All sdAb mutants showed similar QDot functionalisation, 

with no significant difference in the number of sdAbs attached to the QDots (p > 0.1). 

 

Cryoelectron microscopy confirmed the conjugated Qdots remained colloidally stable in PBS 

and cell media (Figure S4). The Qdots have a triangular shape (11.4 ± 1.0 nm x 7.2 ± 0.5 nm, n = 

10), thus techniques such as DLS were not appropriate to measure their hydro-dynamic radius. 
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The zeta potential of the Qdots was similar before (-20 mV) and after (-10 mV) conjugation (Table 

S6), and conjugation did not significantly change the UV-Vis (Figure S5) or fluorescence spectra 

(Figure S6) of the Qdots. 

 

Binding of the Qdots to EGFR-expressing A549 cells differed significantly depending on the 

orientation of the sdAb (Figure 2). Attachment of the 7D12 sdAb to Qdots at the azPhe13 position 

resulted in the greatest amount of cell binding, with 6-fold higher binding compared to randomly 

oriented sdAb (p < 0.0001). Qdots attached via the C-terminus (azPheCT) also exhibited 2.4-fold 

higher cell binding compared to randomly oriented sdAb (p < 0.0001). However importantly, sdAb 

attachment at azPhe13 to Qdots resulted in significantly (2.5-fold) higher cell binding than 

attachment via the azPheCT (p < 0.0001). This suggests that attachment at the azPhe13 position 

orients the sdAb in a less sterically hindered position than if the sdAb is attached via the C-

terminus. In contrast, attachment of 7D12 sdAbs to Qdots via the azPhe42 and azPhe73 positions 

showed poor receptor binding that was not significantly different to undecorated Qdots (p > 0.1). 

It is possible that in the azPhe42 and azPhe73 orientations, the complementarity-determining 

regions of the sdAb are oriented towards the Qdot, preventing efficient presentation to EGFR on 

the surface of cells. 

 

The density of targeting groups on the surface of particles can affect binding to cells.28–30 While 

densitometry shows that similar amounts of sdAb were bound to the Qdots, to further demonstrate 

improved cell targeting of the azPhe13 oriented sdAb, we increased the amount of sdAb on the 

Qdots (Figure S7). Doubling the amount of sdAb added to the Qdots resulted in approximately 

double the number of sdAbs per Qdot. Increasing the density of sdAb on the Qdots resulted in a 
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small decrease in binding to A549 cells for the azPhe13 and randomly oriented constructs, and no 

significant change to the binding of the azPhe42, azPhe73 and azPheCT constructs. The decrease 

in binding is likely due to overcrowding of the sdAb on the Qdot surface, which has previously 

been observed for other nanoparticles.29 These results demonstrate that improved orientation of the 

sdAb through attachment via the azPhe13 increases the targeting of Qdots to cells.  

 

To further confirm the improved binding of the azPhe13 oriented sdAb to EGFR-expressing 

cells, fluorescence microscopy was performed (Figure 3 and S8). A549 cells were stained with 

wheat germ agglutinin (WGA)-488 (green – plasma membrane) and Hoechst (blue - nucleus). The 

Qdots (red) were incubated with the cells for 1 hour prior to imaging. In agreement with the flow 

cytometry data, the azPhe13 oriented QDots showed significantly higher binding to the cells than 

the randomly oriented QDots. These results show that by controlling the orientation of the sdAb 

on the surface of a QDot we can significantly increase the binding efficiency to target cells.  

 

In summary, we have demonstrated that by incorporating an azido amino acid into a sdAb, we 

can control the orientation of the sdAb when it is attached to a nanoparticle surface. sdAb with a 

fixed orientation on the surface of the nanoparticles show significantly improved targeting 

compared to particles with randomly oriented sdAbs. Conventional methods for controlled protein 

attachment to surfaces are limited to the terminal ends of the protein. Here, we have identified that 

attaching the anti-EGFR sdAb to the particle at the azPhe13 position results in a 2 fold 

improvement in binding compared to controlled attachment via the C-terminus (azPheCT). This 

shows that through the use of an expanded genetic code, we can modify sites of interest on the 

protein and control the ligand orientation on the nanoparticle to improve targeting efficiency. We 



 11 

anticipate that the methods outlined here will have broad applicability for the targeting of a variety 

of nanoengineered particles, including polymersomes, liposomes, polyion complexes, and 

inorganic nanoparticles, although the ideal specific insertion points may vary with different 

nanoparticles and different sdAb. 

 

 

Figure 1: Incorporation of azPhe into 7D12 sdAb does not significantly affect sdAb binding to 

cells. A549 cells expressing the EGFR receptor were incubated with Cy5 labelled sdAbs for 60 

min at 37 ºC, with the fluorescent dye conjugated via the azPhe residue (azPhe13, azPhe42, 

azPhe73 and azPheCT) or via NHS coupling (random lysine, cetuximab and anti-GFP). Binding 

was determined using flow cytometry and the mean fluorescence intensity (MFI) was normalised 

to the sdAb degree of labelling (DoL). Blocked samples were pre-incubated with cetuximab for 

30 minutes at 37 ºC prior to addition of fluorescently labelled sdAbs (Hatched bar). Error bars 

represent SEM (n = 3). 
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Figure 2: Optimizing the orientation of sdAbs on QDots increases binding efficiency. a) Mean 

fluorescence intensity of A549 cells incubated with sdAb-QDots b) Histogram showing 

fluorescence intensity distribution of A549 cells incubated with sdAb-QDots. Unmodified QDots 
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(magenta) exhibit low non-specific binding to cells, whereas sdAb-conjugated QDots bind to cells 

and increase the MFI. azPhe13 modified QDots (green) exhibited the largest shift in fluorescence 

intensity, indicating a high degree of binding. Error bars represent mean ± SEM (n = 5). Statistical 

significance was calculated by one-way ANOVA with Tukey’s multiple comparisons test (**** < 

0.0001, * < 0.03). 
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Figure 3: QDots with 7D12 sdAb oriented by the azPhe13 position show higher binding to EGFR 

expressing cells than QDots with randomly oriented sdAb. Maximum intensity projection 

fluorescence microscopy images of sdAb-QDot (red) associated with A549 cells (cell membrane 

shown in green (wheat germ agglutinin conjugated to AlexaFluor488) and nucleus blue (Hoechst)). 

a) Cell binding of 7D12 sdAb attached to QDot at azPhe13 b) 7D12 attached at random lysine 

positions to sdAb-QDot. Scale bar = 10µm. 

 

 

Scheme 1: a) Schematic representation of sdAb orientation on a surface using random attachment 

via lysine residues, or engineered attachment using a genetically encoded synthetic amino acid. b) 
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Crystal structure of 7D12 anti-EGFR sdAb (red). The complementary determining region (CDR) 

is highlighted in yellow and site of azPhe incorporation are highlighted in blue. c) Cartoon 

representation of a streptavidin (yellow) modified QDot (red) modified with 7D12 sdAb (green) 

attached via the azPhe13 position. 
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Experimental Details 

 

Bacterial culture for sdAb expression 

The coding sequence of anti-EGFR sdAb clone 7D12 and related mutants were synthesized 

commercially (IDT) and cloned into expression plasmid pTrcHisB (Invitrogen) using standard 

molecular cloning techniques. Chemically competent E. coli  B95.ΔA were co-transformed with 

sdAb expression plasmids and pEVOL pAzF. Following heat shock and outgrowth, transformed 

bacteria were inoculated in 10 mL of Luria-Bertani (LB) media and grown at 37 ºC at 250 rpm 

overnight. From this culture, 0.5 L LB media supplemented with 100ug/mL ampicillin, 25ug/mL 

chloramphenicol and 2mM azPhe (Iris Biotec) was inoculated and grown to an OD600 of 0.5-0.7. 

A final concentration of 1 mM IPTG and 0.02%(w/v) L-Arabinose was used to induce sdAb 

production and was left at 30 ºC overnight while shaking. Bacteria were pelleted by centrifugation 

(4000 x g, 20 minutes) at 4 ºC and the pellet was kept frozen at -80 ºC until use. 

sdAb purification  

Bacterial lysates were generated using BugBuster Mastermix (Merck) according to manufacturer’s 

protocol, clarified by centrifugation at 10000 x g followed by filtration through a 0.45 µm 



 17 

membrane filter prior to column purification with an immobilized metal affinity chromatography 

(IMAC) column. Eluted proteins subsequently underwent size exclusion to remove non-

specifically bound proteins using Enrich SEC70 (Bio-rad) gel filtration column. Protein 

concentration was measured using a Nanodrop (Thermo) spectrophotometer at 280 nm with 

calculated molar extinction coefficient and molecular weights of each sdAb construct. 

Hexahistidine tag removal was performed using ProTEV protease (Promega) according to 

manufacturer’s instructions. 

 

 

 

SDS-PAGE and azPhe reactivity assay 

To determine the reactivity of the azido synthetic amino acid (azPhe) incorporated into sdAbs, a 

10 molar excess of DBCO-Cy5 was incubated with sdAbs at 4 ºC overnight. Unreacted DBCO-

Cy5 was removed using a 7K MWCO Zeba desalting column (Thermo). Non-denaturing SDS-

PAGE was performed using a Mini-Protean electrophoresis system (Bio-rad) with pre-cast TGX 

4-15% polyacrylamide gels (Bio-rad) according to manufacturer instructions. Gels were 

fluorescently imaged with a Typhoon 5 Imager (GE Life Sciences). 

sdAb-linker conjugate preparation  

Biotin groups were functionalized to sdAbs by the addition of DBCO-biotin (3 mM) or NHS-biotin 

(6 mM) for the azPhe incorporated sdAbs and native sdAb respectively. A 10-fold molar (68 nmol) 

excess of the corresponding linker (22.4 µL and 11.7 µL) were added to 35 µM of (200 µL) sdAbs. 
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Both biotin linker mediums were initially equilibrated to room temperature prior to addition to the 

sdAb medium, to prevent hydrolysis of NHS-biotin. The coupling reaction was incubated in 10 

mM PBS at 4 ºC overnight followed by removal of excess un-coupled linkers using a 7K MWCO 

Zeba desalting column (Thermo Scientific). 

sdAb-QDot conjugate preparation 

Following removal of excess linkers, 300 pmol sdAb-linker were added to 2 µl of 1µM QDot 655 

Streptavidin conjugate (Thermo Scientific) and left at 4 ºC overnight to allow for biotin-

streptavidin binding. Excess un-conjugated sdAbs were removed using a 50K MWCO Amicon 

Ultra 0.5 ml centrifugal filter (Merck). QDots were washed with 10 mM PBS and centrifuged for 

5 minutes at 10,000 g. An additional 2 washes were performed to ensure all unconjugated sdAbs 

were removed.  The final concentration of conjugated sdAbs to QDots was measured using 

Nanodrop spectrophotometer at 350 nm. 

 

Cell culture maintenance and live cell imaging  

Adenocarcinomic human alveolar basal epithelial cells (A549, ATCC CCL-185) were maintained 

in Hyclone™ Dulbecco’s Modified Eagles Mediaum (GE) and 10% fetal bovine serum. Cells were 

cultured at 37 °C in a humidified incubator with 5% atmospheric CO2 along with routine testing 

for mycoplasma contamination. For fluorescence microscopy A549 were seeded in a Lab-Tek II 

8-well chamber (Thermo Scientific) at 40,000 cells per well and were cultured overnight. 

Equivalent amount of each sdAb-QDot conjugate were added to the cells and incubated for 60 

minutes at 37 ºC. After incubation, A549 cell membrane and nuclei were stained with wheat germ 

agglutinin (WGA-488) and Hoechst staining at 5 µg/mL in HBSS for an additional 30 minutes at 



 19 

4 ºC. Cells were carefully washed with pre-chilled FluoroBrite DMEM (Gibco) supplemented with 

10% fetal bovine serum and 100 U/mL penicillin-streptomycin three times. Staining solution was 

replaced with fresh FluoroBrite media for imaging. Live cell imaging was performed using an 

Olympus IX83 microscope with a 63 × 0.9 NA oil objective. Fluorescence channels for cells 

stained with WGA-488 and Hoechst were collected at emission 528 nm and 457 nm respectively. 

Meanwhile, fluorescence emission for sdAb-QDot conjugate was collected at 685 nm. All images 

were then processed using Slidebook 6.0 (3i) and Fiji software.  

 

Cell association assay 

In a 96-well plate, 100,000 A549 cells were incubated with 200 fmol sdAb-QDot at 37 ºC for 60 

minutes. Cells were washed three times with 1% BSA-PBS and centrifuged at 400 g for 5 minutes. 

Cells were re-suspended in 150 µl of 1% BSA-PBS and analyzed on a Stratedigm S1000EXi flow 

cytometry. QDot fluorescence was measured using 405 nm excitation laser with an emission filter 

at 650 nm (405 nm BV650). Further data analysis was carried out on FlowJo 8.7 software. 

Table S1. Expected and observed molecular weight of 7D12 sdAb measured through 

MALDI-TOF, linear mode (Shimadzu MALDI-7090™). 

 

 

 

 

Table S2. Degree of labeling for sdAb/Ab labeled with DBCO Cy5/NHS Cy5.  

Samples Expected mw (Da) Observed mw (Da) 

Native sdAb 15226.7 15161.2 

azPhe13 sdAb 15286.9 15423.3 

azPheCT sdAb 15433.0 15358.0 
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Sample Degree of Labeling (DoL) 

n = 3 

7D12azPhe13 DBCO Cy5 0.18 ± 0.02 

7D12azPhe42 DBCO Cy5 0.16 ± 0.03 

7D12 azPhe473 DBCO Cy5 0.18 ± 0.06 

7D12 azPheCT DBCO Cy5 0.16 ± 0.02 

7D12Random NHS Cy5 0.74 ± 0.10 

CetuximabRandom NHS Cy5 0.937 

Anti-GFPRandom NHS Cy5 0.310 

 

Table S3. Conjugation of azPhe13 sdAb to DBCO-Cy5 at various conditions.  

Conjugation condition Degree of Labeling (DoL) 

4 ºC (8 hr) 0.18 

4 ºC (24 hr) 0.24 

25 ºC (24 hr) 0.28 

60 ºC (24 hr) 0.68 

4 ºC in 6M Guanidine (24 hr) 0.48 
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Figure S1. Non-reducing fluorescent SDS-PAGE gel of sdAb labeled with DBCO Cy5/NHS Cy5 

(Lane 1: azPhe13, Lane 2: azPhe42, Lane 3: azPhe73, Lane 4: azPheCT, Lane 5: Random lysine 

modification, Lane 6: Anti-GFP sdAb). The expected monomeric protein band is indicated with 

an arrow. As expected, the fluorescence intensity varied between the sdAbs bearing azPhe at 

different positions (Table S1). The variation in fluorescence intensity is a combination of the DoL 

and the quantum yield of the fluorophore, which is affected by the local environment. For example, 

the incorporation of azPhe at azPhe42 may result in a localized disruption of protein folding, or 

may promote dimer or other thermodynamically stable structure formation with poor steric 

accessibility of the azPhe. Correspondingly, only a weakly fluorescent band was observed for 

7D12 sdAb with azPhe at position azPhe42 (Lane 2). 

 

 



 22 

 

Figure S2. Raw mean fluorescence intensity emitted by Cy5 labeled sdAb/Ab as measured by 

flow cytometry. (n = 3) 

 

 

 

Table S4. Binding constant of azPhe incorporated sdAb binding to biotinylated EGFR 

immobilised on a BLItz® (ForteBio) biosensor. Biotinylated EGFR were immobilized on high 

precision streptavidin biosensors followed by the addition of sdAb. Binding affinity was obtained 

over a period of 430 seconds. 

Sample KD (nM) 

WildType 21 ± 2 

AzPhe13 140 ± 26 

AzGly42 85 ± 4 

AzPhe73 123 ± 8 
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Figure S3. Non-reducing, coomassie stained SDS-PAGE of sdAb-biotin conjugate. To determine 

the amount of sdAb bound to the QDots, a 3.75 molar excess of sdAb-biotin conjugate was 

incubated with QDots overnight at 4ºC and then loaded onto the gel (B). The same concentration 

and volume of sdAb-biotin conjugate, but without QDots, was also loaded as a comparison (U). 

The QDots are too large to enter the SDS-PAGE gel, but unbound sdAb-biotin can enter the gel. 

The density of each band was determined using FIJI to determine the relate amount of unbound 

sdAb-biotin conjugate present in each well. The difference in the bound (B) and unbound (U) sdAb 

give the amount of sdAb-biotin attached to the QDots (summarised in Table S5). 

 

 

 

 

 

Table S5. sdAb-biotin (3.75 molar excess) binding to streptavidin functionalised QDots. % Bound 

protein determined by densitometry of a non-reducing coomassie stained SDS-PAGE gel (Figure 

AzPheCTerm 98 ± 5 

Anti-GFP sdAb (>1 M) 
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S3). Number of sdAb/QDot determine by dividing the moles of bound sdAb by the moles of QDot 

(n = 3) 

 

 

Samples % Bound sdAb/QDot 

Random Orientation 13 ± 2 ~19 ± 2 

AzPhe13 10 ± 5 ~15 ± 8 

AzGly42 9 ± 3 ~13 ± 6 

AzPhe73 7 ± 3 ~10 ± 5 

AzPheCT 11 ± 3 ~16 ± 4 
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Figure S4. Cryo-EM images of unmodified and azPhe13 modified QDots in buffer and cell media 

(DMEM). Inset images display a single QDot. a) azPhe13 QDot in buffer, b) azPhe13 QDot in 

DMEM, c) Unmodified QDot in buffer, d) Unmodified QDot in DMEM. 
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Table S6. Zeta potential of sdAb modified with QDot. Measurement was conducted with 

phosphate buffer, pH 7. 

Samples Zeta Potential 
(mV) 

Random Lysine Orientation -11 

azPhe13 -10 

azPhe42 -11 

azPhe73 -8 

azPheCT -7 

QDot only -19 

 

 

Figure S5. UV-VIS spectra of sdAb modified and unmodified QDots in PBS. 
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Figure S6. Fluorescence intensity emitted by sdAb modified QDot and unmodified QDot with 405 

nm excitation laser. a) QDots in PBS, b) QDots in DMEM.  
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Figure S7.  Mean fluorescence intensity emitted by differing sdAb-biotin addition to QDot. The 

ideal sdAbs density on QDot was determined to be 3.75-fold molar excess, in which a decrease in 

targeting efficiency can be seen with increasing sdAbs molar excess added to QDot. The number 

above each bar corresponds to the density of Error bars represent mean ± SEM (n = 3). 

 

 

 

 

 

 

 



 29 

 

Figure S8. Inverted fluorescence microscopy images of each sdAb-QDot association to A549 cell 

membrane in-vitro. Green: WGA-488; blue: Hoechst; red: sdAb-QDot. Scale bar = 10µm. 
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