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Abstract 
 
This dissertation presents the preparation of functional bioinorganic hybrids from silicon-based 

quantum dots (SiQDs) and enzymes and the use of SiQDs and green fluorescent protein as 

ratiometric photoluminescent sensors for nerve agents. 

 Chapter 2 discusses the preparation of water-soluble acid-terminated SiQDs and their 

functionalization with enzymes through the amide coupling reaction. The resulting 

bioinorganic hybrids exhibited the unique photoluminescent properties characteristic of SiQDs 

and preserved the catalytic activities of the enzymes. Although kinetic analysis of the activities 

of the free enzymes and the hybrids revealed that the conjugation lowered the affinity of the 

enzymes for their substrates, the immobilized enzymes remained sufficiently active to carry 

out their intended catalytic functions.  

 Chapter 3 details the conjugation of enzymes to alkene-terminated SiQDs (ene-SiQDs) 

using the thiol–ene ‘click’ reaction. Cysteine-containing enzymes were reacted with 

ene-SiQDs in the presence of a photoinitiator and ultraviolet light. This bioconjugation strategy 

mitigates the formation of unwanted side products and the multimerization of enzyme 

molecules, which typically are observed in amide coupling reactions. The synthesized hybrids 

manifested the characteristic indirect bandgap emission of SiQDs and the catalytic activities 

of the conjugated enzymes. Moreover, the hybrids showed potential use as sensors for the 

detection of chemicals that serve as the substrates of the immobilized enzymes. 

 Chapter 4 demonstrates the use of SiQDs and mAmatrine1.2 (mAm), a green 

fluorescent protein, as ratiometric photoluminescent sensors for the detection of the 

toxicologically potent nitrophenyl-containing nerve agents paraoxon (PX) and parathion (PT); 

they quench SiQD photoluminescence selectively via a dynamic quenching mechanism. The 
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sensing platform exhibited micromolar limits of detection for PX and PT, was unaffected by 

the presence of organic and inorganic interferents, and was selective for PX and PT. Moreover, 

paper-based sensors based upon SiQDs and mAm were developed as litmus test kits for the 

quick and convenient detection of PX and PT.   

 Lastly, an appendix, which shows the estimation of the concentration of the SiQDs 

discussed in Chapter 4 has been included at the end of this thesis.  
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“He has made everything beautiful in its time.”  

–Ecclesiastes 3:11 
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Chapter 1 
 
Introduction 
 
1.1 Bioconjugation of Silicon-Based Quantum Dots 
Quantum dots are semiconductor nanoparticles that exhibit size-dependent photoluminescence 

(PL).1,2 This unique property results from quantum confinement, a phenomenon that occurs 

when the diameter of the semiconductor nanoparticles approaches the Bohr exciton radius of 

their charge carriers.3,4 Their brightness, large absorption cross-section, photostability, 

tailorable surface chemistry, and water-dispersibility make them attractive for applications, 

such as bioimaging and biosensing in biology and medicine.5 The most studied and 

commercially available quantum dots are comprised of combinations of elements from groups 

II and VI (e.g., CdSe, CdTe),6–8 groups IV and VI (e.g., PbS, PbSe),9,10 or groups III and V 

(e.g., InP, GaP)11 of the periodic table. The surfaces of these nanoparticles have been modified 

successfully with biologically relevant molecules, such as proteins, carbohydrates, and nucleic 

acids, for targeted drug delivery and cell-specific biological staining.12 Though a great body of 

literature had demonstrated the potential utility of these quantum dots for biomedical 

applications successfully, the well-established cytotoxicity of heavy metals like lead and 

cadmium poses a serious hurdle on their actual implementation in real-life applications.13–15 

Silicon-based quantum dots (SiQDs) are indirect bandgap semiconductor nanoparticles 

that offer the same advantages as heavy-metal-based quantum dots but are non-toxic and 

biocompatible.16 Moreover, SiQDs, being derived from silicon, the second most abundant 

element on the earth’s crust,17 offer a more cost-effective alternative to heavy-metal-based 

quantum dots. In addition, nanoscale silicon is reported to decompose into silicic acid, which 

is readily excreted in the urine.18 Depending on the exact route employed for their synthesis, 

blue or blue-green photoluminescent SiQDs exhibiting nanosecond PL lifetimes, possibly 

emitting from excited surface states, and red or orange-red photoluminescent SiQDs emitting 

from a bandgap transition and exhibiting longer excited-state lifetimes (i.e., microseconds) 

have been reported in the literature.19,20 Unlike heavy-metal-based quantum dots, the colour of 

light emitted by SiQDs greatly depends on the chemical groups present on their surfaces.21 
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Most bottom-up methods (i.e., solution-based methods) for SiQD synthesis, such as hydride 

reduction of silicon halide precursors22 and metathesis reactions involving Zintl salts,23–25 give 

rise to blue or blue-green emitting particles. On the other hand, methods like laser pyrolysis of 

silanes26–28 and thermal disproportionation of hydrogen silsesquioxane29,30 yield red or orange-

red emitting particles upon etching with hydrogen fluoride and capping with organic ligands. 

Interested readers are directed to excellent reviews by Veinot,31Tilley,32 and Gooding33 for a 

discussion of the different chemical routes for the preparation and surface passivation of 

SiQDs. 

Nanoparticles intended for biomedical applications must be modified or functionalized 

with biological molecules for biorecognition and specific cellular targeting. The paucity of 

literature on bioconjugation of SiQDs compared to that of heavy-metal-based quantum dots 

can be attributed to factors such as the difficulty in preparing water-dispersible and water-

stable SiQDs and the unique surface chemistry of silicon.34 It must be mentioned that silicon 

nanoparticles undergo oxidation and decomposition upon exposure to air and water.18,32,35 

Nonetheless, some strategies have been developed to overcome these challenges. For example, 

SiQDs have been passivated with monolayer coatings consisting of polar organic groups, such 

as alkylamines22 and alkylcarboxylic acids,27 which serve to protect the quantum dots against 

oxidation and degradation and render them soluble in water. SiQDs also have been 

encapsulated within functionalized phospholipid micelles26 and amphiphilic polymers28,36 in 

order to protect them from decomposition and make them dispersible in aqueous environments. 

Recently, the Veinot group has developed procedures for passivating the SiQD surface with 

mixed organic ligands consisting of methyl undecanoate37 and poly(ethylene oxide), which 

render the SiQDs soluble in water and stable against oxidation without compromising their 

characteristic red photoluminescence and microsecond lifetimes. These and other advances 

have set the stage for the preparation of bioinorganic hybrids from SiQDs and biomolecules 

via bioconjugation reactions in aqueous media.  

Scheme 1-1 summarizes the strategies that have been employed for the conjugation of 

biomolecules to SiQDs. The first strategy involves the passivation of SiQDs with alkyl groups 

that bear appropriate functional group handles for bioconjugation, such as an amine, carboxylic 

acid, and alkene group. In some instances, the SiQDs are coated either with poly(ethylene  
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Scheme 1-1. (A) Bioconjugation of SiQDs terminated with bioconjugable functional groups. (B) Encapsulation 
of SiQDs with polymers decorated with bioconjugable groups, followed by bioconjugation. (C) One-pot synthesis 
and bioconjugation of SiQDs. 
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oxide) terminated with bioconjugable groups or with a mixture of poly(ethylene oxide) and 

alkylamines or alkylcarboxylic acids. Poly(ethylene oxide) is used to render the SiQDs soluble 

in water and to promote the biocompatibility of the resulting hybrids. Once installed, the 

bioconjugable groups are reacted with biomolecules derivatized with relevant functionalities 

(e.g., acid-functionalized sugars, thiolated deoxyribonucleic acid, etc.) through conjugation 

reactions, such as the amide coupling and thiol–ene reactions. In the second strategy, 

amphiphilic polymers decorated with bioconjugable groups are employed for the encapsulation 

and solubilization of hydrophobic alkyl-coated SiQDs and their subsequent bioconjugation. 

The last strategy involves the one-pot synthesis of biomolecule-conjugated SiQDs using 

microwave radiation or pulsed lasers. This strategy typically gives rise to hybrids where the 

biomolecules are either physically adsorbed on the SiQDs or chemically linked to the SiQD 

surface through some bonds. 

SiQDs have been functionalized with a variety of biological molecules (e.g., 

carbohydrates, nucleic acids, lipids, and proteins) for bioimaging, biosensing, and other 

biomedical applications. To this end, SiQD surfaces have been modified with groups like 

carboxylic acids, amines, alkenes, and alkyl groups. Choi and co-workers conjugated multiple 

SiQDs to streptavidin, a protein, via the amide coupling chemistry.38 As shown in Figure 1-1A, 

they have coated the surfaces of SiQDs with octyl groups through the photochemical 

hydrosilylation of octene with hydride-terminated silicon nanoparticles (H-SiNPs) obtained 

from the anodic HF etching of silicon wafers, followed by a nitrene-type C–H insertion 

reaction with 4-azido-2,3,5,6-tetrafluorobenzoic acid succinimidyl ester, a heterobifunctional 

linker, in the presence of UV light. The resulting material was reacted with the amine groups 

in streptavidin to afford streptavidin-conjugated SiQDs, wherein multiple quantum dots were 

linked to a streptavidin molecule through amide bonds upon displacement of the succinimidyl 

leaving group in a nucleophilic acyl substitution reaction. Successful coating with octyl groups, 

subsequent functionalization with the bi-linker succinimidyl ester, and conjugation with 

streptavidin were confirmed through Fourier transform infrared spectroscopy (FTIR). Native 

gel electrophoresis also showed that the bioinorganic hybrids elute faster than pure 

streptavidin, which is consistent with covalent attachment of streptavidin to the negatively 

charged SiQDs. In addition, capillary electrophoresis revealed that around 4–5 quantum dots 

are conjugated to one streptavidin molecule. However, the surface modifications altered the 
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PL of the silicon nanoparticles; the orange PL (λem = 600 nm) of H-SiNPs shifted to blue upon 

modification with octyl groups (λem = 400 nm) and streptavidin (λem = 450 nm) (Figure 1-1B). 

Nonetheless, as shown in Figure 1-1C, the streptavidin-conjugated SiQDs bind to biotin on 

biotin-coated polystyrene beads, demonstrating the biological activity of the immobilized 

streptavidin molecules.  

 

 
Figure 1-1. (A) Scheme showing the stepwise synthesis of streptavidin-conjugated SiQDs from H-SiNPs. (B) 
Photoluminescence spectra of (a) H-SiNPs, (b) octyl-coated SiQDs, and (c) streptavidin-conjugated SiQDs. (C) 
Phase (left) and fluorescence microscopy (right) images of 2 μm biotinylated polystyrene beads exposed to 
streptavidin-conjugated SiQDs. Adapted with permission from Choi, J.; Wang, N. S.; Reipa, V. Bioconjugate 
Chem. 2008, 19 (3), 680–685. Copyright © 2008 American Chemical Society. 
 

Erogbogbo et al. have synthesized water-dispersible SiQDs modified with carboxylic 

acid groups (acid-SiQDs) via thermal hydrosilylation of undecenoic acid in refluxing ethanol 

solution.27 They conjugated the acid-SiQDs to amine-containing compounds through the amide 

coupling reaction. The surface carboxylic acid groups were converted first to an O-acylisourea 

via reaction with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and then converted 

to an amine-reactive and semi-stable succinimide ester via reaction with 

N-hydroxysulfosuccinimide (sulfo-NHS). The resulting sulfo-NHS-modified SiQDs 

underwent a nucleophilic acyl substitution with amine-containing compounds, lysine, folic 

acid, and antimesothelin, and the protein transferrin, to afford bioinorganic hybrids that  
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Figure 1-2. (A) Scheme showing the stepwise synthesis of bioconjugated SiQDs from H-SiNPs. (B) Confocal 
images of Panc-1 cells incubated with folate-conjugated SiQDs (left–right: luminescence, transmission, overlay 
images). (C) Cell viability of Panc-1 cells in the presence of H-SiNPs (left) and CdTe QDs (right) as measured 
using MTS assay. Adapted with permission from Erogbogbo, F.; Tien, C.-A.; Chang, C.-W.; Yong, K.-T.; Law, 
W.-C.; Ding, H.; Roy, I.; Swihart, M. T.; Prasad, P. N. Bioconjugate Chem. 2011, 22 (6), 1081–1088. Copyright 
© 2011 American Chemical Society. 
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exhibited the biological activities of the conjugated molecules (Figure 1-2A). Successful 

biological functionalization was confirmed through the presence of amide A (N-H stretch, 

3270 cm-1), amide I (C=O stretch, 1635 cm-1), and amide II (C-N stretch, 1550 cm-1) peaks 

characteristic of the peptide bonds. The acid-SiQDs synthesized had a TEM diameter of 4–5 

nm and a hydrodynamic diameter of 23 nm. The acid-SiQDs exhibited red emission (λem = 662 

nm at an excitation wavelength of 350 nm) and a quantum yield of 15 ± 5%. Upon conjugation 

with lysine, the emission maximum blue-shifted to 645 nm, and the quantum yield dropped to 

5 ± 3%. The photoluminescence of the lysine-conjugated SiQDs was stable for 11 days. The 

acid-SiQDs were conjugated to folate, antimesothelin, and transferrin (molecules with 

overexpressed receptors in tumours) in order to prepare bioinorganic hybrids that can be 

selectively taken up by cancer cells. As shown in Figure 1-2B, confocal imaging revealed that 

the folate-conjugated SiQDs were internalized readily by pancreatic cancer (Panc-1) cells. 

Lastly, the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium)] assay showed that hydride-terminated SiQDs are non-toxic 

compared to cysteine-capped CdTe quantum dots, with the former having an IC50 that is greater 

than 500 μg mL-1 and the latter an IC50 of ~40 μg mL- 1 (Figure 1-2C). 

Zhong et al. reported the large-scale synthesis of blue-photoluminescent SiQDs through 

the microwave-mediated reduction of (3-aminopropyl)trimethoxysilane (APTES) using 

sodium citrate as a reducing agent (Figure 1-3A).39 TEM and DLS analyses revealed an average 

diameter of 2.2 ± 0.7 nm and a hydrodynamic diameter of ~3.86 nm for the synthesized amine-

SiQDs. FTIR indicated the presence of amine groups on the quantum dot surface. PL quantum 

yield measurements showed that the amine-SiQDs have quantum efficiencies in the range of 

20–25%. Moreover, the amine-SiQDs displayed superior photostability compared to 

fluorescent organic dyes and Cd-based quantum dots. In addition, cytotoxicity studies of 

amine-SiQDs on cervical carcinoma HeLa cell line yielded insignificant toxicity. As shown in 

Figure 1-3B, they have exploited the presence of the amine groups on the quantum dot surface 

in conjugating the amine-SiQDs to goat-antimouse IgG, a protein antibody, using EDC and 

NHS as amide coupling agents. The resulting goat-antimouse IgG-conjugated SiQDs (IgG-

SiQDs) were used as an immunofluorescent cell label for targeting the nuclei of HeLa cells 

that were pre-treated with a nuclei-specific anti-hn RNP antibody. Laser scanning confocal 

immunofluorescence microscopy demonstrated that the IgG-SiQDs were localized in the cell  
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Figure 1-3. (A) Scheme showing the synthesis of amine-SiQDs from APTES and sodium citrate. (B) Scheme 
showing synthesis of IgG-SiQDs from amine-terminated SiQDs and IgG using EDC and NHS as coupling agents. 
(C) Scanning confocal immunofluorescent cell images of Hela cells incubated with IgG-SiQDs and fluorescein 
isothiocyanate (FITC). The leftmost image shows that cell nuclei are labelled by IgG-SiQDs, while the middle 
image shows that the cell microtubules are labelled by FITC. The rightmost image is a superposition of the two 
fluorescence images. Adapted with permission from Zhong, Y.; Peng, F.; Bao, F.; Wang, S.; Ji, X.; Yang, L.; Su, 
Y.; Lee, S.-T.; He, Y. J. Am. Chem. Soc. 2013, 135 (22), 8350–8356. Copyright © 2013 American Chemical 
Society. 
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nuclei (Figure 1-3C) and were photostable, withstanding a 60 min long continuous observation, 

which suggests that the bioconjugated SiQDs can be employed for long-term biological 

imaging. However, the exact chemical nature and composition of the SiQDs prepared 

following this procedure have come into question recently, with some researchers 

independently providing strong evidence for the implausibility of sodium citrate as a reducing 

agent for APTES even under conditions of microwave irradiation,40 and attributing the 

observed photoluminescence to carbon quantum dots obtained from the thermal decomposition 

of citrate.41  

The same group reported the gram-scale preparation of amine-SiQDs through the 

reduction of APTES by 1,8-naphthalimide as a reducing agent (Figure 1-4A).42 The particles 

synthesized exhibited tuneable blue–green PL (λem = 470–560 nm) and quantum yields of 

~25%, were photostable, and showed stable PL intensity even upon continuous irradiation with 

high-power UV for a long time (>3 h). As in their previous work, they had conjugated the 

amine-SiQDs to goat-antimouse IgG following the same amide coupling chemistry and yielded 

IgG-SiQDs that have been used successfully in immunofluorescence cell imaging of the 

microtubules of HeLa cells (Figure 1-4B). Similarly, the reported IgG-SiQDs survived 2 h of 

continuous UV irradiation, pointing to their potential utility for long-term biological imaging. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-4. (A) Scheme showing the synthesis of amine-SiQDs from APTES and 1,8-naphthalimide. (B) 
Scanning confocal immunofluorescent cell images of Hela cells incubated with IgG-SiQDs and Hoechst nuclear 
stain. The leftmost image shows that microtubules are labelled by IgG-SiQDs, while the middle image shows that 
the cell nuclei are labelled by Hoechst stain. The rightmost image is a superposition of the two images. Adapted 
with permission from Zhong, Y.; Sun, X.; Wang, S.; Peng, F.; Bao, F.; Su, Y.; Li, Y.; Lee, S.-T.; He, Y. ACS 
Nano 2015, 9 (6), 5958–5967. Copyright © 2015 American Chemical Society. 
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Figure 1-5A outlines the procedure used by Erogbogbo and co-workers in preparing 

water-dispersible SiQDs by encapsulation of multiple hydrophobic alkyl-coated SiQDs (alkyl-

SiQDs) within poly(ethylene oxide) phospholipid micelles.26 First, they synthesized alkyl- 

SiQDs by the UV-initiated hydrosilylation of styrene, octadecene, or ethyl undecylenate with 

H-SiNPs obtained from the laser-driven pyrolysis of silane. The resulting alkyl-SiQDs were 

embedded within the hydrophobic interior of poly(ethylene oxide) phospholipid micelles 

functionalized with carboxylic acid groups, folate, or biotin. TEM characterization of the 

micelle-encapsulated SiQDs revealed micelle diameters ranging from 50 to 120 nm and SiQD 

diameters of about 4 nm. Analysis of the optical spectra showed that the alkyl-SiQDs and the 

micelle-encapsulated alkyl-SiQDs have emission maxima at ~670 nm at an excitation 

wavelength of 350 nm. Micelle encapsulation of styrene-SiQDs caused a decrease in PL 

quantum yield from 17% to 2%. Figure 1-5B shows that the PL intensity of the SiQDs varied 

by less than 10% at physiologically relevant values of temperature (i.e., 25–40 °C). Similarly, 

the PL intensity of the SiQDs was stable from pH 4.0 to pH 10.0, varying by less than 10%. 

Carboxylic acid-functionalized micellar assemblies of alkyl-SiQDs were conjugated to the 

protein transferrin using EDC as a coupling agent. The resulting transferrin-conjugated 

micelle-encapsulated alkyl-SiQDs were used successfully in imaging pancreatic cancer 

(Panc-1) cells (Figure 1-5C). Consistent with the need for a biologically active molecule or 

group on the SiQD surface for cell staining, the micelle-encapsulated alkyl-SiQDs that contain 

neither amine nor transferrin were not internalized by the cells. The MTS assay indicated that 

the micelle-encapsulated alkyl-SiQDs did not induce cell death at the concentration used in 

imaging the cells (i.e., at ~8 μg mL-1, mean cell viability was above 95% after 24 h and above 

85% at 48 h). 
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Figure 1-5. (A) Scheme showing the synthesis of micelle-encapsulated alkyl-SiQDs from H-SiNPs. (B) Plots of 
photoluminescence intensity of micelle-encapsulated alkyl-SiQDs versus temperature (left) and pH (right). (C) 
Confocal microscopy images of Panc-1 cells incubated with transferrin-conjugated micelle-encapsulated alkyl-
SiQDs (left: transmission image, middle: luminescence image, right: overlay of the two images). Adapted with 
permission from Erogbogbo, F.; Yong, K.-T.; Roy, I.; Xu, G.; Prasad, P. N.; Swihart, M. T. ACS Nano 2008, 2 
(5), 873–878. Copyright © 2008 American Chemical Society. 
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May et al. employed an identical encapsulation procedure for preparing 

water-dispersible SiQDs using acid-modified Pluronic® triblock copolymer (F127) as an 

encapsulating agent.28 Similarly, they synthesized alkyl-SiQDs via the UV-initiated 

hydrosilylation of ethyl undecylenate with H-SiNPs obtained from the laser pyrolysis of silane. 

The hydrophobic alkyl-SiQDS obtained were encapsulated within F127 micelles that were 

decorated with carboxylic acid groups. TEM characterization showed SiQDs with diameters 

of 5 nm and micelles with a diameter range of 20–200 nm. Moreover, the micelle-encapsulated 

alkyl-SiQDs exhibited red PL, with an emission maximum at around 670 nm at an excitation 

wavelength of 350 nm. The encapsulated SiQDs exhibited stable PL from pH 2.0 to pH 9.0 

and manifested temperature-independent PL intensity. EDC and sulfo-NHS were used as 

coupling agents for covalently linking biologically active molecules like folic acid, 

anti-mesothelin, and anti-claudin-4 to the acid-terminated Pluronic®-encapsulated 

alkyl-SiQDs. As in the previous example, the resulting bioinorganic hybrids 

(e.g., anti-mesothelin-conjugated micelle-encapsulated alkyl-SiQDs and anti-claudin-4-

conjugated micelle-encapsulated alkyl-SiQDs) were employed successfully in staining and 

imaging Panc-1 cells through confocal microscopy. Note that unconjugated 

micelle-encapsulated SiQDs did not stain the cells. 

Das and co-workers also prepared folate-conjugated SiQDs for bioimaging.36 They first 

synthesized the SiQDs via the thermal decomposition of chloro(dimethyl)octadecylsilane in 

1,3,5-trimethylbenzene at 140 °C in the presence of octadecylamine as a surface-capping agent 

(Figure 1-6A). SiQDs of varying sizes and different emission colours were obtained, 

depending on the length of time that the silane precursor was heated. TEM imaging showed  
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Figure 1-6. (A) Scheme showing the synthesis of SiQDs and fol-SiQDs. (B) Photoluminescence spectra of 
synthesized SiQDs (Si-6: 6 h, Si-18: 18 h, Si-48: 48 h, Si-72: 72 h). The inset shows the solutions of SiQDs under 
UV light and their corresponding quantum yields. Differential interference contrast image (C) and fluorescence 
images under blue (D) and green (E) light excitation of HeLa cells incubated with fol-SiQDs. Adapted with 
permission from Das, P.; Saha, A.; Ranjan Maity, A.; C. Ray, S.; R. Jana, N. Nanoscale 2013, 5 (13), 5732–5737. 
Copyright © 2013 Royal Society of Chemistry. 
 

that the particles obtained after heating the precursor for 6, 48, and 72 h, have diameters of ~1–

2.5 nm, ~2–4 nm, and ~5–10 nm, respectively. Energy dispersive X-ray spectroscopy (EDX) 

confirmed the presence of silicon and oxygen, while FTIR indicated the presence of Si–O, Si–

C, and alkyl groups that are consistent with successful capping of SiQDs by octadecylamine. 

XPS revealed the presence of Si(0) and silicon suboxides, alkyl carbon atoms, and silicon-

bonded oxygen atoms, suggesting that the SiQDs consist of an elemental silicon core coated 

with an oxide shell and capped with alkyl groups. Figure 1-6B shows that the SiQDs exhibit 

emission colours ranging from blue to red and quantum yields ranging from 6 to 13%. The 

authors employed the red-emitting SiQDs in imaging cells by first rendering them water-

soluble [through encapsulation with the lipophilic polymer polymaleic anhydride-alt-1-
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octadecene and subsequent aminolysis with H2N(CH2CH2O)nCH2CH2NH2)] and then 

conjugating the resulting amine-terminated SiQDs to folate (through the amide coupling 

reaction) (Figure 1-6A). The folate-conjugated SiQDs, fol-SiQDs, retained the red PL of the 

SiQDs and increased in hydrodynamic diameter from ~8 nm to ~18 nm after polymer coating 

and folate conjugation. As shown in Figure 1-6C–E, the fol-SiQDs were used successfully in 

imaging HeLa cells and cervical cancer positive tissue cells with overexpressed folate 

receptors. Control experiments showed that unconjugated polymer-coated SiQDs were not 

taken up by the two cell lines and that fol-SiQDs were not internalized by cells that do not have 

folate receptors. 

Yanagawa and co-workers have employed the amide coupling and epoxide ring-

opening reactions in preparing bioinorganic hybrids from antibodies and boron- and 

phosphorous-doped SiQDs (B/P-SiQDs).43 The B/P-SiQDs consist of a crystalline silicon core 

encapsulated in a negatively charged boron- and phosphorous-doped amorphous shell that 

renders the all-inorganic SiQDs soluble in water in the absence of any passivating organic 

surface groups. However, the relative chemical inertness of the amorphous shell renders the 

B/P-SiQDs unreactive to conventional bioconjugation reactions. In order to overcome this, the 

authors have coated the B/P-SiQDs with a layer of amine- or epoxide-functionalized silicon 

oxide via silane-condensation chemistry [i.e., using (3-aminopropyl)dimethylethoxysilane or 

(3-glycidyloxypropyl)trimethoxysilane)] (Figure 1-7A–B). The resulting amine- or epoxide- 

coated B/P-SiQDs (amine-B/P-SiQDs or epox-B/P-SiQDs) were reacted with IgG antibodies 

through the amide coupling reaction or the amine-mediated epoxide ring-opening reaction in 

order to afford IgG-conjugated B/P-SiQDs (IgG-B/P-SiQDs) (Figure 1-7C). TEM, DLS, and 

polyacrylamide gel electrophoretic (PAGE) analysis of the bioinorganic hybrids revealed that 

multiple SiQDs were attached to a single IgG molecule through its heavy and light chains. 

Furthermore, experimental evidence suggests that the antibodies and the SiQDs formed cross-

linked structures. TEM also revealed that the crystalline core of the bioinorganic hybrids has a 

diameter of ~4.2 nm. Coating the B/P-SiQDs with silanes and conjugation with IgG did not 

alter the PL emission of the SiQDs; the quantum dots still exhibited near infrared emission 

with a maximum at ~830 nm at an excitation wavelength of 400 nm. In order to confirm that 

the IgG antibody retains its biological activity and thus demonstrate the utility of the 

bioinorganic hybrids in fluorescent immunoassay, the binding of IgG-B/P-SiQDs to an 
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influenza virus NP antigen-coated plate was monitored (Figure 1-7D). As shown in Figure 1-

7E, compared to the anti-HSA-conjugated B/P-SiQDs (anti-HSA-B/P-SiQDs) negative 

controls, the IgG-B/P-SiQDs showed significant binding to NP-coated plate, confirming that 

the IgG antibodies retain their biological activity upon bioconjugation. 

 

 
Figure 1-7. (A) Functionalized silanes used in coating the B/P-SiQDs. (B) Condensation reaction used in coating 
the B/P-SiQDs. (C) Bioconjugation of amine-B/P-SiQDs or epox-B/P-SiQDs to IgG antibody through the amide 
coupling reaction or epoxide ring opening reaction. Fluorescence immunoassay scheme (D) and fluorescence 
immunoassay results (E) for IgG-B/P-SiQDs and anti-HSA-B/P-SiQDs (negative controls). Adapted with 
permission from Yanagawa, H.; Inoue, A.; Sugimoto, H.; Shioi, M.; Fujii, M. MRS Commun. 2019, 9 (3), 1079–
1086. Copyright © 2019 Cambridge University Press. 
 

Nucleic acids, such as deoxyribonucleic acid (DNA), also have been conjugated to 

SiQDs through the amide coupling reaction. Figure 1-8A shows the scheme employed by 

Wang and co-workers in modifying the surface of SiQDs with a succimidyl ester via two 

consecutive photochemical reactions: the UV-mediated hydrosilylation of 1-octene with 

H-SiNPs obtained from the lateral electrochemical anodization of silicon wafers, followed by 

the carbene insertion reaction of the photoactivatable diazirine cross-linker 4’-[3-

(trifluoromethyl-3H-diazirin-3-yl)]-benzoic acid N-hydroxysuccinimide ester (TDBA-OSu) 
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into the methyl groups of the resulting octyl-capped SiQDs.44 DNA-conjugated SiQDs (DNA-

SiQDs) were prepared by reacting the succimidyl ester-modified SiQDs with amine-terminated 

single-stranded DNA in a nucleophilic substitution reaction. The ssDNA-conjugated SiQDs 

(ssDNA-SiQDs) were allowed to hybridize with complementary ssDNA strands to form 

double-stranded DNA-conjugated SiQDs (dsDNA-SiQDs). As shown in Figure 1-8B, PAGE 

confirmed the hybridization of ssDNA-SiQDs with complementary ssDNA strands; the 

diffused band in Lane 3 corresponds to dsDNA-SiQDs, while the band at the same running 

positions in Lanes 2 and 3 correspond to unhybridized ssDNA-SiQDs. TEM analysis showed 

that the SiQDs have a distribution of diameters ranging from one to two nanometers. Spectral 

characterization revealed that the ssDNA-SiQDs have a PL maxima at ~400 nm and ~450 nm 

(i.e., blue emission) at an excitation wavelength of 300 nm. The quantum yield of ssDNA-

SiQDs measured relative to a quinine sulfate standard was 0.08. Of note, the dilute solution of 

ssDNA-SiQDs was stable and did not exhibit any significant decrease in PL intensity after a 

week of dispersion in water.     

 

 
Figure 1-8. (A) Scheme showing the synthesis of ssDNA-SiQDs from H-SiNPs (B) Polyacrylamide gel 
electrophoretic profiles of ssDNA-SiQDs (Lane 2) and dsDNA-SiQDs (Lane 3). Lane 1 consists of 10 base pairs 
DNA ladder. Adapted from Wang, L.; Reipa, V.; Blasic, J. Bioconjugate Chem. 2004, 15 (2), 409–412. Not 
subject to US copyright. 
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Ruizendaal et al. prepared DNA-SiQDs following the procedure depicted in Figure 

1-9A–B.45 They prepared alkene-terminated SiQDs (ene-SiQDs) via the oxidation of 

magnesium silicide with bromine and the subsequent reaction of the resulting H-SiNPs with 

butenyl magnesium bromide (Figure 1-9A). TEM revealed a size of 2.4 ± 0.5 nm for the ene-

SiQDs, while H-NMR and XPS confirmed successful butenyl functionalization. Steady-state 

photoluminescence measurements showed that the ene-SiQDs exhibited green emission 

(λem = 525 nm at an excitation wavelength of 430 nm) and a quantum yield of 1.8% at an 

excitation wavelength of 366 nm. The lifetime obtained from time-resolved fluorescence 

spectroscopy of the SiQDs was in the nanosecond regime, which is consistent with SiQDs 

emitting from excited surface states. The ene-SiQDs were reacted with thiol-functionalized 

organic compounds, such as thioacetic acid, by means of a thiol–ene reaction to afford acid-

SiQDs (Figure 1-9A), which then were conjugated to amine-terminated single-stranded DNA 

using EDC and NHS as amide coupling reagents (Figure 1-9B). Fluorescent dye-labelled 

single-stranded DNA with a sequence complementary to the immobilized ssDNA strands were 

allowed to hybridize with the ssDNA-conjugated SiQDs (ssDNA-SiQDs) and form double-

stranded DNA SiQD hybrids (dsDNA-SiQDs) (Figure 1-9C). The successful covalent 

immobilization of ssDNA on the SiQDs was confirmed through agarose gel electrophoresis 

and absorption and fluorescence spectroscopy. Figure 1-9D shows the electrophoretic profiles 

of the dsDNA-SiQDs. The band identified by arrow II in Lanes 2–4 indicates that a single 

quantum dot contains a maximum of two to three covalently linked DNA strands.   
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Figure 1-9. (A) Scheme showing synthesis of ene-SiQDs and other functionalized SiQDs through a 
photochemical thiol–ene reaction. (B) Scheme showing the synthesis of ssDNA-SiQDs. (C) dsDNA-SiQDs with 
varying lengths of thiol linkers (EO) tethers (9: thioglycolic acid; 10: (EO)4, EO = ethylene oxide; 11: (EO)n. (D) 
Agarose gel electrophoretic profiles of dsDNA-SiQDs (Lane 2: 9, Lane 3: 10, Lane 4: 11) and unconjugated 
double-stranded DNA (Lane 5). Lane 1 consists of a DNA ladder. Adapted with permission from Ruizendaal, L.; 
Pujari, S. P.; Gevaerts, V.; Paulusse, J. M. J.; Zuilhof, H. Chem. Asian J. 2011, 6 (10), 2776–2786. Copyright © 
2011 Wiley VCH. 
 

Carbohydrates also have been linked covalently to SiQDs through the amide coupling 

reaction. Figure 1-10A shows the synthetic route employed by Lai and co-workers in preparing 

bioinorganic hybrids consisting of SiQDs, an organic dye, and Gg3, the sugar moiety of a 

glycosphingolipid implicated in cancer.46 They used these dual-fluorescent scaffolds in 

imaging B16F10 melanoma cells, a GM3-overexpressing cancer cell line, to probe the 

ultraweak carbohydrate interactions between Gg3 and GM3, a sugar moiety of surface 
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glycosphingolipid present in B16F10 cancer cells. First, they synthesized acid-SiQDs by 

nucleophilic substitution reaction of bromide-terminated SiQDs with 3-butenylmagnesium 

bromide, followed by oxidation of the alkene moieties into carboxylic acids using NaIO4/RuCl3 

as an oxidizing agent. XPS analysis confirmed the presence of Si and C in the hybrids. The 

quantum dots have a TEM diameter of 4 ± 1 nm and a molecular weight of 10.5 kDa, according 

to analytical ultracentrifugation measurements. An amine-functionalized dye (ATTO-647N) 

and amine-functionalized sugars (e.g., glucose, lactose, or Gg3) were linked to the acid-SiQDs 

using EDC and hydroxybenzotriazole (HOBt) as amide coupling agents. The resulting 

decrease in the negative values of the zeta potential of the acid-SiQDs after reaction is 

consistent with successful immobilization of the dye and carbohydrate moieties on the 

quantum dot surface. Furthermore, the presence of the conjugated sugars was confirmed by H-

NMR. It was estimated that 8.3 Gg3 residues were immobilized on one SiQD. The uptake of 

SiQDs conjugated to Gg3 and dye (Gg3,dye-SiQDs) by the B16F10 melanoma cell line was 

investigated using flow cytometry. The results revealed that B16F10 cells selectively uptake 

Gg3,dye-SiQDs, suggesting that overexpressed GM3 sugars on B16F10 cells mediate 

successful nanoparticle internalization. The utility of Gg3,dye-SiQDs for bioimaging was 

evaluated further using confocal microscopy (Figure 1-10B–G). The B16F10 cells successfully 

internalized the Gg3,dye-SiQDs, as confirmed by the detection of the intrinsic blue 

photoluminescence of the SiQDs and the purple fluorescence of the appended organic dye.  
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Figure 1-10. (A) Scheme showing synthesis of ene-SiQDs and other functionalized SiQDs through a 
photochemical thiol–ene reaction. Differential interference contrast and confocal microscopy images of B16F10 
cells showing (B) intrinsic blue PL of Gg3,dye-SiQDs, (C) normal B16F10 cell morphology, (D) early endosomes 
stained with anti-EEA1 antibody (green), (E) actin cytoskeleton stained with Alexa 555-labeled phalloidin (red), 
and (F) purple fluorescence of the ATTO-647N dye conjugated to the SiQDs. (G) Overlay of images B–F. 
Adapted with permission from Lai, C.-H.; Hütter, J.; Hsu, C.-W.; Tanaka, H.; Varela-Aramburu, S.; De Cola, L.; 
Lepenies, B.; Seeberger, P. H. Nano Lett. 2016, 16 (1), 807–811. Copyright © 2016 American Chemical Society. 
 

Ahire et al. employed amine-terminated SiQDs (amine SiNPs) in preparing 

carbohydrate-conjugated SiQDs for bioimaging applications. They coated SiQDs with amine 

groups by reacting H-SiNPs obtained from electrochemical alcoholic HF etching of a porous 

silicon layer with allylamine in the presence of H2PtCl6 as catalyst (Figure 1-11A).47 The 

resulting amine SiNPs had a mean TEM size of 4.6 nm and exhibited blue PL, having an 

emission maximum at around 450 nm (Figure 1-11B) and a PL quantum yield of 22% 

(λex = 360 nm). Acid-functionalized sugars (galactose, mannose, glucose, or lactose) were 

attached covalently to the amine SiNPs through the amide coupling chemistry using EDC and 
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Figure 1-11. (A) Scheme showing the synthesis of amine SiNPs through a platinum-catalyzed hydrosilylation of 
allylamine with H-SiNPs. (B) Absorbance and emission spectra of amine SiNPs. (C) Scheme showing the 
synthesis of carbohydrate-conjugated SiQDs using the amide coupling chemistry. (D) X. laevis embyos exposed 
to different carbohydrate-conjugated SiQDs. (E) Confocal microscopy images of A549 cells incubated in the 
presence and absence  (control) of Gal SiNPs. The blue fluorescence is due to a DAPI nuclear stain while the red 
fluorescence is due to actin staining. The green photoluminescence comes from Gal SiNPs. Adapted with 
permission from Ahire, J. H.; Wang, Q.; Coxon, P. R.; Malhotra, G.; Brydson, R.; Chen, R.; Chao, Y. ACS Appl. 
Mater. Interfaces 2012, 4 (6), 3285–3292 and Ahire, J. H.; Behray, M.; Webster, C. A.; Wang, Q.; Sherwood, V.; 
Saengkrit, N.; Ruktanonchai, U.; Woramongkolchai, N.; Chao, Y. Adv. Healthc. Mater. 2015, 4 (12), 1877–1886. 
Copyrights © 2012 American Chemical Society and © 2015 Wiley VCH, respectively. 
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NHS as coupling agents (Figure 1-11C).48 An MTT assay revealed that the carbohydrate-

conjugated SiQDs (Gal SiNPs, Man SiNPs, Glu SiNPs, Lac SiNPs), unlike the amine SiNPs, 

were non-cytotoxic, exhibiting no toxicity to three mammalian cell lines: A549 (human lung 

carcinoma), HHL-5 (human immortalized hepatocytes), and MDCK (normal kidney 

epithelium cells). As shown in Figure 1-11D, an in vivo assay using X. laevis embryos as model 

revealed that, consistent with the results of the in vitro toxicity assay, the carbohydrate-

conjugated SiQDs did not cause any significant death or embryonic malformations at 

concentrations as high as 200 μg mL-1. Moreover, the Gal SiNPs were internalized by A549 

cells and successfully used in imaging the cell cytoplasm (Figure 1-11E). Also, the 

carbohydrate-conjugated SiQDs were taken up by cancer cells more readily than by normal 

cells, which suggests that they can be employed for targeted treatment of tumors.    

 In a separate work, Ahire and co-workers synthesized mannose-conjugated SiQDs from 

amine-terminated SiQDs and acid-functionalized mannose through the amide coupling 

reaction using N,N′-Dicyclohexylcarbodiimide (DCC) as a coupling agent (Figure 1-12A).49 

They tested the biological activity of the resulting mannose-conjugated SiQDs by monitoring 

their interaction with concanavalin A, a mannose-specific carbohydrate-binding protein that 

has four binding sites for mannose (Figure 1-12B). The mannose-conjugated SiQDs underwent 

visible aggregation in the presence of concanavalin A. This concanavalin A-mediated 

aggregation caused a decrease in the PL intensity of the SiQDs and their cross-linking, as seen 

through TEM (Figure 1-12C). Also, like the carbohydrate-conjugated SiQDs discussed above, 

Ahire et al. successfully employed these bioconjugated SiQDs for imaging cancer cells (Figure 

1-12D). Together, these confirm that the mannose molecules retain their biological activity 

upon immobilization on the SiQDs and point to the potential utility of carbohydrate-conjugated 

SiQDs as tools, not only for bioimaging, but also in understanding carbohydrate-receptor 

interactions, which play crucial roles in endocytosis, intercellular communication, and 

biochemical processes implicated in cancer development and metastasis.  



23 
 

 
Figure 1-12. (A) Scheme showing the synthesis of mannose-conjugated SiQDs through the amide coupling 
chemistry. (B) Scheme showing the cross-linking of mannose-conjugated SiQDs induced by concanavalin A. (C) 
Photoluminescence spectra of mannose-conjugated SiQDs at different times after addition of concanavalin A 
(left) and TEM image (right) of aggregated mannose-conjugated SiQDs. (D) Fluorescence images of MCF-7 cells 
in the absence (left) and presence (right) of mannose-conjugated SiQDs. Adapted with permission from Ahire, J. 
H.; Chambrier, I.; Mueller, A.; Bao, Y.; Chao, Y. ACS Appl. Mater. Interfaces 2013, 5 (15), 7384–7391. Copyright 
© 2013 American Chemical Society. 

 

The thiol–ene ‘click’ reaction also has been utilized in the covalent conjugation of 

biomolecules to SiQDs. This reaction has become popular with bioconjugate chemists because 

of its high reaction yield, its insensitivity to the presence of oxygen, its functional group 

tolerance, and the chemical robustness of the resulting thioether linkage.50,51 Su and co-

workers, for instance, coated SiQDs with oligonucleotides and prepared DNA-conjugated 

SiQDs for micro-RNA detection.52 They first prepared ene-SiQDs via the reactive high-energy 

ball milling of silicon wafer with 1,8-octadiene, followed by the photochemical thiol–ene 

reaction with thiol-terminated fluorescein-functionalized oligonucleotide (Fln-DNA) (Figure 

1-13A). The ene-SiQDs and SiQDs coated with fluorescein-functionalized oligonucleotide 

(Fln-DNA-SiQDs) were characterized through TEM and atomic force microscopy (AFM), 
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revealing diameters of 3 nm and 10 nm, respectively. The increased diameter upon DNA 

functionalization is consistent with successful conjugation. PAGE also confirmed successful  

 

 
Figure 1-13. (A) Scheme showing the synthesis of ene-SiQDs and Fln-DNA-SiQDs. (B) Polyacrylamide gel 
electrophoretic profiles of unconjugated DNA (Lane 1) and Fln-DNA-SiQDs (Lane 2) visualized via excitation 
of fluorescein (λex = 254 nm). (C) Scheme showing the detection of miR-21 using Fln-DNA-SiQDs. (D) 
Fluorescence spectra of Fln-DNA-SiQDs in the presence of increasing equivalents of quencher strand (Inset: Plot 
of fluorescence intensity versus equivalent of quencher strand). (E) Plots of fluorescence intensity versus 
equivalent of miR-21 (black) and miR-155 (red). Adapted with permission from Su, X.; Kuang, L.; Battle, C.; 
Shaner, T.; Mitchell, B. S.; Fink, M. J.; Jayawickramarajah, J. Bioconjugate Chem. 2014, 25 (10), 1739–1743. 
Copyright © 2014 American Chemical Society. 
 

DNA conjugation; the band corresponding to Fln-DNA-SiQDs travelled a shorter distance 

compared to Fln-DNA (Figure 1-13B). Absorption spectroscopy revealed an estimate of 4–5 

DNA strands per SiQD. It is worth mentioning that the SiQDs that they synthesized exhibit 
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blue PL with a minimal quantum yield (QY = 2%) at around 420 nm. The authors used the 

SiQD scaffold as a sensor for detecting microRNA 21 (miR-21), a noncoding RNA that is 

overexpressed in many forms of cancer. As shown in Figure 1-13C, their sensing strategy 

involves pairing up the DNA strands on the SiQDs with complementary single-stranded DNA 

that bear groups that quench the fluorescence of the fluorescein dye. Figure 1-13D shows that 

the fluorescence intensity of the fluorescein dye decreases in the presence of increasing 

concentration of the quencher strand. The analyte is detected by displacement of the quencher 

DNA strand by miR-21, which has a greater affinity for the DNA strands on the Fln-DNA-

SiQDs than the quencher strand. This displacement leads to the recovery of fluorescein 

fluorescence, the intensity of which is proportional to the amount of miR-21 (Figure 1-13E). 

The method is highly specific for miR-21, as demonstrated by the failure of a microRNA with 

a noncomplementary sequence (miR-155) to switch on the fluorescence of the system (Figure 

1-13E).  

Zhai and co-workers conjugated the sugar mannose and the amino acid alanine to 

SiQDs through a nucleophilic substitution reaction between chloride-terminated silicon 

nanoparticles (Cl-SiNPs) and the hydroxyl and amino groups of functionalized mannose and 

alanine, respectively (Figure 1-14A).53 They have obtained the Cl-SiNPs from the reaction 

between phosphorous pentachloride, PCl5, and H-SiNPs. Direct addition of functionalized 

mannose and alanine to a solution containing Cl-SiNPs, followed by neutralization and 

deprotection, afforded mannose-conjugated SiQDs (man-SiQDs) and alanine-conjugated 

SiQDs (ala-SiQDs). FTIR confirmed successful bioconjugation through the detection of peaks 

characteristic of the functionalized biomolecules. XPS also revealed the presence of an intact 

Si(0) core and silicon suboxides. In the case of ala-SiQDs, the detection of N in XPS is 

consistent with successful alanine conjugation. TEM imaging showed that the diameters of 

man-SiQDs and ala-SiQDs are 2.6 ± 0.6 nm and 2.7 ± 0.5 nm, respectively. On the other hand, 

DLS analysis revealed a hydrodynamic diameter of 87.3 nm for both bioconjugated SiQDs. 

Aqueous dispersions of man-SiQDs and ala-SiQDs exhibited blue PL, with emission maxima 

at ~415 and 400 nm upon excitation with 350 nm UV light and quantum yields of 13% and 

17%, respectively. Figure 1-14B–G shows the uptake of man-SiQDs and ala-SiQDs by MCF-

7 human breast cancer cells, which demonstrate the utility of the bioconjugated SiQDs for 

bioimaging. 
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Figure 1-14. (A) Scheme showing the synthesis of man-SiQDs and ala-SiQDs from Cl-SiNPs and functionalized 
mannose and alanine through nucleophilic substitution. Images of MCF-7 cells incubated with: man-SiQDs 
without (B) and with (C) fluorescence, ala-SiQDs without (D) and with (E) fluorescence, and control (without 
SiQDs) without (F) and with (G) fluorescence. Adapted from Zhai, Y.; Dasog, M.; B. Snitynsky, R.; K. Purkait, 
T.; Aghajamali, M.; H. Hahn, A.; B. Sturdy, C.; L. Lowary, T.; C. Veinot, J. G. C. J. Mater. Chem. B 2014, 2 
(47), 8427–8433. Copyright © 2014 Royal Society of Chemistry. 

 

One-pot methods for the synthesis of biomolecule-conjugated SiQDs also have been 

reported in the literature. These methods are top-down procedures that typically involve the 

formation of SiQDs from the breakdown of bigger silicon structures, such as silicon nanowires 

(SiNWs) and silicon wafers. Zhong and co-workers prepared SiQDs coated with 

Immunoglobulin G, IgG, as hydrophilic ligands via the thermal degradation of SiNWs under 

microwave irradiation.54 The authors irradiated a solution of SiNWs and IgG for a short period 

of time (5–10 min) and at low temperature (30 °C) in order to prevent protein denaturation. 

TEM analysis showed that the IgG-conjugated SiQDs, IgG-SiQDs, have an average diameter 

of 3.17 ± 0.53 nm, while DLS revealed that they have a hydrodynamic diameter of ~40 nm. 

These values suggest that each SiQD is bonded to around four IgG molecules. Successful 

conjugation was confirmed by FTIR through the presence of functional groups present in IgG. 
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The IgG-SiQDs showed red PL (λem = 630 nm) (Figure 1-15A–B) and were highly dispersible 

in water. The SiQDs manifested robust pH stability, exhibiting stable PL in the pH range of 

4.0–12.0, which was believed to be the result of the buffering action of the acidic and basic 

groups present in the IgG coating of the SiQDs. Moreover, the IgG-SiQDs exhibited a much 

superior long-term photostability compared to fluorescein isothiocyanate (FITC), an organic 

fluorescent dye, and Cd-based QDs (CdTe QDs and core-shell CdSe/ZnS QDs). The IgG-

SiQDs also can be stored for more than three months without losing their PL. The utility of the 

bioinorganic hybrids for immunofluorescence imaging has been confirmed by treating HeLa 

cells with a microtubule-specific anti-tubulin antibody, which attaches to the microtubules of 

the HeLa cells. IgG-SiQDs bind to the anti-tubulin antibody as a result of antigen–antibody 

interactions, thus specifically staining the microtubules of the HeLa cells through its red 

photoluminescence (Figure 1-15C–D). While this observation supports successful coating of 

the SiQDs with IgG molecules, this does not provide any insight into the exact chemical nature 

of the bonds or the interactions that hold the IgG molecules in place around the SiQDs. 

Nonetheless, the water-dispersibility, red photoluminescence, and photostability of the IgG-

SiQDs make them an attractive platform for long-term immunofluorescent cell imaging.      

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1-15. (A) Absorption and photoluminescence spectra of IgG-SiQDs. (B) Solutions containing SiNWs and 
IgG (left) and IgG-SiQDs (right) under UV illumination (365 nm). Confocal microscopy and bright field images 
which show that (C) IgG-SiQDs specifically stained the microtubules of Hela cells (red PL), while (D) 
unconjugated SiQDs were non-specifically taken up by the Hela cells (left: fluorescence image, middle: bright-
field image, right: overlay of the two images). Adapted with permission from Zhong, Y.; Peng, F.; Wei, X.; Zhou, 
Y.; Wang, J.; Jiang, X.; Su, Y.; Su, S.; Lee, S.-T.; He, Y. Angew. Chem., Int. Ed. 2012, 51 (34), 8485–8489. 
Copyright © 2012 Wiley VCH. 
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Bagga et al. employed the technique called pulsed laser ablation in liquid (PLAL) in 

synthesizing bioconjugated SiQDs. They exposed silicon wafers immersed in an aqueous 

solution of Staphylococcus aureus protein A (proA), an antibody-binding protein, to a 

femtosecond-pulsed infrared laser in order to synthesize photoluminescent protein A-

conjugated SiQDs (proA-SiQDs) (Figure 1-16A).55 The proA-SiQDs obtained have a TEM 

diameter of 8 nm, which is smaller compared to the 15 nm diameter of SiQDs obtained from 

PLAL of silicon wafers in pure water. This difference in size is attributed to the size quenching 

effect caused by proA molecules as they capped the nascent SiQDs during nanoparticle 

nucleation and growth. The proA-SiQDs exhibited blue-green photoluminescence (λem = 475 

nm) at an excitation wavelength of 400 nm. The number of proA molecules coated on each 

SiQD was estimated by ultracentrifugation, UV/Vis spectroscopy, and inductively coupled 

plasma optical emission spectrometry (ICP-OES). The amount of protein A on each SiQD was 

estimated at 0.76 pmol nm-2, corresponding to about five proA molecules per SiQD. ProA 

molecules were reported to have significant binding affinity to SiQD surfaces. In fact, SiQDs 

synthesized through pulsed-laser ablation in a solution lacking proA showed affinity for proA 

molecules. The utility of the proA-SiQDs for cell staining and bioimaging was demonstrated 

by allowing an anti-vinculin antibody to bind to the antigen vinculin, a cytoskeletal protein 

present in human fibroblasts. The addition of the anti-vinculin antibody, which binds to 

vinculin through its Fab region and to proA through its Fc region and proA-SiQDs, allows 

labelling and imaging of human fibroblast cells, as depicted in Figure 1-16B and demonstrated 

in Figure 1-16C through confocal imaging. The biocompatibility of proA-SiQDs was studied 

using real-time impedance analysis and quantified in terms of the dynamic cell index (CI), 

which provides information on cell status, such as morphology, cell viability, and cell 

spreading (Figure 1-16D). CI values obtained for HeLa cells in the presence of proA-SiQDs 

were not significantly different from those of the negative control (i.e., HeLa cells in the 

absence of nanoparticles). On the contrary, HeLa cells incubated with CdSe quantum dots 

showed diminished CI values. These results clearly indicate that, unlike the CdSe quantum 

dots, proA-SiQDs are non-toxic and biocompatible. 
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Figure 1-16. (A) Scheme showing the synthesis of proA-SiQDs through femtosecond-pulsed laser ablation of a 
silicon wafer. (B) Scheme showing the interaction between vinculin, anti-vinculin antibody, and proA-SiQDs. 
(C) Fluorescence image of human fibroblast cells stained with proA-SiQDs. (D) Cellular response curve for Hela 
cells in the presence of PLAL generated SiNPs (proA-SiQDs) and CdSe NPs, as monitored through real-time cell 
electronic sensing (Phase I: cell attachment and spreading, Phase II: exponential growth phase). Adapted with 
permission from Bagga, K.; Barchanski, A.; Intartaglia, R.; Dante, S.; Marotta, R.; Diaspro, A.; Sajti, C. L.; 
Brandi, F. Laser Phys. Lett. 2013, 10 (6), 065603. Copyright © 2013 Astro Ltd. Reproduced by permission of 
IOP Publishing. All rights reserved. 
 

In-situ bioconjugation of SiQDs using femtosecond PLAL of silicon wafers also has 

been used in the preparation of DNA oligonucleotide-conjugated SiQDs. Similar to the 

synthesis of proA-SiQDs, Intartaglia and co-workers ablated silicon wafers in a solution 

containing singe-stranded oligonucleotide (SSO) and obtained particles (SSO-SiQDs) with an 

average diameter of 3.5 ± 0.8 nm, as measured through TEM.56 Of note, consistent with the 

size quenching effect of the biomolecules on the nanoparticles, the SiQDs obtained from 

ablating Si wafers in the absence of SSO have significantly larger diameters (i.e., <100 nm). 

Micro-probe Raman spectroscopy was used in order to investigate the chemical nature of the 
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bond between the SiQDs and the SSO. The analysis showed that the SSO becomes linked 

covalently at defect sites on the SiQDs through Si–C/Si–CH bonds. The shift in absorption 

maximum observed when the SiQDs were prepared in the presence of SSO is consistent with 

a decrease in size of the SiQDs (Figure 1-17A). The SSO-SiQDs exhibited blue-green PL, with 

an emission maximum at 450 nm at an excitation wavelength of 350 nm (Figure 1-17B). 

Moreover, the SSO-SiQDs have a relative photoluminescence quantum efficiency of 0.4%, as 

measured against Alexa 405 as reference dye standard. Ultracentrifugation and UV/vis analysis 

revealed that the SSO-SiQDs contain 1.5 SSO per SiQD, corresponding to an SSO surface 

density of 66 pmol cm-2. Zeta potential measurements showed that the charge on the SSO-

SiQD surface and that on the unconjugated SiQDs did not differ significantly, which suggests 

sufficient electrostatic stabilization of the particles. These results point to the potential utility 

of SSO-SiQDs in biomedical applications, such as vectors for nucleic acid delivery.  

 

 
Figure 1-17. (A) Absorption spectra of SiQDs prepared in the absence (unconjugated Si-NP) and presence (SSO-
conjugated Si-NP) of SSO (Inset: Normalized absorption spectra). (B) PL spectrum of SSO-SiQDs (SSO-
conjugated Si-NP). Adapted with permission from Intartaglia, R.; Barchanski, A.; Bagga, K.; Genovese, A.; Das, 
G.; Wagener, P.; Fabrizio, E. D.; Diaspro, A.; Brandi, F.; Barcikowski, S. Nanoscale 2012, 4 (4), 1271–1274.. 
Copyright © 2012 Royal Society of Chemistry. 
 

The biocompatibility and non-toxicity of SiQDs coupled with the natural abundance of 

silicon make the bioinorganic hybrids obtained from SiQDs and biological molecules attractive 

platforms for applications in bioimaging and biosensing. However, as the relative paucity of 

literature on bioconjugated SiQDs suggests, a few challenges have to be overcome for this 

material to reach its full potential. Firstly, studies on how to manipulate a SiQD surface without 

compromising or altering its photoluminescence (e.g., emission colour and quantum yield) 
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must be performed in order to prepare functional and tailor-made photoluminescent 

bioconjugated SiQDs with predictable photoluminescence properties. Secondly, synthetic and 

purification strategies aimed at the preparation of SiQDs with higher quantum yields and 

narrower spectral bandwidths must be identified and optimized in order to come up with 

bioconjugated SiQDs that have brighter and sharper photoluminescence. Thirdly, reproducible, 

large-scale, and high-yielding methods for the synthesis of SiQDs functionalized with relevant 

molecular handles have to be developed in order to provide bioconjugated SiQDs in quantities 

sufficient for rigorous biological testing. Also, in the case of one-pot synthesis of bioinorganic 

SiQD hybrids, a thorough investigation of the exact chemical nature of the bonds or 

interactions that hold the immobilized biomolecules in place around the SiQDs must be 

performed in order to predict its behaviour in biological systems reliably and prevent untoward 

and unexpected biological responses. Lastly, SiQDs decorated with multiple biologically 

active molecules have to be synthesized in order to render the bioinorganic hybrids more 

successful in performing their intended functions. For example, aside from tumor-targeting 

motifs, biomolecules that promote the escape of internalized therapeutic SiQDs from 

endosomal capture and lysosomal degradation must be attached to the SiQDs at the same time 

that drugs or therapeutic enzymes are immobilized on the SiQD surface in order to enhance 

their performance and increase their therapeutic potency. This can be done through orthogonal 

bioconjugate chemistries, such as the amide coupling and thiol–ene reactions and other 

reactions like the Staudinger ligation, azide–alkyne cycloaddition, and nitrone dipole 

cycloaddition. 

In conclusion, bioinorganic hybrids prepared from SiQDs and relevant biomolecules 

provide veritable biocompatible and cheaper alternatives to toxic heavy-metal-based quantum 

dots (e.g., Cd-based and Pb-based quantum dots) for biomedical applications. As such, this 

promising material may find its way soon into the market in the form of medicines for 

personalized therapy, biosensors for disease detection, and other products related to disease 

diagnosis and treatment.              
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1.2 Chemical Sensing Using Silicon-Based Quantum Dots 
Silicon-based quantum dots (SiQDs), like their toxic counterparts, the heavy-metal-based 

quantum dots, have been used as sensors for the detection of different substances.12,57–60 The 

general sensor design involves either one of four phenomena: electron transfer, 

Förster/fluorescence resonance energy transfer (FRET), formation of a ground-state non-

photoluminescent complex, or photocurrent generation.57,61 Scheme 1-2 depicts detection 

mechanisms that either involve transfer of energy or transfer of electrons.  

 

 

 

 

 

 

 
 
 
Scheme 1-2. Scheme showing the quantum dot sensing mechanisms that involve energy or electron transfer. 
Reprinted with permission from Freeman, R.; Girsh, J.; Willner, I. ACS Appl. Mater. Interfaces 2013, 5 (8), 2815–
2834. Copyright © 2013 American Chemical Society. 
 

Electron transfer results in quenching of the quantum dot (QD) PL by disrupting 

electron-hole recombination. This process is critically dependent on the energy alignment of 

the band edges of the QDs and the lowest unoccupied molecular orbital (LUMO) or highest 

occupied molecular orbital (HOMO) of the quenching species. Shown in Scheme 1-3 are two 

possible scenarios. In the first case, where the quencher acts as an electron acceptor (i.e., 

oxidizing agent), the conduction band edge of the QD is higher in energy than that of the 

LUMO of the quencher.62,63 In the second case, where the quencher acts as an electron donor 

(i.e., reducing agent), the valence band edge of the QD is lower in energy than the HOMO of 

the quencher.62,63 The efficiency of electron transfer is affected by the oxidation–reduction 

properties of the QDs, which, in turn, depend on the presence of traps and charges on the QD 

surface.64 It is important to note that the quenching of QD PL in this case involves a reaction 

between photoexcited QDs and the quencher molecules and is, therefore, an example of 

dynamic quenching, where the excited state lifetimes of the QDs are diminished.65 
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Scheme 1-3. Scheme depicting the transfer of electron (A) from a photoexcited quantum dot to an acceptor 
molecule (A) and (B) from a donor molecule (D) to a photoexcited quantum dot. Reprinted with permission from 
Silvi, S.; Credi, A. Chem. Soc. Rev. 2015, 44 (13), 4275–4289. Copyright © 2015 Royal Society of Chemistry.  
 

 The QD PL also can be quenched through a phenomenon called Förster/fluorescence 

resonance energy transfer (FRET). This process entails the ‘radiationless’ transfer of energy 

from an excited fluorophore to an acceptor molecule, resulting in decreased fluorescence 

intensity of the donor (Figure 1-19).61,66 The efficiency of this process largely depends on the 

distance of separation between the donor and acceptor and their relative orientation, as well as 

on the overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor.60,66 As FRET efficiency is determined by the inverse sixth power of the distance 

between the donor and acceptor, it occurs only when the donor is in very close proximity to 

the acceptor (i.e., separation distance of 2–8 nm).66 Scheme 1-4 shows FRET from a 

photoexcited quantum dot to a molecular acceptor and vice versa.63 As in the case of electron 

transfer, this quenching mechanism provides an effective alternative relaxation pathway for 

photoexcited QDs, leading to shortened QD lifetimes.66  

 

 
Scheme 1-4. Scheme depicting FRET (A) from a photoexcited quantum dot to an acceptor molecule (A) and (B) 
from a donor molecule (D) to a quantum dot. Adapted with permission from Silvi, S.; Credi, A. Chem. Soc. Rev. 
2015, 44 (13), 4275–4289. Copyright © 2015 Royal Society of Chemistry. 

 

As mentioned above, electron transfer and FRET are dynamic quenching mechanisms, 

where the quencher reacts with photoluminescent species after it has been excited with light. 

PL quenching also can occur via a static quenching mechanism. In this case, the 
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photoluminescent species react with a quencher prior to excitation and form a non-

photoluminescent complex that has an altered spectral absorption profile.65     

 Analyte detection using QDs also has been accomplished through generation of a 

photocurrent. This sensor design involves the covalent immobilization of QDs on an electrode 

surface. Upon exposure to light of appropriate wavelength, the conduction band electrons in 

photoexcited quantum dots become injected into the electrode, generating electrical 

currents,61,67 whose behaviour and magnitude depend on the environment of the QDs, such as 

the presence and concentration of relevant (electro)chemically active analytes.57 

SiQDs have been employed in the detection of heavy metals. For instance, Zhang and 

Yu employed blue-emitting SiQDs in the quantification of Hg2+ ions.68 Hg2+ is believed to 

quench the PL of the SiQDs through interaction with the amine groups on the SiQD surface. 

Absorption and fluorescence lifetime measurements suggested that Hg2+ quenched the SiQD 

PL through both static and dynamic quenching mechanisms. The method is highly specific for 

Hg2+, with an LOD of 50 nM. There are reports also on the detection of other heavy metals, 

like Cu2+, using SiQDs as sensing platforms.69–71 

Content and co-workers demonstrated that the PL of porous silicon films, which are 

emitted by silicon nanocrystallites, can be quenched by high-energy nitroaromatic compounds, 

such as dinitrotoluene (DNT) and trinitrotoluene (TNT).72 They attributed the observed PL 

quenching to electron transfer from the excited silicon nanocrystallites to the nitroaromatic 

compounds and obtained a limit of detection (LOD) of 2 ppb and 1 ppb for DNT and TNT 

vapours, respectively.  Likewise, Germanenko et al. showed that the PL of red-emitting SiQDs 

can be quenched by nitroaromatic compounds (e.g., 3,5-dinitrobenzonitrile, 

1,4-dinitrobenzene, 2,4-dinitrotoluene, 2,6-dintrotoluene, etc.,) whose reduction potentials lie 

below the conduction band edge of the SiQDs.73 Gonzalez and co-workers immobilized red-

photoluminescent dodecyl-coated SiQDs on paper and employed the resulting sensor for the 

straightforward qualitative detection of explosives such as TNT, pentaerythritol tetranitrate 

(PETN), and cyclotrimethylene trinitramine (RDX) (Figure 1-18).74 Like Content and 

Germanenko, they attributed the quenching of SiQD PL to an electron transfer mechanism 

where the quenchers act as oxidizing agents.  
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Figure 1-18. Detection of the high-energy compounds TNT, PETN, and RDX using red-photoluminescent SiQDs 
immobilized on filter paper. The images were taken while the paper sensors were exposed to a handheld UV lamp. 
Adapted with permission from M. Gonzalez, C.; Iqbal, M.; Dasog, M.; G. Piercey, D.; Lockwood, R.; M. 
Klapötke, T.; C. Veinot, J. G. C. Nanoscale 2014, 6 (5), 2608–2612. Copyright © 2014 Royal Society of 
Chemistry. 
 

 Ban et al. used blue-photoluminescent amine-terminated SiQDs (amine-SiQDs) for the 

detection of TNT in water.75 The authors rationalized the observed PL quenching on the basis 

of a FRET from the photoexcited SiQDs and the Meisenheimer complex that forms from the 

reaction between TNT molecules and the amine groups on the quantum dot surface. Their 

detection method had an LOD of 1 nM for TNT and was affected negligibly by common 

interfering metal cations (Scheme 1-5). Nguyen and co-workers employed SiQDs terminated 

with either alkyl groups or amine groups for sensing nitroaromatic compounds in the solid, 

solution, and vapour phases.76 Consistent with previous reports, the PL of the red-

photoluminescent alkyl-terminated SiQDs (alkyl-SiQDs) was quenched by nitroaromatics such 

as DNT, through electron transfer. Interestingly, the blue-photoluminescent amine-coated 

SiQDs were not as responsive to the nitroaromatic compounds as the alkyl-SiQDs and the 

previously reported amine-SiQDs. This possibly is due to the unavailability of the amine 

groups on the SiQDs for Meisenheimer complex formation, as they are covalently linked to 

the silicon atoms on the quantum dot surface.57 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1-5. Scheme showing FRET from the SiQDs to the Meisenheimer complex formed from the TNT 
molecules and the amine groups on the quantum dot surface. Reprinted with permission from Ban, R.; Zheng, F.; 
Zhang, J. Anal. Methods 2015, 7 (5), 1732–1737. Copyright © 2015 Royal Society of Chemistry. 
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Biologically relevant substances, such as ethanol, glucose, dopamine, and antibiotics 

also have been detected using SiQDs. Zhang et al. employed optical fibers coated with 

red-photoluminescent SiQDs for the detection of ethanol.77 The exposure of these fibers to air, 

dry oxygen, water vapor, and ethanol resulted in predictable variations in PL intensity. This 

method afforded an LOD for ethanol of 380 ppm at an exposure time of 15 s. Yi and co-workers 

demonstrated the detection of glucose using blue-photoluminescent hydride-terminated SiQDs 

(H-SiQDs), which were synthesized via the phosphomolybdic acid-mediated electrochemical 

etching of bulk silicon.78 The sensing mechanism involves the action of the enzyme glucose 

oxidase (GOx), which catalyzes the reaction between glucose and molecular oxygen, forming 

gluconic acid and hydrogen peroxide, H2O2. The subsequent oxidation of the photoexcited 

SiQDs by H2O2 causes a decrease in SiQD PL intensity, with a degree proportional to the 

concentration of glucose in the sample. The LOD for glucose using this method is 0.68 μM. 

The same group developed a colorimetric sensor for glucose by exploiting the peroxidase-like 

activity of H-SiQDs.79 As in the previous methodology, their sensing strategy entails the 

oxidation of SiQDs by H2O2. The resulting electron-deficient SiQDs, in turn, oxidize the 

colorimetric agent 3,3’,5,5’-tetramethylbenzidine (TMB) into oxidized TMB (oxTMB), which 

forms a blue-green solution (Scheme 1-6). This sensing strategy afforded an LOD of 0.05 μM 

for glucose, an order of magnitude smaller than the LOD for their previous method.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1-6. Scheme depicting colorimetric detection of glucose mediated by the SiQDs. Reprinted with 
permission from Chen, Q.; Liu, M.; Zhao, J.; Peng, X.; Chen, X.; Mi, N.; Yin, B.; Li, H.; Zhang, Y.; Yao, S. 
Chem. Commun. 2014, 50 (51), 6771–6774.. Copyright © 2014 Royal Society of Chemistry. 
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Dopamine, a hormone and a neurotransmitter, also has been detected using SiQDs. 

Blue-photoluminescent amine-SiQDs have been used by Zhang and co-workers for the 

detection of dopamine through dynamic quenching.80 The mechanism of detection is thought 

to involve the facile oxidation of dopamine into its quinone, followed by quenching of SiQD 

PL through FRET from the quantum dot to the adsorbed quinone molecules (Scheme 1-7). The 

method showed high selectivity for dopamine and was affected only minimally by the presence 

of norepinephrine. This method was highly sensitive to dopamine, with an LOD that was as 

low as 0.3 nM. Lin and Wang reported the detection of tetracycline antibiotics using amine-

SiQDs.81 The tetracyclines were found to quench SiQD PL through static quenching, wherein 

the tetracycline molecules react with the functional groups (e.g., amines, etc.) on the SiQDs, 

forming non-emissive ground-state complexes. The LOD obtained for tetracycline, 

oxytetracycline, and chlortetracycline are 25.9, 20.4, and 28.3 nM, respectively.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1-7. Scheme depicting quenching of SiQD PL by dopamine through FRET. Reprinted with permission 
from Zhang, X.; Chen, X.; Kai, S.; Wang, H.-Y.; Yang, J.; Wu, F.-G.; Chen, Z. Anal. Chem. 2015, 87 (6), 3360–
3365. Copyright © 2015 American Chemical Society. 

 

Yi et al. employed blue-photoluminescent H-SiQDs for the detection of pesticides.82 

Their sensing strategy entailed the concurrent use of the enzymes acetylcholine esterase 

(AChE) and choline oxidase (ChOx) and acetylcholine (ACh) as substrate. AChE first 

hydrolyzes Ach into acetic acid and choline (Ch). This is followed by the choline oxidase-

catalyzed oxidation of Ch into a betaine and the concomitant production of H2O2. As before, 

the reaction of the photoexcited SiQDs with H2O2 results in the quenching of SiQD PL. 

Pesticides such as carbaryl, parathion, diazinon, and phorate inhibit the activity of AChE. Thus, 
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their presence leads to a diminished concentration of H2O2 and an increase in SiQD PL 

intensity. Scheme 1-8 summarizes the enzyme-mediated sensing strategy detailed in the 

preceding discussion. A plot of inhibition efficiency against the logarithm of pesticide 

concentration yielded straight lines, from which LODs of 7.25 x 10-9, 3.25 x 10-8, 6.76 x 10-8, 

and 1.9 x 10-7 g L-1 were obtained for carbaryl, parathion, diazinon, and phorate, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 1-8. Scheme showing the enzyme-mediated detection of pesticides using SiQDs. Adapted with 
permission from Yi, Y.; Zhu, G.; Liu, C.; Huang, Y.; Zhang, Y.; Li, H.; Zhao, J.; Yao, S. Anal. Chem. 2013, 85 
(23), 11464–11470. Copyright © 2013 American Chemical Society. 
 

While a handful of studies have reported the use of SiQDs for the detection and 

quantification of different analytes successfully, the utility of SiQDs for sensing can be 

expanded further and improved upon. Firstly, sensing methods relying on the generation of 

photocurrents by electrode-immobilized SiQDs have to be explored in order to test their utility 

for detecting a more diverse group of electrochemically active analytes. Secondly, ratiometric 

(i.e., measurements relying on the use of two luminescent species) methods for analyte 

detection using SiQDs as one luminophore must be developed, as they could lead to the 

fabrication of more visually (i.e., naked eye) sensitive sensors. In addition, simultaneous 

detection of multiple analytes using mixtures of SiQDs of different PL emission or mixtures 

of SiQDs and other biologically compatible luminophores is another avenue for potential 

expansion. Lastly, convenient and straightforward detection methods that rely on direct 
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quenching of SiQD PL and which preclude the necessity for a cascade of reactions catalyzed 

by multiple enzymes must be developed in order to minimize methodological complexities that 

may compromise sensor performance. 
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Chapter 2 
 
Functional Bioinorganic Hybrids from Enzymes and 

Luminescent Silicon-Based Nanoparticles1 
 
2.1 Introduction 
Semiconductor nanoparticles (or quantum dots) possess properties — photostability, intense 

brightness, tunable emission spectra, and long photoluminescence lifetimes — that set them 

apart from conventional fluorescent organic dyes as more desirable biological 

photoluminescent probes and sensors.1–4 Most commercially available quantum dots, however, 

consist of cadmium-containing group II–VI semiconductors (e.g., CdS, CdSe, and CdTe) that 

can release toxic cadmium ions when exposed to oxidative conditions or ultraviolet light.3,5 

Unlike these potentially toxic semiconductor quantum dots, photoluminescent silicon 

nanoparticles (SiNPs) are biodegradable and non-toxic.6–10 Their emission is believed to result 

from strong quantum confinement effects exhibited by clusters of silicon atoms having 

dimensions less than the bulk Si Bohr exciton radius.11,12 Quantum confinement effectively 

increases the probability of direct band gap electron-hole recombination and decreases the 

likelihood of phonon-assisted indirect band-gap transitions.13 Notably, the photoluminescent 

signature of SiNPs can be tuned by varying their size and surface chemistry.14–20  

It is not surprising then that the tailorable photoluminescent properties and 

biocompatibility of SiNPs have inspired considerable efforts directed at their preparation in a 

form that renders them suitable for biological applications. A number of studies have reported 

water-soluble SiNPs for bioimaging.1,3,8,9,21–25 Water solubility/dispersibility in these instances 

has been achieved through surface oxidation,3,14 introduction of hydrophilic functional groups 

(e.g., primary amine),1 functionalization with water-soluble compounds,22 grafting with 

hydrophilic polymers,21 non-covalent coating with amphiphilic polymers,26 and encapsulation 

in amphiphilic micelles.8    

 
1The contents of this chapter have been copied and/or adapted from the following publication: Robidillo, C. J. T.; Islam, M. A.; Aghajamali, 
M.; Faramus, A.; Sinelnikov, R.; Zhang, X.; Boekhoven, J.; Veinot, J. G. C. Langmuir 2018, 34, 6556-6569. Copyright © 2018 American 
Chemical Society. 
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 Biosensing and bioimaging probes have been fabricated from quantum dots and 

biological macromolecules through bioconjugate functionalization methodologies, with the 

most prominent being the amide coupling reaction.27–29 This approach typically involves the 

formation of amide bonds between carboxylic acid residues on the surfaces of quantum dots 

and amine groups on biomolecules (or vice versa). Coupling agents, such as N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

commonly are used for this purpose. Several examples of cadmium-based quantum dots 

conjugated with proteins or nucleic acids prepared via amide coupling chemistry have been 

reported in the literature.28,30 Potential challenges arise when applying this chemistry to Si 

nanomaterials because nitrogen containing reagents have been implicated in dramatic changes 

(i.e., quenching and spectral shifts) in their photoluminescence.20 Still, a comparatively small 

number of researchers have employed this procedure to immobilize biological macromolecules 

on freestanding SiNPs. Erogbogbo et al. conjugated the glycoprotein transferrin with alkyl-

passivated SiNPs coated with carboxylic acid-terminated phospholipid micelles, and used the 

resulting hybrids for bioimaging.8 Ruizendaal and co-workers prepared SiNP-DNA conjugates 

using this chemistry.31 In addition, Wang et al. have appended DNA to SiNP surfaces using a 

related NHS-ester coupling strategy.32 Similarly, Choi and co-workers have conjugated 

streptavidin with SiNPs through the same procedure.33 In most of these works, however, the 

carboxylic acid or the NHS-ester moieties are introduced onto the silicon quantum dot surface 

via lengthy multi-step procedures.    

To the best of our knowledge, despite the demonstrated utility of the amide coupling 

reaction in conjugating biomolecules to surfaces, they have not yet been employed in the 

construction of functional bioinorganic freestanding silicon nanoparticle-enzyme hybrids. In 

this contribution, we show the preparation of a unique class of water-soluble photoluminescent 

oxide-rich silicon-based nanoparticles (OxSiNPs), and their subsequent conjugation with 

enzymes through the amide coupling reaction. 
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2.2 Experimental Section 
 

2.2.1 Chemicals 
Commercial hydrogen silsesquioxane (HSQ, trade name Fox-17) dissolved in methyl isobutyl 

ketone was purchased from Dow Corning Corporation; the solvent was removed in vacuo, and 

the resulting white solid was used without further purification. Electronics grade hydrofluoric 

acid (49% HF(aq)) was obtained from J. T. Baker. Allyloxy poly(ethylene oxide) methyl ether 

(9-12 ethylene oxide units, MW = 450-550 g mol-1) (Gelest), undecenoic acid, poly(ethylene 

glycol) 2-aminoethyl ether biotin (Biotin-PEG-NH2, ~77 ethylene oxide units, MWAve = 

3400 g mol-1)  glucose oxidase (GOx, 10 kU, from Aspergillus niger), alcohol dehydrogenase 

(ADH, 30 kU, from Saccharomyces cerevisiae), horseradish peroxidase (~150 U mg-1), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide (sulfo-

NHS), glucose, phenol, 4-aminoantipyrine, nicotinamide adenine dinucleotide sodium salt 

(NAD+), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Thiazolyl blue) 

(Sigma Aldrich) were used as received without further purification. All other chemicals and 

solvents used were of analytical grade, unless otherwise indicated. 

 

2.2.2 Preparation of Oxide-Embedded Silicon Nanocrystals 
Oxide-embedded silicon nanocrystals were prepared following a well-established procedure 

developed in the Veinot laboratory.34,35 Four grams of HSQ were transferred into a quartz boat, 

which was placed in a furnace (Sentro Tech. Corp.), heated to 1100 °C, and thermally 

processed at that temperature in an atmosphere of 5% H2 and 95% Ar for 1 h. The amber-

coloured composite obtained, which consisted of silicon nanocrystals (ca. 3 nm) embedded in 

an oxide matrix, was wetted with ethanol and ground using a mortar and pestle. The mixture 

was then transferred into a flask charged with glass beads, shaken for 6 h, and filtered through 

a hydrophilic membrane filter. The composite obtained was then stored in a standard glass vial 

and used as needed.  
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2.2.3 Synthesis of Hydride-Terminated Silicon Nanocrystals (H-SiNCs) 
Hydride-terminated silicon nanocrystals were liberated from the oxide matrix through HF 

etching. Three hundred milligrams of the powdered composite were dispersed in a 9 mL 

solution consisting of 49% HF (Note: HF is very corrosive. Handle it with extreme caution.), 

100% ethanol, and deionized water in a 1:1:1 volume ratio. The mixture was stirred for 40 min 

under ambient light and temperature conditions, and the liberated H-SiNCs (ca. 30 mg) were 

isolated through multiple extractions with toluene (3×, 15 mL) and multiple centrifugation–

decantation cycles in toluene (3×, 3000 rpm).  

 

2.2.4 Synthesis of Acid-Terminated Poly(ethylene oxide)-Coated Oxide-Rich 

Silicon-Based Nanoparticles (acid-OxSiNPs)  
Acid-terminated poly(ethylene oxide)-coated oxide-rich silicon-based nanoparticles were 

prepared through thermal hydrosilylation. The H-SiNCs obtained from etching 300 mg of the 

composite were dispersed in 2 mL undecenoic acid and 6 mL allyloxy poly(ethylene oxide) 

methyl ether in a Schlenk flask equipped with a magnetic stir bar. The mixture was then heated 

to 170 °C and stirred at that temperature for 4 h in an Ar atmosphere. Initial purification of the 

resulting water-soluble acid-OxSiNPs was performed through extraction with 10 mL water and 

10 mL hexane twice. Afterwards, the aqueous solution was dialyzed against 95% ethanol (2×) 

and then against deionized water (2×) using a regenerated cellulose dialysis tubing (Nominal 

MWCO = 12–14 kDa). The aqueous solution was transferred into a Centricon tube with a 30 

kDa pore size membrane and subjected to centrifugal ultrafiltration using a J2-21 high-speed 

centrifuge (5000 rpm, 30 min), the resulting ultrafiltrate discarded, and the retentate further 

subjected to multiple centrifugal ultrafiltration steps in 10 mL mQ water (5000 rpm, 30 min, 

5×). Finally, the retentate containing the acid-OxSiNPs was diluted with mQ water in order to 

form 10 mL of solution. 

 

2.2.5 Preparation of Biotin-Conjugated Silicon-Based Nanoparticles (Biotin-

OxSiNPs) from acid-OxSiNPs 
To a 2.0 mL solution of acid-OxSiNPs in mQ water was added 4 mg EDC, 2 mg sulfo-NHS, 

and 4 mg Biotin-PEG-NH2. The mixture was heated to 70 °C in a microwave reactor (Biotage 
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Initiator) and allowed to react for six hours. The solution was then transferred into a Centricon 

tube with a 10 kDa pore size membrane and subjected to centrifugal ultrafiltration using a J2-

21 high-speed centrifuge (5000 rpm, 30 min), the resulting ultrafiltrate collected, and the 

retentate further subjected to centrifugal ultrafiltration twice in 1 mL mQ water (5000 rpm, 

30 min). Finally, the retentate containing the Biotin-OxSiNPs was diluted with mQ water in 

order to form 500 μL of solution. 

    

2.2.6 Preparation of Enzyme-Conjugated Silicon-Based Nanoparticles (Enz-

OxSiNPs) from acid-OxSiNPs 
To a 5.0 mL solution of acid-OxSiNPs in mQ water was added 5.0 mL phosphate buffer (0.1 M, 

pH 7.0), 10 mg EDC, and 5 mg sulfo-NHS. Ten microlitres of stock enzyme solution 

(6.7 kU/mL GOx or 15 kU/mL ADH) were added to the resulting solution after letting it stir 

for 30 min at 25 °C. The mixture was stirred for six more hours prior to purification. The 

solution was then transferred into a Centricon tube with a 100 kDa pore size membrane and 

subjected to centrifugal ultrafiltration using a J2-21 high-speed centrifuge (5000 rpm, 30 min), 

the resulting ultrafiltrate collected, and the retentate further subjected to multiple centrifugal 

ultrafiltration steps in 5 mL buffer (5000 rpm, 30 min, 5×). Finally, the retentate containing 

the Enz-OxSiNPs was diluted with buffer in order to form 500 μL of solution. 

    

2.2.7 Characterization of acid-OxSiNPs and Enz-OxSiNPs 
Fourier transform infrared (FTIR) spectra of acid-OxSiNPs and Enz-OxSiNPs were obtained 

using a Nicolet Magna 750 IR spectrometer. X-ray photoelectron spectroscopy (XPS) analyses 

were carried out using a Kratos Axis Ultra instrument operating in energy spectrum mode at 

210 W. Thin film samples for XPS were prepared by depositing a solution of the OxSiNPs 

onto a small copper foil and drying in air. The base and operating chamber pressure of the 

instrument were kept at 10−7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used to 

excite the samples, and the spectra were obtained with an electron takeoff angle of 90°. The 

charge neutralizer filament was used in order to minimize charging. Survey XP spectra were 

acquired using an elliptical spot with major and minor axis lengths of 2 and 1 mm, respectively, 

and a 160-eV pass energy with a step of 0.33 eV. CasaXPS software (VAMAS) was used to 

process high-resolution spectra. All spectra were corrected by calibration to the C 1s emission 
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(284.8 eV). A Shirley-type background was applied in order to remove most of the extrinsic 

loss structure.  

Transmission electron microscopy (TEM) images were obtained using a JEOL 2010 

TEM with LaB6 filament at an accelerating voltage of 200 kV. Samples of OxSiNPs were 

prepared by depositing a droplet of dilute solutions of OxSiNPs onto a thin carbon-coated 

copper mesh. The nanoparticle size was averaged for 300 nanoparticles using Image J software 

(version 1.51). Dynamic light scattering (DLS) analyses were performed using a Malvern 

Zetasizer Nano S series equipped with a 633 nm laser. Diluted solutions of acid-OxSiNPs and 

Enz-OxSiNPs were equilibrated to 25 °C prior to data acquisition and scanned thrice. 

Absorbance spectra of the samples were recorded using a SpectraMax® i3x multimode 

microplate reader. Photoluminescence spectra of the samples were obtained using a Varian 

Cary Eclipse fluorescence spectrometer (λex = 350 nm). Photoluminescence stability 

experiments were performed by exposing acid-OxSiNPs and Enz-OxSiNPs to UV light (UV 

Trans-illuminator, λex = 365 nm) and covering them with a nonreflective enclosure. 

Photoluminescence measurements were then carried out after 1, 2, 4, and 6 h. Photostability 

under ambient light conditions was monitored similarly in the absence of UV light. 

Photoluminescence intensities in photostability experiments were measured using a 

SpectraMax® i3x multimode microplate reader (λex = 350 nm). Time-resolved 

photoluminescence spectroscopy was measured using an Argon ion laser with 351 nm 

emission wavelength, which was modulated by an acousto-optic modulator (response time 

~50 ns) operated at a frequency of 200 Hz with a 50% duty cycle. The photoluminescence was 

fed into an optic fiber, passed through a 500 nm long-pass filter, and was then incident on a 

Hamamatsu H7422P-50 photomultiplier tube interfaced with a Becker-Hickl PMS-400A gated 

photon counter. The photoluminescence data were collected in 1 μs timesteps and a total of 

10,000 sweeps were collected for a good signal-to-noise ratio. The luminescence decay 

lifetimes were calculated through lognormal fitting of the data.36,37 Quantum yield 

measurements were performed using a home-built integrating sphere. Distilled water blank and 

sample solutions were transferred into a cuvette that was lowered into the integrating sphere 

on a magnetic holder.  A 365 nm light emitting diode was used as the excitation source. The 

photoluminescence and excitation intensities were captured through a fiber attached to the 

sphere and analyzed with a calibrated Ocean Optics spectrometer. The quantum yield was 
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calculated using the equation QY = (IPL,sample – IPL,blank)/(Iex,blank – Iex,sample), where IPL is the 

integrated photoluminescence intensity and Iex is the excitation intensity recorded inside the 

sphere. The measured samples have absorbances of 0.1–0.15 at 365 nm. The measurements 

were performed in quintuplicates. 

  

2.2.8 Testing for Catalytic Activity of Enz-OxSiNPs through Enzyme 

Activity Assays 
 

2.2.8.1 Trinder’s Assay for Glucose Oxidase Activity 

To a vial containing 10 μL of glucose oxidase (67 U/mL), a vial containing 10 μL of 

ultrafiltrate, a vial containing 10 μL of solution of GOx-OxSiNPs, and a vial containing 10 μL 

of phosphate buffer (0.1 M, pH 7.0), were added 100 μL of 8.5 mM 4-aminoantipyrine, 100 μL 

of 44 mM phenol, 10 μL of horseradish peroxidase (1.2 kU/mL), and 100 μL of 0.2 M glucose, 

respectively. The vials were then inspected visually and analyzed spectrophotometrically for 

the formation of a pink/red solution. The formation of a red quinoneimine dye (λmax = 510 nm) 

indicates glucose oxidase activity. Absorbance spectra were obtained using a Cary 400 UV/Vis 

spectrometer. 

 

2.2.8.2 Evaluation of the Michaelis–Menten Constant, KM, of Free GOx and GOx-

OxSiNPs 

Michaelis–Menten curves were constructed by plotting the initial reaction velocity, v0 (i.e., rate 

of change of absorbance at 490 nm), of solutions containing 53 mM phenol, 0.8 mM 

4-aminoantipyrine, 22 mU/mL horseradish peroxidase, 2.2 mU/mL pure glucose oxidase or 

fixed concentration of GOx-OxSiNPs, and varying concentrations of glucose (0.0067–3.0 mM) 

in HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer (2.0 M, pH 7.0). The 

experiments were carried out in quadruplicates using a Thermoscientific Multiscan 60 

microplate reader. Then, the curves were linearized into Lineweaver-Burk plots by graphing 

the reciprocal of the velocity against the reciprocal of the glucose concentration. The KM of 

free GOx and GOx-OxSiNPs were computed by taking the ratios of their respective slopes and 

y-intercepts. 
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2.2.8.3 Formazan Assay for Alcohol Dehydrogenase Activity 

To a vial containing 20 μL of alcohol dehydrogenase (150 U/mL), a vial containing 20 μL of 

ultrafiltrate, a vial containing 20 μL of solution of ADH -OxSiNPs, and a vial containing 20 μL 

of phosphate buffer (0.1 M, pH 7.0), were added 150 μL of 24 mM thiazolyl blue, 150 μL of 

18 mM NAD+, and 50 μL of absolute ethanol, respectively. Then, one mL of dimethyl 

sulfoxide (DMSO) was added to each vial after 4 h, after which the vials were inspected 

visually and analyzed spectrophotometrically for the formation of a purple solution. The 

formation of a purple formazan adduct (λmax = 560 nm) indicates alcohol dehydrogenase 

activity. Absorbance spectra were obtained using a Cary 400 UV/Vis spectrometer. 

 

2.2.8.4 Evaluation of the Michaelis–Menten Constant, KM, of Free ADH and ADH-

OxSiNPs 

Michaelis–Menten curves were constructed by plotting the initial reaction velocity, v0 (i.e., rate 

of change of absorbance at 340 nm), of solutions containing 1.5 mM NAD+, 60 U/mL pure 

alcohol dehydrogenase or fixed concentration of ADH-OxSiNPs, and varying concentrations 

of ethanol (10–2000 mM) in phosphate buffer (0.1 M, pH 7.0). The experiments were carried 

out in quadruplicates using a SpectraMax® i3x multimode microplate reader. Then, the curves 

were linearized into Lineweaver–Burk plots by graphing the reciprocal of the velocity against 

the reciprocal of the ethanol concentration. The KM of free ADH and ADH-OxSiNPs were 

computed by taking the ratios of their respective slopes and y-intercepts.   

 

2.3 Results and Discussion 
For the present study, hydride-terminated silicon nanocrystals (H-SiNCs) were prepared via 

thermal disproportionation of hydrogen silsesquioxane (HSQ) at 1100 °C using a well-

established procedure developed in the Veinot laboratory.34,35,38  The H-SiNCs (ca. 3 nm) were 

liberated from the resulting SiNC/SiO2 composite upon alcoholic HF-etching and were 

surface-modified with a mixture of hydrophilic poly(ethylene oxide) chains and carboxylic 

acid residues through thermal hydrosilylation at 170 °C (Figure 2-1A).39 The poly(ethylene 

oxide) moieties render the SiNCs hydrophilic and resistant to nonspecific protein adsorption,40–

43 while the carboxylic acid groups provide the reactive platform necessary to facilitate 
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conjugation with enzymes. Hydrosilylation provided functionalization, however, the 

procedure also partially oxidized the SiNC core. Regardless, the unique optical properties (i.e., 

microsecond excited state lifetimes, emission colour) of the silicon core were not 

compromised. The Fourier transform infrared (FTIR) spectrum of the acid-terminated oxide-

rich silicon-based nanoparticles (acid-OxSiNPs) obtained is shown in Figure 2-1B. Consistent 

with surface functionalization, the Si-Hx related absorption at ca. 2100 cm-1 is diminished, 

however, this may also be due to partial surface oxidation of the nanoparticles as suggested by 

FTIR and X-ray photoelectron spectroscopy (XPS) (vide infra).35   

 

 
Figure 2-1. (A) Scheme showing thermal hydrosilylation of undecenoic acid and allyloxy poly(ethylene oxide) 
methyl ether with H-SiNCs (–OOCH is a formate ester group). (B) FTIR spectrum, (C) C 1s, and (D) Si 2p XP 
spectra of acid-OxSiNPs (Si 2p1/2 peaks were omitted for clarity). 
 

An absorption at ca. 1710 cm-1 confirms the presence of carboxylic acid carbonyl 

group,44 however, this feature is obscured partially by an absorption at ca. 1730 cm-1 arising 

from surface-bonded poly(ethylene oxide) formate ester species appended to the 
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nanoparticles.22 These esters result from the thermal oxidation of poly(ethylene oxide) during 

the hydrosilylation procedure and limit the quantitative determination of acid:poly(ethylene 

oxide) functionalization ratio.45,46 The spectrum also shows a broad absorption at  ca. 1100 

cm- 1 that arises from Si–O attributed to surface oxidation, as well as the C–C and C–O bonds 

in the undecanoic acid and poly(ethylene oxide) groups.34 Characteristic aliphatic –CHx– 

vibrational bending features are noted in the 1475 to 1365 cm-1 region.47,48 XPS analyses of 

acid-OxSiNPs show C 1s emissions characteristic of aliphatic C–H and C–C carbons 

(284.8 eV), C–O carbons (286.4 eV), and carboxyl carbons (287.9 eV) arising from surface-

bonded undecanoic acid and poly(ethylene oxide) ester groups (Figure 2-1C).21,49,50 The Si 2p 

XP spectrum of acid-OxSiNPs shown in Figure 2-1D indicates that the functionalized particles 

consist of silicon suboxides (102.4 eV), which is consistent with surface oxidation expected 

from the propensity of water to oxidize silicon.44,51 This oxidation can be attributed to the 

purification steps that were performed in aqueous medium (e.g., extraction, dialysis, 

centrifugal ultrafiltration) and the dissolution and subsequent storage of the acid-OxSiNPs in 

water. In contrast to the present OxSiNPs, silicon nanoparticles purified via anhydrous 

techniques and dispersed in organic solvents display a relative abundance of Si(0).15,47 

To further confirm the presence of reactive carboxylic acid residues on the luminescent 

nanoparticle surface, the acid-OxSiNPs were reacted with amine-terminated biotin-

functionalized poly(ethylene oxide) (Figure 2-2A). The resulting derivatization was confirmed 

by the detection of nitrogen through XPS (N 1s peak at ~399.6 eV; Figure 2-2B) as well as the 

characteristic biotin amide peak in FTIR (~1650 cm-1; Figure 2-2C). The addition of 

fluorescently labeled avidin also caused the aggregation of Biotin-OxSiNPs. All of these 

observations indicate successful biotinylation, which confirms the presence of carboxylic acid 

residues on the nanoparticle surface. 
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Figure 2-2. (A) Scheme showing coupling of Biotin-PEG-NH2 with acid-OxSiNPs via the amide coupling 
reaction. (B) N 1s XP spectrum of Biotin-OxSiNPs. (C) FTIR spectrum of Biotin-OxSiNPs and biotin. 
 

Having water-compatible luminescent acid-OxSiNPs in hand, we chose glucose 

oxidase (GOx) and alcohol dehydrogenase (ADH) as representative examples of enzymes for 

surface conjugation. Glucose oxidase is a 160 kDa homodimeric enzyme that catalyzes 

oxidation of glucose by molecular oxygen,52,53 and alcohol dehydrogenase is a 150 kDa 

tetrameric protein that catalyzes the oxidation of ethanol into acetaldehyde using nicotinamide 

adenine dinucleotide (NAD+) as an electron acceptor.54–56 Scheme 2-1A shows the conjugation 

of these enzymes with the acid-OxSiNPs through the amide coupling chemistry. These 

enzymes were covalently linked to acid-OxSiNPs through their N-termini or the amine groups 

in their lysine side chains via EDC and sulfo-NHS coupling. Scheme 2-1B details the 

purification of the resulting hybrids. Briefly, the reaction mixture was transferred into a 

centrifugal ultrafiltration (Centricon) tube, which consists of a porous membrane, and 

centrifuged multiple times in order to separate the hybrids from unbound enzyme molecules. 

The hybrids are retained by the membrane (retentate) while the unbound enzyme molecules 

pass through the membrane pores (ultrafiltrate). 
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Scheme 2-1. (A) Bioconjugation of acid-OxSiNPs with enzymes through the amide coupling reaction. (B) 
Purification of Enz-OxSiNPs. 
 

We have confirmed successful enzyme conjugation through FTIR and XPS. The 

presence of characteristic amide (peptide) bond features of the proteins centered at 

ca. 1640 cm-1 (C=O stretching) and 1540 cm-1 (amide N–H bending) in the FTIR spectra 

(Figure 2-3) of glucose oxidase-conjugated silicon-based nanoparticles (GOx-OxSiNPs) and 
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alcohol dehydrogenase-conjugated silicon-based nanoparticles (ADH-OxSiNPs) are consistent 

with acid-OxSiNP–enzyme conjugation.57,58 The C 1s region of the XP spectra of GOx-

OxSiNPs and ADH-OxSiNPs (Figures 2-4A and 2-4D, respectively) also show features 

consistent with the target functionalization that are attributed readily to the presence of 

aliphatic carbon atoms (284.8 eV) as well as C–N and C–O carbon atoms (286.5 eV) and amide 

group carbon atoms (288.3 eV) of the enzymes.59 In addition, expected emissions associated 

with conjugated enzymes are noted in the N 1s region (i.e., amide nitrogen at 399.7 eV; Figures 

2-4B and 2-4E).60 As expected, the Si 2p XP spectra of GOx-OxSiNPs and ADH-OxSiNPs 

(Figures 2-4C and 2-4F) are dominated by Si(III), as was in the case of acid-OxSiNPs.  

 

 
Figure 2-3. FTIR spectra of (A) GOx, (B) GOx-OxSiNPs, (C) ADH, and (D) ADH-OxSiNPs. 
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Figure 2-4. (A) C 1s, (B) N 1s, and (C) Si 2p XP spectra of GOx-OxSiNPs, and (D) C 1s, (E) N 1s, (F) Si 2p XP 
spectra of ADH-OxSiNPs (Si 2p1/2 peaks were omitted for clarity).  
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Dynamic light scattering (DLS) analyses of the acid-OxSiNPs, GOx-OxSiNPs, and 

ADH-OxSiNPs show mean hydrodynamic diameters of 5.5, 10.5, and 10.3 nm, respectively 

(Figure 2-5). This increase in size upon enzyme conjugation is expected from the larger 

hydrated diameters of the enzyme-conjugated OxSiNPs (Enz-OxSiNPs) compared to that of 

the parent acid-OxSiNPs. In addition, the hydrodynamic diameters of the Enz-OxSiNPs 

approach the sum of the hydrodynamic diameters of the acid-OxSiNPs and the corresponding 

enzymes (e.g., 7.3 nm for GOx and 6.4 nm for ADH), suggesting that each acid-OxSiNP has 

been linked to only a single enzyme molecule. Transmission electron microscopy (TEM) and 

average shifted histogram61 analyses (Figure 2-6) revealed Si-based core diameters of 4.8 ± 

1.2 nm and 5.6 ± 1.6 nm for acid-OxSiNPs and GOx-OxSiNPs, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2-5. DLS size analysis of acid-OxSiNPs, GOx, ADH, GOx-OxSiNPs, and ADH-OxSiNPs. 
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Figure 2-6. TEM images of (A) acid-OxSiNPs and (B) GOx-OxSiNPs. The insets show average shifted 
histograms of 300 nanoparticles. 
 

As shown in Figure 2-7A, the water-soluble acid-OxSiNPs and Enz-OxSiNPs exhibit 

orange photoluminescence. Figure 2-7B shows that they exhibit significant absorption at 

wavelengths shorter than 400 nm. The photoluminescence maximum is blue-shifted (ca. 

10 nm) after functionalization with enzymes (Figure 2-7C). This shift in photoluminescence 

maximum could arise from further oxidation resulting from the aqueous phase conjugation 

procedure. Oxide surface states have been implicated in preventing excited electrons from 

tunneling back to the bottom of the conduction band, causing radiative emission to occur with 

a slightly higher energy.62 The acid-OxSiNPs and Enz-OxSiNPs also exhibit microsecond 

lifetimes (74–84 μs; Figure 2-8), and absolute quantum yields ranging from 23 to 30% (Table 

2-1). 
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Figure 2-7. (A) Solutions of acid-OxSiNPs, GOx-OxSiNPs, and ADH-OxSiNPs under ambient light conditions 
(top) and upon UV illumination (bottom). The functionalized OxSiNPs exhibit orange photoluminescence and 
microsecond lifetimes. (B) Absorbance and (C) photoluminescence spectra of acid-OxSiNPs, GOx-OxSiNPs, and 
ADH-OxSiNPs (λex = 350 nm). 
 

 
Figure 2-8. Photoluminescence decay plots of (A) acid-OxSiNPs, (B) GOx-OxSiNPs, and (C) ADH-OxSiNPs. 
The lifetimes were calculated through lognormal fitting. 
 
Table 2-1. Absolute Quantum Yields of acid-OxSiNPs, GOx-OxSiNPs, and ADH-OxSiNPs (λex = 365 nm) 
 

Silicon-Based Nanoparticle Absolute Quantum Yield, % 
acid-OxSiNP 28.8 ± 3.6 
GOx-OxSiNP 22.5 ± 1.3 
ADH-OxSiNP 30.2 ± 2.1 
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The photoluminescence intensities of acid-OxSiNPs and Enz-OxSiNPs under 

continuous UV illumination (λ = 365 nm) decreased with time (Figure 2-9A), which is 

consistent with the UV-induced oxidation of silicon nanoparticles observed by Hua et al. with 

their styrene-grafted silicon nanocrystals dispersed in toluene.63  

 

 
Figure 2-9. (A) % Decrease in photoluminescence intensity of acid-OxSiNPs, GOx-OxSiNPs, and ADH-
OxSiNPs as a function of time when they were subjected to continuous UV exposure. Photoluminescence spectra 
of (B) acid-OxSiNPs, (C) GOx-OxSiNPs, and (D) ADH-OxSiNPs as a function of time under ambient light 
conditions. 
 

The photoluminescence of their nanocrystals decreased by approximately 95% after 

6 h. In comparison, the photoluminescence of our OxSiNPs just decreased by 55–85% after 

the same time period. The greater relative photostability of our OxSiNPs is notable since our 

nanoparticles were dispersed in water, which is known to cause degradation of silicon,6 while 

theirs were dispersed in toluene. In contrast to that of acid-OxSiNPs, the photoluminescence 

intensities of Enz-OxSiNPs initially increased and then decreased with time under ambient 
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light conditions (Figures 2-9B to 2-9D). The origin of this observation is unknown; however, 

it may be related to the hydrophobic nature of the enzyme interior and is the subject of an 

ongoing study. The photoluminescence intensities of the Enz-OxSiNPs reached values that are 

49% (GOx-OxSiNPs) and 17% (ADH-OxSiNPs) of their original values after 22 h. These are 

lower than that of the acid-OxSiNPs, which retained 68% of their original photoluminescence 

intensity after 22 h. Despite these losses in photoluminescence intensities, both the acid-

OxSiNPs and Enz-OxSiNPs remain photoluminescent in phosphate buffer even after being left 

to stand at room temperature and in ambient light for more than three weeks. Also, the acid-

OxSiNPs can be stored in a -20 °C freezer with no observable loss in photoluminescence 

intensity after six months. An analogous observation was made by Dickinson and co-workers 

with undecyl-capped silicon nanocrystals dispersed in 1% (v/v) THF/phosphate buffer mixture. 

They have reported a decrease in the luminescence intensity of the silicon nanocrystals with 

time, which became pronounced a week after dispersion, but have also noted that the sols 

remain photoluminescent six months after initial preparation under ambient temperature 

conditions.64 Their undecyl-capped silicon nanocrystals exhibited better photostability than the 

present OxSiNPs, possibly because of the more hydrophobic nature of their nanocrystals’ 

organic coating.  Nonetheless, the relative stability displayed by the present OxSiNPs and the 

persistence of their orange photoluminescence in aqueous medium are of note since silicon, as 

mentioned previously, is known to undergo decomposition on prolonged dispersion in water.6  

Subsequently, the catalytic activity of the immobilized enzymes was evaluated. 

Glucose oxidase was tested using the Trinder’s assay.65,66 In this test, the enzyme peroxidase 

uses the hydrogen peroxide by-product of the glucose oxidase-catalyzed oxidation of glucose 

to couple phenol to 4-aminoantipyrine, leading to the formation of a pink/red aqueous solution 

of a quinoneimine dye that exhibits an absorption maximum at 510 nm (Figure 2-10A). The 

assay was performed by first adding phenol, 4-aminoantipyrine, and peroxidase, followed by 

glucose to vials containing the test samples (pure GOx, ultrafiltrate, retentate, and phosphate 

buffer blank). As shown in Figures 2-10B and 2-10C, the vials containing GOx-OxSiNPs 

(retentate), unbound GOx (utrafiltrate), and pure GOx all provided pink/red solutions in the 

presence of the assay reagents consistent with the formation of the quinoneimine dye. No 

pink/red colour was observed with the phosphate buffer blank. These results are consistent 

with GOx remaining catalytically active following conjugation with the acid-OxSiNPs.  
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Figure 2-10. (A) Trinder’s assay for GOx activity. (B) Photographs and (C) absorbance spectra of vials containing 
the assay reagents and tested samples.  
 

The activity of glucose oxidase can be described mathematically by Michaelis–Menten 

kinetics,67 a model of catalytic behavior wherein an enzyme acts on a single substrate molecule 

converting it to products by first forming an enzyme–substrate complex. A Michaelis–Menten 

curve (Figures 2-11A and 2-11C) is constructed by plotting the initial reaction velocity against 

the substrate concentration, yielding a hyperbolic curve that is asymptotic to the maximal value 

of velocity, vmax. The Michaelis–Menten constant, KM, is a measure of the affinity of the 

enzyme for the substrate and can be obtained by transforming the Michaelis–Menten curve 

into a linear double reciprocal plot (Figures 2-11B and 2-11D). The KM is calculated by taking 

the ratio of the slope of the generated line to its y-intercept.68–70 Conflicting trends in KM values 
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of surface-immobilized GOx and free GOx have been reported in the literature, with some 

studies showing a decrease in KM, while others showing an increase.27,71,72 Here, we monitored 

the rate of formation of the quinoneimine dye (i.e., by measuring the change in absorbance at 

490 nm with time) as a function of the concentration of glucose to obtain the KM values for 

free GOx and GOx-OxSiNPs. The KM obtained for GOx-OxSiNPs (1.60 ± 0.15 mM) is 

approximately seven times larger than that of free GOx (0.24 ± 0.09 mM), suggesting that 

conjugation of GOx with the acid-OxSiNPs lowers its affinity for glucose. The reduction in 

affinity may result from partial deformation of its native three-dimensional structure upon 

surface immobilization. Despite this decrease in substrate affinity compared to the free 

enzyme, it is clear that sufficient enzyme activity remains to carry out its intended catalytic 

function.   

 
Figure 2-11. Michaelis–Menten curves of (A) GOx and (C) GOx-OxSiNPs and their corresponding Lineweaver–
Burk plots (B, D). 
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Based upon the photoluminescence quenching observed by Yi et al. with the mixture 

of their unmodified blue-photoluminescent silicon nanocrystals, unbound GOx, and glucose,73 

we expected the H2O2 by-product from the oxidation of glucose by GOx to quench the OxSiNP 

photoluminescence through electron-transfer as photoexcited electrons can, in principle, be 

transferred from the OxSiNPs to the H2O2 molecules instead of undergoing electron-hole 

recombination and causing radiative emission. Our hybrids, however, did not manifest the 

same behavior, probably because of their silicon suboxide shell and poly(ethylene oxide) 

coating, which prevent effective contact with H2O2 molecules.  

In addition, we evaluated the activity of surface-bonded alcohol dehydrogenase using 

the formazan assay that sees the formation of the intensely purple solution of formazan dye 

upon reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Thiazolyl 

blue) by reduced nicotinamide adenine dinucleotide (NADH). NADH is produced from the 

reduction of nicotinamide adenine nucleotide (NAD+), which is coupled to the alcohol 

dehydrogenase-catalyzed oxidation of ethanol into acetaldehyde (Figure 2-12A).74,75 The 

formation of a purple solution upon addition of dimethyl sulfoxide (DMSO) to the mixture 

containing ADH-OxSiNPs, NAD+, thiazolyl blue, and ethanol suggests that the ADH 

molecules were conjugated with the acid-OxSiNPs in their active form. Note that the formazan 

dye did not form upon addition of the assay reagents to phosphate buffer, as expected (Figure 

2-12B). Figure 2-12C shows that the formazan dye has a maximum absorption at around 

560 nm, while the unreacted thiazolyl blue absorbs at around 380 nm.  
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Figure 2-12. (A) Formazan assay for ADH activity. (B) Photographs and (C) absorbance spectra of vials 
containing the assay reagents and tested samples.     
 

We have analyzed the kinetics of ethanol oxidation by free and surface-bound ADH by 

monitoring the rate at which NADH (λmax = 340 nm) is formed (i.e., by measuring the change 

in absorbance at 340 nm with time) as a function of the concentration of ethanol76 and 

construction of the corresponding Michaelis–Menten and Lineweaver–Burk plots (Figure 
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2-13). The KM value obtained for ADH-OxSiNPs (138.8 ± 6.8 mM) is four times larger than 

that for free ADH (35.3 ± 1.8 mM) suggesting that conjugation with the acid-OxSiNPs lowers 

the enzyme’s affinity for ethanol. This result is similar to what was observed with GOx and 

GOx-OxSiNPs (vide supra). 

 

 
Figure 2-13. Michaelis–Menten curves of (A) ADH and (C) ADH-OxSiNPs and their corresponding 
Lineweaver–Burk plots (B, D). 
 

The KM values of GOx and ADH both increased by less than an order of magnitude 

upon their immobilization on the OxSiNPs. This reduction in the enzymes’ affinity for their 

respective substrates can be related to the size, shape, and surface composition of the OxSiNPs, 

making it a property specific to the nanomaterial employed for conjugation. Regardless, both 

enzymes remain active upon conjugation with the acid-OxSiNPs, thus affording catalytic 

photoluminescent bioinorganic hybrids.  

 

 



69 
 

2.4 Summary and Conclusions 
This work demonstrates the preparation of functional bioinorganic hybrids exhibiting 

photoluminescent properties and substrate-specific catalytic activity from freestanding oxide-

rich silicon-based nanoparticles and enzymes. The reported synthesis provides an expedient 

two-step route to bioconjugated silicon-based nanoparticles by precluding lengthy organic 

manipulations on the silicon surface. We have characterized the materials through FTIR, XPS, 

TEM, DLS, steady-state and time-resolved photoluminescence spectroscopy, and relevant 

enzyme activity assays, and confirmed the presence of groups characteristic of both 

nanoparticles and enzymes. The hybrids prepared are water-soluble, buffer-stable, and orange 

photoluminescent, which support their use for in vivo biomedical applications. The conjugated 

enzymes remain catalytically active upon immobilization on the silicon-based nanoparticles. 

The present catalytic hybrids potentially can be employed in simultaneous targeted enzyme-

based therapy and real-time bioimaging (e.g., gated imaging) of diseased tissues through 

conjugation with suitable enzymes and decoration with appropriate biorecognition motifs.        
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Chapter 3 
 
Interfacing Enzymes with Silicon Nanocrystals through 

the Thiol–Ene Reaction2 
 
3.1 Introduction 
Semiconductor nanoparticles (i.e., quantum dots; QDs) are promising materials for 

bioimaging, medical diagnostics, and chemical sensing.1–4 Their large absorption cross-section, 

intense photoluminescence, long excited-state lifetimes, large Stokes shifts, and photostability 

make them attractive alternatives to conventional organic fluorophores that are known to suffer 

from photobleaching as well as exhibit limitations related to comparatively short fluorescence 

lifetimes and small Stokes shifts.5,6 Most QDs, however, contain cytotoxic cadmium that can 

leach under oxidative conditions and/or upon exposure to ultraviolet radiation.7 While 

strategies have been explored to mitigate Cd2+ release,8–10 this characteristic still hinders the 

widespread utilization of QDs in many biological applications, including medical diagnostics 

and therapy.11,12 Silicon nanocrystals (SiNCs) or silicon QDs exhibit the favorable 

characteristics of their cadmium-containing QD counterparts while also being 

biocompatible.13,14 As such, a number of research groups have employed SiNCs as prototype 

in vitro and in vivo bioimaging platforms15–23 and as sensors for small molecules and ions.24–26 

SiNCs also have been conjugated with biological molecules, such as DNA27,28 and the proteins 

streptavidin29 and transferrin.17  

Very recently, our group reported the first example of functional bioinorganic hybrids 

that combined the properties of luminescent silicon-based nanoparticles with active enzymes 

by exploiting the amide coupling reaction.30 However, amide coupling, although widely 

reported throughout the literature, yields a number of unwanted side products (e.g., anhydrides, 

N-acylisourea) that can limit reaction yields greatly.31 Also, owing to the presence of reactive 

amine and carboxylic acid groups in enzymes and proteins, in general, intra and intermolecular 

crosslinking of enzyme molecules is inevitable.32 Thus, a more efficient and chemoselective 

 
2The contents of this chapter have been copied and/or adapted from the following publication: Robidillo, C. J. T.; Aghajamali, M.; Faramus, 
A.; Sinelnikov, R.; Veinot, J. G. C. Nanoscale 2018, 10, 18706-18719. Copyright © 2018 Royal Society of Chemistry. 
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bioconjugate reaction strategy that overcomes the aforementioned limitations is of great 

interest and will facilitate the preparation of bioinorganic hybrids better.        

 Of late, the thiol–ene ‘click’ reaction has gained popularity among bioconjugate 

chemists, partly because of its high yield, compatibility with water, insensitivity to oxygen, 

and the chemical robustness of the resulting thioether bond.33 In addition, this reaction tolerates 

a wide variety of functional groups, does not require metal-based catalysts,33,34 and addresses 

challenges associated with biomolecule crosslinking (vide supra). The utility of the thiol–ene 

reaction and the related thiol–yne reaction in materials and polymer chemistry also has been 

demonstrated in the functionalization of iron oxide nanoparticles, nanodiamonds, 

microspheres, and bulk silicon surfaces with small molecules, polymers, and carbohydrates.35–

40 Moreover, the thiol–ene chemistry has been employed in covalently printing proteins (e.g., 

antibodies, enzymes, fluorescent proteins) and DNA onto bulk surfaces, such as 

alkene-terminated polymer films,41 alkene-terminated glass,42 thiol-functionalized glass,43 and 

alkene-terminated silicon.44 There are also limited examples where a thiol–ene reaction has 

been applied to the derivatization of SiNCs to introduce a variety of surface groups. Cheng and 

co-workers installed amine, carboxyl, and sulfonate moieties on SiNCs surfaces.45 Similarly, 

Ruizendaal et al. used this strategy to functionalize alkene-terminated SiNCs with hydrophilic 

hydroxyl, poly(ethylene oxide), and carboxylic acid groups.27 Su and co-workers also 

employed the thiol–ene reaction in conjugating SiNCs with DNA.46 Clearly, the thiol–ene 

coupling reaction opens the door to a vast array of surface chemistries.  However, these known 

examples of thiol–ene ‘click’ chemistry being applied to SiNCs only involve modification of 

surface-emitting blue SiNCs that exhibit short-lived excited state lifetimes not amenable to 

SiNC applications, such as gated imaging. In this context, the important question remains: will 

the thiol–ene coupling chemistry compromise the optical properties of SiNCs emitting from 

long-lived excited states via a band gap transition? Furthermore, the thiol–ene reaction has not 

been employed yet to prepare functional bioinorganic hybrids made up of a combination of 

enzymes and freestanding SiNCs. In this regard, we will demonstrate the preparation of 

water-dispersible photoluminescent enzyme-conjugated SiNCs through the photochemical 

thiol–ene reaction. 
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3.2 Experimental Section 
 

3.2.1 Chemicals 
Commercial hydrogen silsesquioxane (HSQ, trade name Fox-17) dissolved in methyl isobutyl 

ketone was purchased from Dow Corning Corporation; the solvent was removed in vacuo, and 

the resulting white solid was used without further purification. Electronics grade hydrofluoric 

acid (49% HF(aq)) was obtained from J. T. Baker. Allyloxy poly(ethylene oxide) methyl ether 

(9–12 ethylene oxide units, MW ~ 450 g mol-1, ρ = 1.076 g mL-1) (Gelest), lactase (Lse, 3 kU, 

from Escherichia coli), urease (Use, 20 kU, from Canavalia ensiformis), alcohol 

dehydrogenase (ADH, 30 kU, from Saccharomyces cerevisiae), 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone (HHMP), o-nitrophenyl-β-D-galactopyranoside, 

sodium nitroprusside, alkaline hypochlorite solution (0.2% sodium hypochlorite in alkali 

solution), phenol (Sigma Aldrich), and 1,7-octadiene (MW = 110.2 g mol-1, ρ = 0.735 g mL-1) 

(Alfa Aesar) were used as received without further purification. All other reagents and solvents 

used were of analytical grade, unless otherwise indicated. 

 

3.2.2 Preparation of Oxide-Embedded Silicon Nanocrystals 
Oxide-embedded silicon nanocrystals were prepared following a well-established procedure 

developed in the Veinot laboratory.47,48 Briefly, four grams of HSQ were placed in a furnace 

(Sentro Tech. Corp.), heated to 1100 °C, and thermally processed at that temperature in an 

atmosphere of 5% H2 and 95% Ar for 1 h. The resulting amber-coloured product is a composite 

consisting of 3 nm silicon nanocrystals embedded in an oxide matrix. This composite was 

wetted with ethanol and ground using an agate mortar and pestle. The mixture was transferred 

into a flask containing glass beads, shaken for 6 h, and filtered through a hydrophilic membrane 

filter. The finely ground composite was stored in a standard glass vial and used as needed.  

 

3.2.3 Synthesis of Hydride-Terminated Silicon Nanocrystals (H-SiNCs) 
Hydride-terminated silicon nanocrystals (H-SiNCs) were liberated from the oxide matrix 

through HF etching. Three hundred milligrams of the powdered composite were dispersed in 

a 9 mL solution consisting of 49% HF (Note: HF is very corrosive. Handle it with extreme 
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care and in accordance with local regulations.), 100% ethanol, and deionized water in a 1:1:1 

volume ratio. The mixture was stirred for 40 min under ambient light and temperature 

conditions. The liberated H-SiNCs (ca. 30 mg) were isolated through multiple extractions with 

toluene (i.e., 3× 15 mL) and multiple centrifugation–decantation cycles in toluene (i.e., 3×, 

3000 rpm, 5 min).  

 

3.2.4 Synthesis of Alkene-Terminated Poly(ethylene oxide)-Coated Silicon 

Nanocrystals (ene-SiNCs) 
Mixed surface alkene-terminated poly(ethylene oxide)-coated silicon nanocrystals 

(ene-SiNCs) were prepared through thermal hydrosilylation. H-SiNCs obtained from etching 

300 mg of the composite were dispersed in a mixture of 1,7-octadiene (1.5 mL, 10.0 mmol) 

and allyloxy poly(ethylene oxide) methyl ether (4.5 mL, ~10.8 mmol) in a Schlenk flask 

equipped with a magnetic stir bar. This mixture was heated to 170 °C and stirred at that 

temperature for 12 h in an Ar atmosphere. The resulting water-dispersible silicon nanocrystals 

were purified by multiple centrifugation–decantation cycles in 5 mL absolute ethanol (i.e., 5×, 

3000 rpm, 5 min) followed by multiple centrifugation–decantation cycles in 5 mL mQ water 

(i.e., 5×, 3000 rpm, 5 min). Finally, the pellet containing the ene-SiNCs was suspended in mQ 

water to form 12.0 mL of dispersion (1.3 mg Si mL-1). 

 

3.2.5 Preparation of Enzyme-Conjugated Silicon Nanocrystals (enz-SiNCs) 
To a 1.0 mL mQ water dispersion of ene-SiNCs was added 2.0 mL of phosphate buffer 

(0.10 M, pH 7.0), 10 mg of 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone 

(HHMP), and 100 μL of 1.2 kU/mL lactase (Lse) or 100 μL of 6.7 kU/mL urease (Use) or 

10 μL of 15 kU/mL alcohol dehydrogenase (ADH) solution. The dispersion was exposed to 

ultraviolet (UV) light (365 nm) for 4 min using a handheld UV flashlight and then stirred for 

three hours at 25 °C. Afterwards, the mixture was centrifuged at 3000 rpm for 5 min, the 

supernatant collected, and the resulting pellet further subjected to multiple centrifugation–

decantation cycles in 5 mL phosphate buffer (0.10 M, pH 7.0) (i.e., 5×, 3000 rpm, 5 min). 

Finally, the pellet containing the enz-SiNCs was suspended in phosphate buffer (0.10 M, 

pH 7.0) to form 2.0 mL of dispersion (ca. 0.7 mg Si mL-1). 
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3.2.6 Desorption of Adsorbed Enzymes Using Hot Sodium Dodecyl Sulfate 

Solution 
Aqueous sodium dodecyl sulfate (5% (w/v); 1 mL) was added to each of three vials containing 

0.5 mL dispersions of Lse-SiNCs, Use-SiNCs, or ADH-SiNCs (ca. 0.7 mg Si mL-1) in 

phosphate buffer (0.10 M, pH 7.0). The resulting mixtures were heated to 100 °C in an oil bath 

for 1 h, after which they were cooled to room temperature and centrifuged at 3000 rpm for 

5 min. The supernatant was decanted and the resulting pellets subjected to multiple 

centrifugation–decantation cycles in 3 mL mQ water (i.e., 5×, 3000 rpm, 5 min). Finally, the 

pellets containing the enz-SiNCs were dispersed in 0.25 mL of mQ water. 

 

3.2.7 Characterization of ene-SiNCs and enz-SiNCs 
Fourier transform infrared (FTIR) spectra of ene-SiNCs and enz-SiNCs were obtained using a 

Nicolet Magna 750 IR spectrometer. X-ray photoelectron spectroscopy (XPS) analyses were 

carried out using a Kratos Axis Ultra instrument operating in energy spectrum mode at 210 W. 

Thin film samples for XPS were prepared by depositing the aqueous SiNC dispersion of choice 

onto a copper foil and drying in air. The instrument base and operating chamber pressures were 

kept at 10−7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used to excite samples, and 

spectra were obtained with an electron takeoff angle of 90°. When necessary, the charge 

neutralizer filament was used to minimize charging. Survey XP spectra were acquired using 

an elliptical spot with major and minor axis lengths of 2 and 1 mm, respectively, and a 160-eV 

pass energy with a step of 0.33 eV. CasaXPS software (VAMAS) was used to process all 

high-resolution spectra. Spectra were calibrated to the C 1s emission (284.8 eV), and a 

Shirley-type background was applied to remove most of the extrinsic loss structure. The 

high-resolution Si 2p region was fitted to Si 2p3/2 and Si 2p1/2 components, with spin-orbit 

splitting fixed at 0.6 eV and the Si 2p3/2 / Si 2p1/2 intensity ratio set to 2/1.  

Bright field transmission electron microscopy (TEM) imaging was performed using a 

JEOL 2010 TEM equipped with a LaB6 filament operating at an accelerating voltage of 

200 kV. SiNC specimens were prepared by depositing a drop of dilute dispersion containing 

the SiNCs of choice onto a carbon-coated copper grid (Ted Pella, Inc.). The nanocrystal size 

was determined for 300 particles using ImageJ software (version 1.51) and is reported as an 

average. Scanning electron microscopy (SEM) images were acquired using a ZEISS Sigma 
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300 VP-FESEM equipped with a back-scattered electron (BSE) detector and a Bruker energy 

dispersive X-ray (EDX) spectroscopy system operated at 10 kV. The SEM samples were 

prepared by drop-coating of dilute aqueous solutions of the enzyme-conjugated SiNCs onto 

double-sided carbon tapes attached onto aluminum stubs (Ted Pella, Inc.). Dynamic light 

scattering (DLS) analyses were performed using a Malvern Zetasizer Nano S series equipped 

with a 633-nm laser. Dilute buffer dispersions of ene-SiNCs and enz-SiNCs (ca. 0.03 mg Si 

mL-1) were equilibrated to 25 °C prior to data acquisition and scanned three times. 

Absorbance spectra of the samples were recorded using a SpectraMax® i3x multimode 

microplate reader. Photoluminescence (PL) spectra of the samples were obtained using a 

Varian Cary Eclipse fluorescence spectrometer (λex = 350 nm). Photostability experiments 

were performed by exposing dispersions of ene-SiNCs and enz-SiNCs in phosphate buffer 

(0.10 M, pH 7.0) to UV light (UV Trans-illuminator; λex = 365 nm) and covering them with a 

non-reflective enclosure. PL intensities were monitored after 0, 1, 2, 4, and 6 h using a 

SpectraMax® i3x multimode microplate reader (λex = 350 nm). Photostability under ambient 

light conditions was monitored similarly but in the absence of UV light. PL intensities were 

recorded after 0, 1, 2, 3, and 4 days using a Varian Cary Eclipse fluorescence spectrometer 

(λe = 350 nm). Time-resolved PL spectroscopy was measured using an Argon ion laser with 

351-nm emission wavelength, which was modulated by an acousto-optic modulator (response 

time ~50 ns) operated at a frequency of 200 Hz with a 50% duty cycle. The PL was fed into an 

optic fiber, passed through a 500 nm long-pass filter, and was then incident on a Hamamatsu 

H7422P-50 photomultiplier tube interfaced with a Becker-Hickl PMS-400A gated photon 

counter. The PL data were collected in 1 μs timesteps, and a total of 10,000 sweeps were 

collected to ensure an adequate signal-to-noise ratio. The luminescence decays were calculated 

using lognormal fitting of the data.49,50 PL quantum yield measurements were performed using 

a home-built integrating sphere. A phosphate buffer (0.10 M, pH 7.0) blank and sample 

dispersions were placed in a quartz cuvette-housed integrating sphere, and light supplied by a 

365 nm light-emitting diode was used as the excitation source. The PL and excitation 

intensities were captured through a fiber attached to the sphere and analyzed with a calibrated 

Ocean Optics spectrometer. Quantum yields (QY) were determined using the equation QY = 

(IPL,sample – IPL,blank)/(Iex,blank – Iex,sample), where IPL is the integrated photoluminescence intensity 
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and Iex is the excitation intensity. The measured samples have an absorbance of 0.1 at 365 nm. 

All measurements were performed in quadruplicates. 

  

3.2.8 Evaluation of Catalytic Activity of enz-SiNCs through Enzyme Activity 

Assays 
 

3.2.8.1 o-Nitrophenyl-β-D-Galactopyranoside Assay for Lactase (Lse) Activity 

Predefined volumes (i.e., 100 μL each) of 15 mM o-nitrophenyl-β-D-galactopyranoside(aq) and 

phosphate buffer (0.10 M, pH 7.0) were added to a series of different vials containing 100 μL 

of Lse (12 U/mL) in phosphate buffer (0.10 M, pH 7.0), 100 μL of supernatant obtained from 

the first round of centrifugation of Lse-SiNCs, 100 μL of Lse-SiNC dispersion (ca. 0.7 mg Si 

mL-1) in phosphate buffer (0.10 M, pH 7.0), or 100 μL of phosphate buffer (0.10 M, pH 7.0). 

The vials were inspected qualitatively visually and analyzed spectroscopically for the 

formation of a yellow solution arising from the formation o-nitrophenolate ion (λmax = 420 nm), 

which indicates lactase activity.51,52 

 

3.2.8.2 Berthelot Assay for Urease (Use) Activity 

Aqueous urea (3.3 M; 200 μL) and phosphate buffer (0.10 M, pH 7.0; 300 μL) were added to 

a series of different vials containing 100 μL of Use (67 U/mL), 100 μL of supernatant obtained 

from the first round of centrifugation of  Use-SiNCs, 100 μL of dispersion of Use-SiNCs 

(ca. 0.7 mg Si mL-1) in phosphate buffer (0.10 M, pH 7.0), or 100 μL of phosphate buffer 

(0.10 M, pH 7.0). Following stirring the vials for 1 h, aqueous phenol (44.1 mM; 250 μL), 

aqueous alkaline hypochlorite (0.2% sodium hypochlorite in alkali solution; 250 μL), and 

aqueous sodium nitroprusside (173 mM; 250 μL) were added to each. The vials were immersed 

in boiling water for 3 min, inspected qualitatively visually, and analyzed spectroscopically for 

the appearance of a blue solution53 arising from the formation of indophenol (λmax = 670 nm) 

as a result of urease activity. 
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3.2.9 Photoluminescence (PL) Quenching Experiments 
 

3.2.9.1 Quenching of Lse-SiNC PL in the Presence of o-Nitrophenyl-β-D-

Galactopyranoside 

Aqueous o-nitrophenyl-β-D-galactopyranoside (15 mM; 0.15 mL) or phosphate buffer 

(0.10 M, pH 7.0; 0.15 mL) were added to two separate vials containing a dispersion of 

Lse-SiNCs (ca. 0.7 mg Si mL-1) in phosphate buffer (0.10 M, pH 7.0; 0.15 mL).  The PL and 

absorbance spectra of the resulting mixtures were acquired 10 min after mixing using a 

SpectraMax® i3x multimode microplate reader (λex = 350 nm). The experiments were 

performed in triplicates. 

 

3.2.9.2 Quenching of Use-SiNC Photoluminescence in the Presence of Urea 

Aqueous urea (3.3 M; 0.5 mL) or phosphate buffer (0.10 M, pH 7.0; 0.5 mL) were added to 

two separate vials containing a dispersion of Use-SiNCs (ca. 0.7 mg Si mL-1) in phosphate 

buffer (0.10 M, pH 7.0; 0.5 mL). Next, the PL spectra of the resulting mixtures were measured 

0, 2.5, 6, 9, and 16 h after mixing using a Varian Cary Eclipse fluorescence spectrometer 

(λex = 350 nm). The experiments were performed in triplicates. 

 

3.3. Results and Discussion  
The utility of thiol–ene ‘click’ chemistry in the immobilization of proteins on bulk surfaces 

has been reported widely in the literature. Weinrich et al. have used this reaction in the 

fabrication of protein microarrays through the reaction of farnesylated proteins with thiol-

terminated glass slides.43 Jeong and co-workers also have employed this strategy in 

immobilizing cysteine-containing antibodies, fluorescent proteins, and protein scaffolds on 

glass, paper, and polyethylene films.41  Buhl et al. used this reaction in covalently printing 

glucose oxidase and lactase on alkene-terminated glass. In addition, it also has been used in 

bioconjugate reactions, such as glycosylation of proteins with thiolated carbohydrates54 and 

oligomerization of the protein ubiquitin.55 Encouraged by these reports, we set out to interface 

enzymes with freestanding silicon nanocrystals (SiNCs) through the thiol–ene ‘click’ reaction.  
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In this context, hydride-terminated SiNCs (H-SiNCs) were synthesized via thermally 

induced disproportionation of hydrogen silsesquioxane, followed by alcoholic HF 

etching.47,48,56 Subsequently, H-SiNCs were functionalized with 1,7-octadiene and allyloxy 

poly(ethylene oxide) methyl ether moieties via thermal hydrosilylation (Figure 3-1A).30,48 This 

mixture of surface ligands was identified because the poly(ethylene oxide) chains were 

expected to render the SiNCs hydrophilic and minimize nonspecific protein adsorption,57–60 

while the alkene groups provided the necessary platform for conjugation with enzymes.  

Successful surface derivatization of SiNCs and the introduction of alkene moieties were 

confirmed by evaluating the Fourier transform infrared (FTIR) spectrum of alkene-terminated 

poly(ethylene oxide)-coated silicon nanocrystals (ene-SiNCs), which showed the expected 

spectral signatures (Figure 3-1B).  The immediately obvious difference between the spectrum 

of H-SiNCs (Figure 3-2) and that of the ene-SiNCs is the diminished intensity of the feature 

routinely assigned to Si–Hx stretching at ca. 2100 cm-1 in the spectrum of the latter.48 More 

detailed evaluation of the spectrum reveals a feature attributed to C=C stretching vibration at 

1663 cm-1.61 We also note a broad absorption at ca. 1100 cm-1 that arises as a result of a 

combination of Si–O, C–O and C–C stretching vibrations as well as a peak at ca. 1470 cm-1 

arising from aliphatic –CHx– bending vibrations.47,62,63 There also is a feature at ca. 1730 cm-1 

that we assign to formate ester groups appended to the nanocrystal surface that form as a result 

of the thermal oxidation of poly(ethylene oxide).20,64,65 X-ray photoelectron spectroscopy (XPS) 

analyses of ene-SiNCs show C 1s emissions characteristic of C=C, C–C and C–H carbons 

(284.8 eV), C–O carbons (286.5 eV), and carboxyl carbons (288.7 eV) arising from alkenyl 

and poly(ethylene oxide) ester chains (Figure 3-1C).19,40,66 The Si 2p region of the XP spectrum 

of ene-SiNCs (Figure 3-1D) indicates the presence of Si(0) and oxidized silicon species – Si(I), 

Si(III), and Si(IV). These silicon suboxides result from the aqueous oxidation of silicon that 

most certainly occurs during purification and subsequent dispersion in water.67,68  
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Figure 3-1. (A) Scheme showing thermally induced hydrosilylation of 1,7-octadiene and allyloxy poly(ethylene 
oxide) methyl ether with H-SiNCs (–OOCH is a formate ester group). (B) FTIR spectrum, (C) C 1s and (D) Si 
2p spectral regions of the XP spectrum of ene-SiNCs (Si 2p1/2 peaks were omitted for clarity). 
 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3-2. FTIR spectrum of hydride-terminated silicon nanocrystals (H-SiNCs). 
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With SiNCs bearing alkene moieties in hand, it was imperative to confirm whether the 

thiol–ene reaction of ene-SiNCs with enzymes would, in fact, proceed. Three 

cysteine-containing enzymes, lactase (Lse), urease (Use), and alcohol dehydrogenase (ADH), 

were chosen as representative enzymes and reacted with ene-SiNCs in the presence of 

2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (HHMP), as a water-soluble 

photoinitiator, and ultraviolet (UV) light (365 nm) (Scheme 3-1). The radicals that result from 

the dissociation of HHMP upon UV light exposure abstract hydrogen atoms from the thiol 

groups of cysteine residues, forming thiyl radicals. These radicals add across the alkene 

carbons in an anti-Markovnikov fashion,42 leading to the attachment of the enzyme molecules 

to the nanocrystal surface. The resulting enzyme-conjugated SiNCs (enz-SiNCs) were purified 

through repeated centrifugation–decantation cycles, the reaction mixture was transferred into 

a test tube, and centrifuged multiple times in order to separate the hybrids from unbound 

enzyme molecules. The hybrids are centrifuged to yield a pellet, while the unbound enzyme 

molecules remain in the supernatant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 3-1. Bioconjugation of ene-SiNCs with enzymes through the photochemical thiol–ene reaction. 
 

The covalent attachment of the enzymes to the SiNCs was verified initially through 

desorption of potentially adsorbed proteins on the nanocrystals following an established 

literature procedure that uses a hot solution of sodium dodecyl sulfate (SDS) in water as a 

desorbing agent.69–71 SDS is a powerful denaturant that unfolds and coats protein molecules 

through hydrophobic interactions and, in the process, breaking their nonspecific interactions 

with nanoparticle surfaces.71,72 Heat also denatures proteins, causing them to lose their 

characteristic three-dimensional structures,73 thereby weakening their interactions with 
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nanoparticle surface groups.71 The resulting bioinorganic hybrids from the thiol–ene reaction 

were heated to 100 °C in 3.3% (w/v) SDS solution in phosphate buffer for 1 h. FTIR spectra 

of the bioinorganic hybrids before and after SDS treatment are shown in Figure 3-3. The 

peptide (i.e. amide) bond peaks at 1650–1500 cm-1, characteristic of enzymes74 (vide infra), 

persisted in Lse-SiNCs and Use-SiNCs, while the same peaks disappeared in ADH-SiNCs after 

treatment with a hot SDS solution. These observations are consistent with  Lse and Use being 

covalently linked to the SiNCs, while ADH is adsorbed only physically on the nanocrystals. 

Lse and Use have approximately 43 and 36 exposed cysteine residues,51,75–77 respectively, while 

ADH just contains 4 available cysteine residues at most for reaction.78 These results suggest 

that a minimum number of cysteine residues is necessary for a succesful thiol–ene reaction 

between proteins and alkene-terminated nanoparticles. 

 

 
Figure 3-3. FTIR spectra of (A) Lse-SiNCs, (B) Use-SiNCs, and (C) ADH-SiNCs before (top) and after (bottom) 
treatment with hot SDS solution. 

 

The covalent bioinorganic hybrids obtained from Lse or Use and ene-SiNCs were 

characterized using FTIR and XPS. As mentioned previously, successful bioconjugation of the 

enzymes with the ene-SiNCs was confirmed by the appearance of amide peaks in the 1650–

1500 cm-1 region of the FTIR spectrum, characteristic of amide C=O stretching and N–H 

bending vibrations (Figures 3-4A and 3-4B).74 The C 1s XP spectra of the enz-SiNCs (Lse-

SiNCs and Use-SiNCs) also show peaks characteristic of the aliphatic carbon (ca. 284.8 eV  
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Figure 3-4. FTIR spectra of (A) Lse (top) and Lse-SiNCs (bottom), and (B) Use (top) and Use-SiNCs (bottom). 
 

and 286.4 eV) and peptide bond (ca. 288.2 eV) framework of the enzymes (Figures 3-5A and 

3-5D).79 Furthermore, the nitrogen atoms of the enzymes, which show a peak at around 

400.0 eV, also were detected in the N 1s XP spectra of the bioinorganic hybrids (Figures 3-5B 

and 3-5E).42 As expected, survey XPS analysis did not detect the presence of N in the ene-

SiNCs at the limit of detection of the XP spectrometer (Figure 3-6). We conclude that the 

appearance of N 1s XP emissions in the spectra of the hybrids arise as a result of the N atoms 

of the surface-tethered enzymes. In addition, the Si 2p XP spectra of enz-SiNCs (Figures 3-5C 

and 3-5F) show features consistent with the presence of Si(0) and silicon suboxides. Bright 

field transmission electron microscopy (TEM) and average shifted histogram80 analyses of ene-

SiNCs revealed a diameter of 4.6 ± 1.3 nm (Figure 3-7). Unfortunately, attempts to image the 

enz-SiNCs were unsuccessful and may be the result of particle-enzyme crosslinking (vide 

infra) and/or the presence of the enzyme. Backscattered scanning electron microscopy 

(BSE/SEM) imaging and energy-dispersive X-ray spectroscopy ( EDX) mapping of the enz-

SiNCs revealed aggregated silicon particles. Unfortunately, no useful size information 
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regarding the structure of the hybrids can be obtained at the limit of resolution of the SEM 

technique (Figure 3-8). 

 

 
Figure 3-5. (A) C 1s, (B)  N 1s, and (C) Si 2p XP spectra of Lse-SiNCs, and (D) C 1s, (E) N 1s,  (F) Si 2p XP 
spectra of  Use-SiNCs (Si 2p1/2 peaks were omitted for clarity). 
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Figure 3-6. Survey XP spectra of ene-SiNCs (A) before and (B) after background correction. Notice that the 
material does not contain nitrogen (i.e., absence of N 1s peak at ca. 400 eV), as expected.   
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Figure 3-7. (A) Bright field TEM image of ene-SiNCs. (B) Average shifted histogram of 300 nanocrystals. 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-8. (A) BSE/SEM images and (B) EDX mapping of Lse-SiNCs and Use-SiNCs on a carbon tape. The 
brighter regions in the BSE/SEM images correspond to enz-SiNCs, as confirmed by EDX mapping. 
 

Dynamic light scattering (DLS) analyses of ene-SiNCs and enz-SiNCs provides insight 

into the nature of the SiNCs in suspension. The enzyme-free ene-SiNCs showed a mean 

hydrodynamic diameter of approximately 620 nm (Figure 3-9), suggesting substantial 

agglomeration/aggregation. This agglomeration/aggregation may result from interactions 
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between the poly(ethylene oxide) and alkenyl chains on the nanocrystal surfaces, however, 

covalent linkages between nanocrystals via the diene are not unexpected and cannot be 

discounted.  Despite the large particle sizes, the ene-SiNCs remain dispersible in water and 

remain suspended for up to 24 h, after which they begin to settle from suspension. Of important 

note, the ene-SiNCs are readily redispersed with mild aggitation.    

DLS evaluation of enz-SiNCs showed aggregates having hydrodynamic sizes ranging 

from 80 to 140 nm (Figure 3-9). Not surprisingly, conjugation with enzymes renders 

enz-SiNCs more hydrophilic and compatible with aqueous media. The hydrodynamic 

dimensions of the enz-SiNC hybrids  are larger than what is expected (i.e., 15–18  nm) for a 

SiNC-enzyme dimer (i.e., one nanocrystal bonded to one enzyme molecule). This estimate is 

based upon the knowledge that the hydrodynamic diameters of Lse and Use molecules are 

12.2 ± 3.8 and 10.1 ± 2.7 nm, respectively, and that typical water-soluble SiNCs possess 

hydrodynamic diameters of ca. 5.5 nm. Considering that Lse and Use are estimated to have 

43 and 36 total exposed cysteine residues per enzyme molecule,51,75–77 respectively, and that 

crosslinking between polyenes and polythiols is known,81 enzyme mediated cross-linking of 

ene-SiNCs is not unexpected. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 3-9. DLS size distribution analysis of Lse, Use, ene-SiNCs, Lse- SiNCs, and Use-SiNCs. The inset shows 
a magnified view of the 0–200 nm region. 
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Figure 3-10A and 3-10B show water-dispersible ene-SiNCs and enz-SiNCs that exhibit 

red PL (λem = 640 nm and 630 nm, respectively), quantum yields in the range of 39–47% 

(λex = 365 nm; Table 3-1), and microsecond lifetimes (40–52 μs; Figure 3-11). Consistent with 

other reports, these SiNCs absorb strongly at wavelengths shorter than 400 nm (Figure 

3-10C).15,17,30,82,83 The enz-SiNCs obtained from the thiol–ene reaction have PL maxima that are 

slightly blue-shifted from that of the parent ene-SiNCs (ca. 10 nm) (Figure 3-10D). This 

spectral shift can be attributed to the influence of oxidation of the silicon nanocrystal surface 

upon conjugation with enzymes.30 Oxide surface traps have been implicated in similarly 

blue-shifted SiNC photoluminescence.82 The ratio of PL intensity after a given time period to 

the initial PL intensity at 640 nm (I/I0) of ene-SiNCs and enz-SiNCs decreased with time upon 

continuous illumination with a 365-nm UV light (Figure 3-10E), consistent with the 

UV-induced oxidation of styrene-grafted silicon nanocrystals in toluene observed by Hua and 

co-workers.84 The PL intensities of their SiNCs decreased by approximately 95% after 6 h, 

while that of the present systems decreased by 45–75% after the same time period. The greater 

resistance of our SiNCs to photobleaching is of note since the present nanocrystals were 

dispersed in an aqueous environment. Water molecules are known to cause decomposition of 

silicon.68,85 In addition, the present bioinorganic hybrids exhibit comparable photostability to 

hybrids that we have prepared using the amide coupling reaction.30 Figure 3-10F shows that 

the PL intensities of our SiNCs decreased by 15–70% of their original values after being 

dispersed in phosphate buffer for four days under ambient light and temperature conditions. 

Despite this loss in PL intensity, the enz-SiNCs remain photoluminescent in phosphate buffer 

even after being left to stand at room temperature and in ambient light for more than eight 

months. Also, both the ene-SiNCs and enz-SiNCs can be stored in a -20 °C freezer with no 

visibly observable change in PL intensity after one year. A similar observation was made by 

Dickinson et al. for a dispersion of undecyl-capped silicon nanocrystals in 1% (v/v) 

THF/phosphate buffer.86 The relative photostability displayed by the present SiNCs in 

phosphate buffer, both under UV illumination and in ambient light and temperature conditions, 

is of note given the well-established degradation (i.e., dissolution) of silicon nanomaterials 

upon prolonged dispersion in aqueous environments.68,85  
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Figure 3-10. Photographs of ene-SiNCs, Lse-SiNCs, and Use-SiNCs in (A) ambient light and (B) under UV light 
(λex = 365 nm) illumination. (C) Normalized UV-vis absorption and (D) normalized PL spectra of ene-SiNCs, 
Lse-SiNCs, and Use-SiNCs (λex = 350 nm). Ratio of PL intensity after a given time period to the initial PL 
intensity at 640 nm (I/I0) of ene-SiNCs, Lse-SiNCs, and Use-SiNCs as a function of time under (E) continuous 
UV light (λex = 365 nm) illumination and (F) ambient light conditions. 
 

 
 
Figure 3-11. Photoluminescence decay plots of (A) ene-SiNCs, (B) Lse-SiNCs, and (C) Use-SiNCs. The lifetimes 
were calculated using lognormal fitting. 
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Table 3-1. Absolute Quantum Yields of ene-SiNCs, Lse-SiNCs, and Use-SiNCs (λex = 365 nm) 
 

Silicon Nanocrystal Absolute Quantum Yield, % 
ene-SiNC 39.1 ± 4.0 
Lse-SiNC 47.1 ± 3.5 
Use-SiNC 43.7 ± 1.0 

 

Lactase is an enzyme that catalyzes the hydrolysis of lactose into galactose and 

glucose.51 The catalytic activity of Lse-SiNCs were tested using the o-nitrophenyl-β-D-

galactopyranoside (ONPG) assay (Figure 3-12A). In this assay, lactase hydrolyzes ONPG into 

galactose and nitrophenolate ion, which forms a yellow solution in water and absorbs at 

420 nm.51,52 Figures 3-12B and 3-12C illustrate that pure Lse and the Lse-SiNCs show a 

positive reponse (i.e., yellow colour) for the formation of the nitrophenolate ion. The enzymatic 

activity of the supernatant, which contains unbound Lse, is minimal compared to that of the 

Lse-SiNC pellet recovered during purification, consistent with most of the enzyme molecules 

being conjugated with the SiNCs. As expected, the phosphate buffer did not show any catalytic 

activity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-12. (A) o-Nitrophenyl-β-D-galactopyranoside (ONPG) assay for lactase activity. (B) Photographs and 
(C) absorbance spectra of vials containing the assay reagents and tested samples.    
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Le´tant and co-workers have reported the fabrication of a chemical sensor for p-

nitrophenyl-β-D-galactopyranoside from porous silicon conjugated with the enzyme 

glucuronidase, an enzyme that shows catalytic activity similar to lactase. The p-nitrophenolate 

ion produced from the reaction is believed to quench the photoluminescence of porous silicon 

through a charge-transfer mechanism.87 Based on this PL response, the same researchers have 

demonstrated that bulk porous silicon conjugated with organophosphorous acid anhydrolase 

can be used in the detection of the nerve agent surrogate p-nitrophenyl-soman.88 Similarly, 

based upon the known response of functionalized SiNCs,50,89 we anticipated o-nitrophenolate 

from the hydrolysis of ONPG to quench the PL of Lse-SiNCs. Figure 3-13A shows that the 

addition of ONPG to a dispersion of Lse-SiNCs in phosphate buffer caused its PL to disappear 

after 10 min. This quenching of PL is accompanied by formation of o-nitrophenolate ion, as 

suggested by both the resulting yellow dispersion and the characteristic absorption peak at 

420 nm (Figures 3-13B and 3-13C). 

 

 
Figure 3-13. (A) Photographs of a vial containing only Lse-SiNCs and a vial containing Lse-SiNCs and 7.5 mM 
o-nitrophenyl-β-D-galactopyranoside (ONPG) in ambient light (top) and under UV light (λex = 365 nm) 
illumination (bottom). (B) PL spectra of Lse-SiNCs in the presence and absence of 7.5 mM ONPG (λex = 350 
nm). (C) Absorbance spectra of Lse-SiNCs in the presence and absence of 7.5 mM ONPG. 
 

As part of the present study, we also immobilized urease on SiNCs through the thiol–

ene reaction. Urease, a Ni-containing multisubunit enzyme, catalyzes the hydrolysis of urea 

into ammonia and carbon dioxide.90–92 The activity of Use-SiNCs was evaluated through the 

Berthelot assay, in which ammonia, hypochlorite, and phenol, in the presence of sodium 

nitroprusside as catalyst, form indophenol blue (Figure 3-14A).53 Figure 3-14B shows that the 

test sample containing pure Use formed a blue solution, while the sample containing only 

phosphate buffer did not. The pellet and supernatant obtained from Use-SiNC purification, 
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containing the bioinorganic hybrids and the unconjugated Use molecules, respectively, also 

formed blue solutions. These results suggest that surface-immobilized Use molecules remain 

cataytically active upon bioconjugation. The absorbance spectra of the vials containing pure 

Use, Use-SiNCs, unbound Use, and the assay reagents showed an absorbance at 670 nm, 

consistent with the formation of indophenol. (Figure 3-14C). 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-14. (A) Berthelot assay for urease activity. (B) Photographs and (C) absorbance spectra of vials 
containing the assay reagents and tested samples.    
 

It is established that amines react with SiNCs and alter their PL properties (i.e., cause 

a shift in PL maximum or quench PL) through the formation of oxynitride species, the 

hydroxide ion-mediated silicon nanocrystal decomposition, or the dynamic quenching caused 

by the electron-donating nature of amines.93–96 We envisaged then that the conjugation of 

urease with SiNCs could afford bioconjugate hybrids that can be used in detecting urea since 

ammonia, its hydrolysis product, potentially can quench SiNC PL. We have added an aqueous 
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solution of urea to a dispersion of Use-SiNCs in phosphate buffer and have indeed observed 

quenching of SiNC PL. Figure 3-15A shows two vials, one with urea and the other without, 

under UV illumination at different times after the addition of urea. A visually observable 

decrease in PL intensity can be seen after around 2.5 h. Figure 3-15B, however, shows that a 

significant drop (i.e., 30%) in PL intensity is realized immediately after addition of urea. This 

observation is consistent with the hydrolysis of urea into carbon dioxide and ammonia. It also 

suggests that the reaction between the SiNCs and ammonia (and/or hydroxide ions) occurs 

rapidly. Urea is the principal nitrogen-containing waste product of metabolism and is crucial 

for the diagnosis of a number of disorders (e.g., kidney failure, liver malfunction).97 The present 

PL quenching observations with Use-SiNCs suggest that they could provide a convenient 

platform for urea quantification.        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-15. (A) Photographs of a vial containing only Use-SiNCs and a vial containing Use-SiNCs and 1.7 M 
urea under UV light (λex = 365 nm) illumination at varying times after the addition of urea. (B) PL spectra of Use-
SiNCs at varying times in the presence of 1.7 M urea (λex = 350 nm). 
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3.4 Summary and Conclusions 
We have prepared functional bioinorganic hybrids exhibiting long-lived red-

photoluminescence and catalytic activity from freestanding silicon nanocrystals and enzymes 

through the thiol–ene ‘click’ reaction. Characterization of the hybrids through FTIR, XPS, 

TEM, DLS, steady-state and time-resolved PL spectroscopy, and pertinent enzymatic assays, 

confirmed the presence of groups characteristic of both silicon nanocrystals and enzymes. The 

hybrids prepared were dispersible and stable in water and phosphate buffer. We also have 

shown the potential use of these materials for the chemical detection o-nitrophenyl-β-D-

galactopyranoside and urea. Lastly, aside from chemical detection, the bioinorganic hybrids 

synthesized here potentially offer an attractive platform for the simultaneous imaging and 

treatment of diseased tissues by taking advantage of the long-lived photoluminescence of 

silicon nanocrystals (i.e., time-gated imaging) and the substrate-specific activity of therapeutic 

enzymes.   
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Chapter 4 
 
Ratiometric Detection of Nerve Agents by Coupling 

Complementary Properties of Silicon-Based Quantum 

Dots and Green Fluorescent Protein3 
 
4.1 Introduction 
Nerve agents belong to a class of phosphorous-containing organic compounds broadly known 

as organophosphate esters (OPEs; organic esters of phosphoric acids). These reagents are 

potent inhibitors of the neurologically important enzyme acetylcholinesterase (AChE)1,2 by a 

mechanism that involves phosphorylation of the catalytically important serine residue in the 

enzyme’s active site.1,2 The associated diminished activity of AChE leads to a dramatic 

increase in levels of acetylcholine (ACh), a neurotransmitter that is released at nerve synapses, 

which is important for normal nervous system function.1,2 Accumulation of toxic levels of ACh 

causes impaired cholinergic synapse transmission, leading to respiratory depression, prolonged 

seizures, and death.1,2 Nerve agents are toxic by all routes of exposure (e.g., inhalation, 

ingestion, contact with skin and eye) and are particularly potent percutaneous hazards.1,2 

Paroxon (PX), a p-nitrophenyl-containing organophosphate ester, is one of the most 

potent organophosphate nerve agents.3,4 As such, it is used rarely now as a pesticide in the 

agriculture industry. Unfortunately, the possibility of human exposure cannot be ignored 

because PX has been weaponized.5 Parathion (PT), another extremely toxic p-nitrophenyl-

containing organophosphate nerve agent, has been banned for use as a pesticide in many 

jurisdictions6 (e.g., India, China, Japan, Thailand, New Zealand, Turkey, Sweden, United 

Kingdom, Russia).7 Despite its limited availability, numerous reports have implicated it in 

poisonings and attempted suicides.8 PT also has been employed in chemical warfare.9  

Infrastructure-intensive methods for the selective and sensitive determination of OPEs 

involving gas and liquid chromatography as well as mass spectrometry have been reported in 

 
3The contents of this chapter have been copied and/or adapted from the following publication: Robidillo, C. J. T.; Wandelt, S.; Dalangin, R.; 
Zhang, L.; Yu, H.; Meldrum, A.; Campbell, R. E.; Veinot, J. G. C. ACS Appl. Mater. Interfaces 2019, 11, 33478-33488. Copyright © 2019 
American Chemical Society. 
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the literature.10–13 While accurate and sensitive, these methods suffer from limiting drawbacks, 

such as the need for costly instrumentation and the necessity for highly trained technicians for 

operation; these two factors alone preclude the convenient implementation of these methods.14 

Recently, nanomaterial-based detection methods for OPEs have been developed.14–17 These 

approaches rely on enzyme-substrate specificity18 for selective detection and signal 

amplification resulting from the nanostructures’ role as enzyme-carriers.15 Adding to the 

material function, the catalytic action of the enzyme on OPEs produces an electrochemical 

signal or photoluminescence (PL) quenching species, among others, that provides a mode of 

detection.14–16,18 In some instances, biosensor response is reliant upon the formation of an end-

product (e.g., hydrogen peroxide) that arises from a cascade of chemical reactions catalyzed 

by multiple enzymes.17,19 Though sensitive and selective, the dependence of these methods on 

the (combined) action of enzyme(s) adds complexity that could compromise biosensor 

performance (e.g., unwanted/unexpected denaturation and irreversible inactivation of 

enzymes). In addition, some reported fluorescent OPE sensors employ cytotoxic cadmium-

based quantum dots (e.g., CdTe QDs)17,20 or involve the use of toxic heavy metal ions, such as 

lead for detection.21 This heavy metal reliance also potentially limits the utility of these systems 

in ‘real-world’ sensing applications. 

Silicon-based quantum dots (SiQDs) are photoluminescent semiconductor 

nanoparticles that have attracted considerable interest as active materials in many applications, 

including bioimaging and biological and chemical sensing.22–24 Their unique photophysical 

properties and biocompatibility make them an attractive alternative to commercially available 

cytotoxic CdSe and CdTe QDs.25–28 Green fluorescent protein (GFP) is a naturally-occurring 

protein molecule that emits intense green fluorescence when excited with blue or ultraviolet 

(UV) light.29 This biomolecule consists of a peptide-derived fluorophore that is encased within 

a ‘barrel-like’ protein structure.30 Owing to their biocompatibility and tailorable fluorescence, 

GFP, its naturally occurring homologues,  and engineered variants thereof, have been exploited 

for bioimaging and sensing.31,32  

Ratiometric PL sensors have been demonstrated for fluorophore combinations 

consisting of nanomaterials such as CdSe or CdTe QDs and carbon dots, among others.33–35 

Compared to standard photoluminescence-based sensors that only employ one emitter, 

ratiometric sensors offer unique advantages of visual analyte detection and probe 
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concentration-independent response.35 Although ratiometric sensing using porous silicon has 

been demonstrated already,36 to our knowledge, no ratiometric sensors based upon freestanding 

SiQDs have been reported to date, presumably because the SiQD optical response typically is 

quenched or at least altered by most luminescent dye pairings. The complementary properties 

of SiQDs and GFPs, e.g., their complementary spectral response (red photoluminescence vs. 

green fluorescence), complementary chemical nature (inorganic vs. organic emitter), 

accessibility/non-accessibility of their emission centers (exposed SiQDs vs. isolated peptide-

based fluorophore), and their biocompatibility provide near-ideal and convenient starting 

materials for developing a sensitive, cost effective, and toxic-metal-free ratiometric sensor 

platform. Here, we present a straightforward, convenient, biocompatible, paper-based 

ratiometric photoluminescent sensor for the nerve agents PX and PT that employs the long 

Stokes shift (LSS) GFP variant, mAmetrine1.2,37 and red-emitting SiQDs, and where the SiQD 

PL is quenched selectively by the OPE in question. This new sensing platform provides a 

convenient and rapid visual detection system for OPEs via direct selective quenching and 

eliminates the need for heavy metals and intermediary biomolecules that could limit device 

utility. 

 

4.2 Experimental Section 
 

4.2.1 Chemicals 
A methyl isobutyl ketone solution of hydrogen silsesquioxane (HSQ, trade name Fox-17, Dow 

Corning) was evaporated to dryness to yield a white solid. Aqueous electronics grade 

hydrofluoric acid (49%) was used as received from J. T. Baker. Allyloxy poly(ethylene oxide) 

methyl ether (9–12 ethylene oxide units, M ~ 450 g mol-1, ρ = 1.076 g mL-1, Gelest), 

10-undecenoic acid (M = 184.28 g mol-1, ρ = 0.912 g mL-1), paraoxon (PX), parathion (PT), 

diazinon (DZ), malathion (MT), chlorpyrifos (CP) (Caution: Organophosphate esters must be 

handled with extreme caution. Employ appropriate personal protective equipment as directed 

by local authorities and/or supplier.), p-nitrophenol (PN), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) (Millipore Sigma) were used as received. All other 

reagents and solvents used were of analytical grade, unless otherwise specified. 
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4.2.2 Preparation of Oxide-Embedded Silicon Nanoparticles 
A composite of oxide-embedded silicon nanoparticles (SiNPs) was prepared following a well-

established method developed in the Veinot laboratory.38 One gram of HSQ was processed 

thermally by heating in a standard tube furnace to 1100 °C for 1 h in an atmosphere of  5% H2 

and 95% Ar. This procedure yielded silicon oxide-embedded inclusions of elemental silicon 

with dimensions of ca. 3 nm. This composite was annealed further for 1 h at 1200 °C in an Ar 

atmosphere to grow the inclusion dimensions to ca. 6 nm. The resulting ‘6 nm’ composite was 

processed into a finely powdered stock material, as described previously.39  

 

4.2.3 Synthesis of Hydride-Terminated Silicon Nanoparticles (H-SiNPs)  
Hydride-terminated silicon nanoparticles (H-SiNPs) were liberated from their oxide matrix by 

ethanolic HF etching.39  

  

4.2.4 Synthesis of Silicon-Based Quantum Dots (SiQDs) 
Mixed surface acid-terminated poly(ethylene oxide)-coated silicon-based quantum dots 

(SiQDs) were prepared through thermally induced hydrosilylation.40  

 

4.2.5 Expression and Purification of mAmetrine1.2 (mAm)  
DNA encoding mAmetrine1.237 in pBAD/His B vector (Thermo Fisher Scientific) was 

transformed into electrocompetent Escherichia coli strain DH10B (Invitrogen). The 

transformed E. coli were cultured on Lennox Broth (LB) agar plates supplemented with 400 

µg mL-1 ampicillin (Thermo Fisher) and 0.02% L-arabinose (Alfa Aesar) at 37 °C overnight. 

Single colonies from the transformed bacteria were used to inoculate 200 mL or 500 mL of LB 

supplemented with 100 µg mL-1 ampicillin and 0.02% L-arabinose and were cultured at 37 °C 

for 24 h. After culturing, bacteria were harvested by centrifugation at 8000 rpm for 10 min and 

resuspended in lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 5% glycerol, 1 mM imidazole, 

pH 8.0). Cells were lysed using sonication and then clarified by centrifugation at 14000 rpm 

for 30 min. The cleared lysate was incubated with Ni-NTA beads (G Biosciences) on a rotary 

platform for at least 1 h. The lysate–bead mixture was transferred to a polypropylene centrifuge 

column and washed with 5-packed column volumes of wash buffer (lysis buffer with 20 mM 
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imidazole, pH 8.0) before elution using Ni-NTA elution buffer (lysis buffer with 250 mM 

imidazole, pH 8.0). Purified mAm was concentrated and buffer-exchanged into 20 mM HEPES 

(pH 7.0) using 10 kDa centrifugal filter units (Millipore). All steps were carried out at 4 °C or 

on ice. The protein concentration was measured by A280 using an extinction coefficient of 

31,000 M-1 cm-1
.37  

 

4.2.6 Characterization of SiQDs  
The SiQDs were characterized using Fourier transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS), bright-field transmission electron microscopy (TEM), 

dynamic light scattering analysis (DLS), and absorption spectroscopy, as described 

elsewhere.39 Thermogravimetric analysis (TGA) was performed from 25 to 800 °C using a 

TGA/DSC 1 STARe System (Mettler Toledo) at a heating rate of 10 °C min-1 under Ar flow.  

Photoluminescence excitation (PLE) and emission (PL) spectra of the samples were 

recorded using a SpectraMax® i3x multimode microplate reader. Time-resolved PL 

spectroscopy was performed as described previously.39 The decay data were modeled using the 

stretched exponential function I = A·exp[-(t/τ)β] + dc, where the fitting parameters are A, τ, β, 

and the dc offset. For this intensity decay function, the mean time constant is given by <τ> = τ 

· Γ(2/β)/Γ(1/β) and the mean decay time is <t> = τ · Γ(3/β)/Γ(2/β).41 The fits were performed 

in Matlab using the trust region algorithm with unweighted minimization of the sum of the 

squares of the residuals. PL quantum yield measurements were performed as described 

previously.40  

 

4.2.7 Effect of mAm on the PL of SiQDs 
Solutions (Vtotal = 100 μL) containing 1.1 μM SiQDs and increasing concentrations (0, 0.5, 0.9, 

1.8, 3.7 μM) of mAm were prepared by diluting stock SiQD and mAm solutions with 20 mM 

HEPES buffer (pH 7.0). The PL spectra of the solutions were measured at an excitation 

wavelength of 365 nm. The experiments were performed in triplicates. 

 

4.2.8 Effect of SiQDs on the PL of mAm 
Solutions (Vtotal = 100 μL) containing 1.8 μM mAm and increasing concentrations (0, 0.3, 0.6, 

1.1, 2.2 μM) of SiQDs were prepared by diluting stock SiQD and mAm solutions with 20 mM 
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HEPES buffer (pH 7.0). The PL spectra of the solutions were measured at an excitation 

wavelength of 365 nm. The experiments were performed in triplicates. 

 

4.2.9 Effect of Quenchers on SiQD Photoluminescence 
Solutions (Vtotal = 100 μL) containing 1.1 μM SiQDs and increasing concentrations (0, 2.5, 5, 

10, 20, 40 μM) of quencher in question (PX, PT, and PN) were prepared by diluting 50 μM 

quencher solution with 20 mM HEPES buffer (pH 7.0). The PL spectra of the solutions were 

acquired upon excitation at 365 nm. Stern–Volmer plots were constructed by plotting the ratio 

of PL intensities in the absence and presence of quencher at 635 nm, I°/I, against the 

concentration of quencher. Experiments were performed in triplicates. The ratio of PL lifetimes 

in the presence and absence of quencher, τ/τ°, was plotted also against the concentration of the 

quencher. 

  

4.2.10 Effect of PX and PT on mAm Fluorescence 
Solutions (Vtotal = 150 μL) containing 1.8 μM mAm and increasing concentrations (0, 5, 25, 

100 μM) of quencher (PX, PT) were prepared by diluting 50 or 200 μM quencher solution with 

20 mM HEPES buffer (pH 7.0). The PL spectra of the solutions were measured at an excitation 

wavelength of 365 nm. The experiments were performed in triplicates. 

 

4.2.11 Effect of PX and PT on the Photoluminescence of Mixtures of SiQDs 

and mAm 
Solutions (Vtotal = 150 μL) containing 1.1 μM SiQDs, 1.8 μM mAm, and increasing 

concentrations (i.e., 0, 2.5, 5.0, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, 75.0, 100.0  μM for PX; 0, 

0.01, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10.0, 15.0, 20.0, 30.0, 40.0 μM for PT) of quencher were 

prepared by diluting 5, 50, or 200 μM quencher solution with 20 mM HEPES buffer (pH 7.0). 

The PL spectra of the solutions were measured at an excitation wavelength of 365 nm. The 

ratio of the PL intensity at 525 to the intensity at 635 nm, I525/I635, was plotted against the 

concentration of the quencher to obtain a straight line. This plot was used for the quantification 

of PX and PT. The experiments were performed in triplicates. 
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4.2.12 Analysis of Solutions with Known PX and PT Concentrations 
Solutions (Vtotal = 150 μL) containing 1.1 μM SiQDs, 1.8 μM mAm, and 25.0 μM PX (or PT) 

were prepared by diluting 50 μM quencher solution with 20 mM HEPES buffer (pH 7.0). The 

PL intensities of the solutions at 525 and 635 nm were measured and the ratio I525/I635 evaluated 

and used to determine the concentration of PX or PT from the linear calibration plots obtained 

above. The experiments were performed in triplicates. 

 

4.2.13 Effect of Interferents on the Detection of PX and PT Using SiQDs and 

mAm 
Solutions (Vtotal = 115 μL) containing 1.1 μM SiQDs, 0.9 μM mAm, and 0.30 mM of the 

interferents  (Salts: KCl, KNO2, KNO3, K2CO3, K3PO4, Na2SO4, NaCl, NaF, NH4Cl, MgCl2, 

Ca(NO3)2; Organics: alanine (Ala), lysine (Lys), arginine (Arg), malonic acid (MA), sodium 

acetate (Acet), sodium citrate (Cit), glucose (Glc), sucrose (Suc)) were prepared by diluting 

the corresponding 1.0 mM solution with 20 mM HEPES buffer (pH 7.0). The PL intensities of 

the solutions were measured at an excitation wavelength of 365 nm, and the ratio I525/I635 

evaluated. Afterwards, 35 μL of 100 μM quencher solution were added to each solution, the 

PL intensities measured, and the ratio I525/I635 after addition of the quencher evaluated. The 

value of the ratio R =  (I525/I635)after /(I525/I635)before for each solution was used to determine the 

effect of interferents on the analysis by comparing it to values obtained for positive (115 μL 

solution containing 1.1 μM SiQDs and 0.9 μM mAm in HEPES buffer + 35 μL 100 μM 

quencher solution) and negative (115 μL solution containing 1.1 μM SiQDs and 0.9 μM mAm 

in HEPES buffer + 35 μL mQ water) controls. The experiments were performed in triplicates. 

 

4.2.14 Selectivity of the Detection Method for PX and PT 
Solutions (Vtotal = 150 μL) containing 1.1 μM SiQDs, 1.8 μM mAm, and 20 μM 

organophosphate ester (PX, PT, DZ, MT, CP) or 20 μM PN were prepared by diluting the 

corresponding 100 μM organophosphate ester or PN solution with 20 mM HEPES buffer (pH 

7.0). The PL spectra of the solutions were measured at an excitation wavelength of 365 nm. 

The experiments were performed in triplicates. 
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4.2.15 Detection of PX and PT Using Paper-Based Sensors Containing 

SiQDs and mAm 
Paper-based sensors were prepared by dipping filter paper pieces (1.0 cm × 0.4 cm) in a 

solution containing 58 μM SiQDs and 36 μM mAm. After drying the papers in air for 30 min, 

1 μL of organophosphate ester solution (5 and 100 μM; PX, PT, DZ, MT, CP), 1 μL of PN 

solution (5 and 100 μM), 1 μL of Edmonton municipal tap water, and 1 μL of mQ water were 

spotted on separate papers. After 1 min, the papers were exposed to a UV flashlight (λ = 365 

nm) that was held 15 cm from the paper surface and photographs of the luminescence were 

acquired using a Canon Powershot SX730 HS camera with an ISO value of 3200 (Exposure 

time = 1/200–1/500 s). The Color Picker app from Ratonera Inc. downloaded on an Android 

smartphone from the Google Play Store (2 April 2019) was used to analyze the image into its 

component red/green/blue (RGB) values. The green values were normalized to the 

corresponding red values to obtain green/red (G/R) ratios. Five points at the center of each 

image were evaluated to provide a statistical average corresponding to one experiment. The 

experiments were performed in five replicates. 

 

4.3 Results and Discussion  
Figure 4-1A describes the preparation of water-soluble Si-based quantum dots (SiQDs).26,39,40 

Briefly, 10-undecenoic acid and allyloxy poly(ethylene oxide) methyl ether were linked 

covalently to the surface of ‘6-nm’ hydride-terminated silicon nanoparticles (SiNPs) via 

thermally induced hydrosilylation at 170 °C. The SiNPs were coated with poly(ethylene oxide) 

in order to render them water-soluble and resistant to nonspecific protein adsorption.42–45 

Successful surface functionalization was confirmed using Fourier transform infrared 

spectroscopy (FTIR) that shows the presence of aliphatic sp3 C–H stretching peak at 3000–

2800 cm-1 and characteristic carboxylic acid hydroxyl and carbonyl features centered at ca. 

3000 and 1709 cm-1, respectively (Figures 4-1B and 4-1C).46 The diminished intensity of the 

peak at ca. 2100 cm-1, routinely assigned to Si–Hx stretching (Figure 4-2), and the intense and 

broad peak at approximately 1100 cm-1, characteristic of C–O and C–C stretches, are also 

consistent with successful covalent functionalization.38 An additional carbonyl-based feature 

is noted at ca. 1734 cm-1 that arises from formate ester groups resulting from the thermal 
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oxidation of the polyethylene oxide moieties.47,48 Poly(ethylene oxide) is believed to react with 

oxygen at elevated temperatures forming hydroperoxides that then undergo β-scission into 

formate esters and hemiacetals.47 Characteristic bending –CHx– vibrations resulting from both 

immobilized undecanoic acid and poly(ethylene oxide) moieties also are noted in the 1500–

1300 cm-1 region of the FTIR spectrum.49,50 X-ray photoelectron spectroscopy (XPS) revealed 

that the SiQDs used in this study are made up of silicon suboxides, as evidenced by the Si 2p3/2 

peak at ca. 101.8 eV (Figure 4-1D).40 It is reasonable that these suboxides result from exposure 

of the silicon core to water during aqueous workup (e.g., extraction, dialysis, centrifugal 

filtration) and subsequent storage.46,51,52 The O 1s emission at ca. 532.3 eV corresponding to 

silicon-bonded oxygen atoms also supports the presence of silicon suboxides (Figure 4-1F).53 

Consistent with FTIR analyses, successful surface functionalization is confirmed further by 

the presence of C 1s peaks centered at ca. 284.8, 286.3, and 289.0 eV (Figure 4-1E) that 

correspond to aliphatic C–C/C–H, aliphatic C–O, and carboxyl groups, respectively.54,55 We 

also note an O 1s associated emission at  ca. 533.2 eV that corresponds to the O atoms of 

polyethylene oxide (Figure 4-1F).56  

 

 
Figure 4-1. (A) Thermally induced hydrosilylation of 10-undecenoic acid and allyloxy poly(ethylene oxide) 
methyl ether with H-SiNPs (–OOCH is a formate ester group). (B) FTIR spectrum, (C) carbonyl region FTIR 
spectrum, (D) Si 2p, (E) C 1s, and (F) O 1s high resolution XP spectra of SiQDs. 
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Figure 4-2. FTIR spectrum of hydride-terminated silicon nanoparticles. 

 

Aqueous phase dynamic light scattering (DLS) analysis of the SiQDs revealed an 

average hydrodynamic diameter of 10.5 ± 2.1 nm (Figure 4-3A). This value is consistent with 

the core of the SiQDs being coated with hydrophilic poly(ethylene oxide) moieties and 

surrounded by a water solvation sphere.26 Imaging the present water-soluble SiQDs using 

bright-field transmission electron microscopy (TEM) was unsuccessful because the particles 

were highly agglomerated; this is again consistent with the SiQDs being functionalized with 

poly(ethylene oxide). We also note a substantial and significant amount of organic content 

(i.e., 90%) in the present SiQDs, as indicated by the thermogravimetric profile (Figure 4-3C) 

that presumably arises from surface polymer functionalization and would be expected to 

preclude accurate determination of the particle core dimensions using electron microscopy. To 

better interrogate the dimensions of the particle core, we chose to prepare dodecyl-terminated 

SiQDs (C12H25-SiQDs) using H-SiNPs obtained from the identical composite batch and 

etching conditions used to prepare the present water-soluble SiQDs. The C12H25-SiQDs were 

analyzed with bright-field TEM and their resulting size distribution processed using an average 

shifted histogram;57 their mean diameter (i.e., 5.0 ± 1.1 nm; Figure 4-3B) was assumed to 

provide a good approximation of the core dimensions of the water-soluble SiQDs. This value 

provided an estimated molar mass of the silicon core, which, when combined with the 

thermogravimetric analysis data, gave access to the solution concentration of the water-soluble 

SiQDs (See Appendix for the TEM image of C12H25-SiQDs and the estimation of the 

concentration of the SiQDs).  
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Figure 4-3. (A) DLS size distribution analysis of water-soluble SiQDs, (B) average shifted histogram (based on 
300 quantum dots) of C12H25-SiQDs, and (C) thermogravimetric profile of water-soluble SiQDs. 

 

Figure 4-4 shows the optical spectra of SiQDs, mAmetrine1.2 (mAm), and a mixture 

of SiQDs and mAm. The SiQDs exhibit strong absorption at wavelengths shorter than 400 nm, 

have a PLE maximum at ca. 365 nm, and a PL maximum at ca. 635 nm. They also have a PL 

quantum yield of 9.7% and a long-lived excited state lifetime of 58.4 μs; these observations 

are consistent with an indirect band gap silicon-based emitter. The inset in Figure 4-4A 

demonstrates that an aqueous solution of SiQDs exhibits visibly detectable orange PL. In 

contrast, the fluorescent protein employed in this study, mAm, shows absorbance and PLE 

maxima at ca. 410 nm and a green PL maximum at ca. 525 nm (Figure 4-4B inset). Figure 

4-4C shows that a mixture of SiQDs and mAm appears yellow upon visible inspection and 

exhibits PL maxima at 635 and 525 nm (i.e., corresponding to each individual emitter and 

consistent with negligible interaction).  
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Figure 4-4. Absorbance (Abs), photoluminescence excitation (PLE), and photoluminescence emission (PL) 
spectra of (A) SiQDs, (B) mAm, and (C) a mixture consisting of SiQDs and mAm. Photographs of aqueous 
solutions of SiQDs, mAm, and their mixture under UV illumination (λex = 365 nm) are shown as insets (CSiQDs = 
1.1 μM, CmAm = 0.1 μM; SiQDs: PLE, λem = 635 nm; PL, λex = 365 nm; mAm: PLE, λem = 525 nm; PL, λex = 365 
nm; mixture: PLE, λem = 635 nm (SiQDs),  λem = 525 nm (mAm); PL, λex = 365 nm). 

 

Subsequently, we investigated the behavior of each emitter in the presence of the other 

through a rational concentration variation of one while maintaining the concentration of the 

other constant. Figure 4-5A shows that the PL intensity of the SiQDs decreased with increasing 

mAm concentration. Similarly, the mAm PL intensity decreased in the presence of increasing 

SiQD concentration (Figure 4-5B). This phenomenon has been observed for fluorophore 

mixtures34 and is attributed reasonably to the overlap of the PLE spectra of the two emitters 

and a resulting  ‘competition’ for incident excitation photons (i.e., an inner-filter effect).     
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Figure 4-5. (A) PL spectra of SiQDs (1.1 μM) in the presence of increasing concentrations of mAm and (B) PL 
spectra of mAm (1.8 μM) in the presence of increasing concentrations of SiQDs (λex = 365 nm). 
 

Photoluminescent sensors offering detection of high-energy nitro-containing 

explosives based upon freestanding SiQDs as well as porous silicon nanocrystallites have been 

reported.24,58 In this study, we extended the SiQD sensing repertoire by taking advantage of the 

tendency of nitroaromatic organic compounds to quench their PL and fabricated a ratiometric 

sensor based upon SiQD and mAm for p-nitrophenyl-containing organophosphate ester (OPE) 

nerve agents paraoxon (PX) and parathion (PT) (Scheme 4-1). To do so effectively, it was first 

necessary to determine the effect of PX and PT on the PL response of each emitter 

independently. Subsequently, we determined the effect of addition of PX and PT on the PL of 

SiQD/mAm mixtures (vide infra). Figures 4-6A and 4-6B show that PX and PT quench SiQD 

PL, while Figures 4-6C and 4-6D show that mAm PL is comparatively unaffected by their 

presence.  

 

 
Scheme 4-1. Chemical structures of organophosphate nerve agents and p-nitrophenol used in this study. 
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Figure 4-6. PL spectra of SiQDs in the presence of increasing concentrations of (A) PX and (B) PT and PL spectra 
of mAm in the presence of increasing concentrations of (C) PX and (D) PT (CSiQDs = 1.1 μM, CmAm = 1.8 μM, λex 
= 365 nm). 

 

To understand the response of the present sensing motif better, we determined the 

mechanism by which PX, PT, and p-nitrophenol (PN) quench the SiQD PL through steady-

state and time-resolved PL measurements. Corresponding Stern–Volmer plots (I°/I vs. 

[Quencher]) for PX, PT, and PN shown in Figure 4-7A yielded linear relationships with Stern–

Volmer constants (KSV = slope) of 0.21, 0.46, and 0.03, respectively. These values suggest that 

PT is a more effective quencher than PX, which, in turn, is a much more effective quencher 

than PN. Plots of τ/τ° vs. [Quencher] indicate that the excited-state lifetimes of the SiQDs 

decrease with increasing quencher concentration (Figure 4-7B). The diminished SiQD 

lifetimes are consistent with PX, PT, and PN acting as dynamic quenchers by providing 

alternative relaxation pathways for the excited SiQDs; based upon past reports it is reasonable 

that they are acting as electron acceptors.24,58  
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Figure 4-7. (A) Stern–Volmer plots (λex = 365 nm) and (B) plots of τ/τ° vs. [Quencher] for PX, PT, and PN. 
 

Figure 4-8A describes the general approach to sensing of the p-nitrophenyl-containing 

OPE nerve agents through the selective quenching of SiQD PL. Figure 4-8B shows the 

influence of increasing PX concentration on SiQD PL alone; no visually detectable change in 

PL intensity is noted until the PX concentration reaches 250 μM. Also, Figure 4-8C shows that 

PX does not quench the PL of mAm. In contrast (Figure 4-8D), when a mixture of SiQDs and 

mAm are exposed to varied PX concentrations, the changes in optical response are striking. 

The PL arising from a solution containing SiQDs and mAm clearly changes from yellow to 

green with increasing concentration of PX.   

 

 
Figure 4-8. (A) Sensing motif that exploits the combined PL of SiQDs and mAm upon addition of quencher. 
Photographs showing a series of solutions containing (B) only SiQDs, (C) only mAm, and (D) SiQDs and mAm 
in the presence of increasing micromolar concentrations of PX under UV illumination (λex = 365 nm). 

 

Figures 4-9A and 4-9C show the evolution of PL spectra of aqueous solutions of SiQDs 

and mAm mixtures (i.e., CSiQDs = 1.1 μM, CmAm = 1.8 μM) containing increasing concentrations 

of PX and PT, respectively. The SiQD PL intensity (λmax = 635 nm) is diminished significantly 
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with increasing quencher concentrations, while that of mAm (λmax = 525 nm) remains 

unchanged. A plot of the ratio of PL intensities at 525 nm and 635 nm (i.e., I525/I635) versus the 

concentrations of PX or PT, yielded a straight line (Figures 4-9B and 4-9D), which points to 

the potential utility of SiQDs/mAm pairing in the analytical determination of PX and PT.  To 

explore this possibility, we evaluated two solutions, one containing 25.0 μM PX  and the other 

25.0 μM PT; the presented calibration plots provided concentrations of 25.1 μM PX (0.26% 

error) and 25.1 μM PT (0.21% error), respectively. The limits of detection (LODs) of the 

present biocompatible toxic-metal-free SiQDs (LOD = 3.3σ/slope, σ = standard deviation of 

the blank),24 4.9 μM (1.3 μg mL-1) for PX and 1.3 μM (0.4 μg mL-1) for PT, obtained from the 

plots are  in the range of the reported amount of PX that causes death of Sprague–Dawley rats 

in 6–8 min (4 mg kg- 1)3 and the median lethal dose (LD50) of PT for human adults (20–100  

mg)59 and mammals (e.g., mice, cats, dogs) (1–12 mg kg-1).60–62  

 

 
Figure 4-9. PL spectra of solutions containing SiQDs and mAm in the presence of increasing concentrations of 
(A) PX and (C) PT. Linear calibration plots for (B) PX and (D) PT obtained by plotting I525/I635 against [Quencher] 
(CSiQDs = 1.1 μM, CmAm = 1.8 μM, λex = 365 nm). The plotted values have relative standard deviations of 2–17%.   
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Yi and co-workers reported a detection strategy that has a sub-nanomolar detection 

limit for PT (LOD = 0.23 nM).19 Their strategy is reliant upon the combined biological 

activities of two enzymes (acetylcholine esterase and choline oxidase), the use of acetylcholine 

as substrate, and the formation of choline and its subsequent oxidation that leads to the 

production of H2O2, which ultimately quenches the PL of blue-photoluminescent SiQDs. 

Therefore, PT and other OPE nerve agents are detected by their ability to inhibit acetylcholine 

esterase activity, leading to a decrease in the concentration of H2O2 and an increase in PL 

intensity. Compared to their system, the ratiometric sensing platform using mAm and 

red-photoluminescent SiQDs reported here offers the advantage of operational simplicity, as it 

does not depend on a cascade of chemical reactions catalyzed by enzymes for signal 

generation. Also, our detection strategy is straightforward and is, therefore, less likely to suffer 

from complications that might compromise sensor performance (e.g., unwanted/unexpected 

loss of activity of enzymes due to denaturation or the presence of unknown inhibitors). Lastly, 

the mAm/SiQD sensor allows for discrimination between nitrophenyl-based OPE nerve agents 

(e.g., parathion) and non-nitrophenyl-containing ones (e.g., diazinon) (vide infra), whereas the 

bienzyme-SiQD system mentioned above does not.  

Zheng and colleagues developed a nanostructured sensor film that exhibits picomolar 

detection limits for PX (LOD = 11 pM) and PT (LOD = 4.5 pM) from a layer-by-layer 

assembly of acetylcholine esterase, poly(allylamine hydrochloride), sodium 

polystyrenesulfonate, and CdTe QDs.20 Their sensor response relies on the acetylcholine 

esterase-catalyzed hydrolysis of acetylthiocholine to acetate and thiocholine and the tendency 

of the resulting thiocholine to quench the PL of CdTe QDs. PX and PT are detected through 

their ability to inhibit acetylcholine esterase activity that leads to a decrease in the PL 

quenching rate. Compared to their sensor, our mAm/SiQD ratiometric detection system is, 

again, much simpler and more robust (i.e., a solution consisting of 

fluorescent/photoluminescent molecules and nanoparticles compared to a film comprised of 

alternating layers of enzymes, polymers, and quantum dots). Moreover, our sensor does not 

employ cytotoxic Cd-based QDs.   

In an effort to evaluate the utility of the present sensing platform, we investigated the 

effects of different ions and organic species that are common interferents.  This was achieved 

for response to the presence of PX and PT by determining the ratios (R) of I525/I635 before and 
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after addition of the quenchers to an aqueous solution containing the interfering species 

(Figures 4-10A to 4-10D). All solutions yielded R values that differed significantly from the 

negative control (i.e., pure mQ water) and were comparable to those of the corresponding 

positive controls (i.e., PX or PT in HEPES buffer). These observations indicate that PX and 

PT detection is relatively unaffected by the presence of inorganic and organic species. The 

values of R obtained for PT in the presence of divalent cations (i.e., Ca2+ and Mg2+) and malonic 

acid (MA) differ slightly from the (+) control. mAm, which has a pKa of 5.8 and is known to 

exhibit diminished fluorescence intensity under acidic conditions as a result of the protonation 

of its peptide-based fluorophore.37 This may explain why the R value of PT in the presence of 

MA differs slightly from that of the (+) control. The cause of the slight variations of PT R 

values in the presence of Ca2+ and Mg2+ ions compared to that of the (+) control is the subject 

of an ongoing investigation. These variations do not preclude the present sensing application. 

 

  
Figure 4-10. Plots of the effects of common interferents on the detection of (A,B) PX and (C,D) PT (CSiQDs = 1.1 
μM, CmAm = 0.9 μM, λex = 365 nm). 
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Figure 4-11 shows that the ratiometric sensor is selective for PX, PT, and PN. The 

figure also shows that, consistent with the Stern–Volmer plots, PT quenches the PL of the 

SiQDs best, followed by PX, and then by PN. The other organophosphate esters, diazinon 

(DZ), malathion (MT), and chlorpyrifos (CP), did not quench the PL of the SiQDs, presumably 

because they do not contain nitroaromatic groups. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4-11. PL spectra of solutions containing SiQDs and mAm in the presence of PX, PT, DZ, MT, CP, and 
PN (CSiQDs = 1.1 μM, CmAm = 1.8 μM, λex = 365 nm).  
 

 To expand the utility of the present sensing platform, we prepared paper-based sensors 

from SiQDs and mAm and used them in detecting PX and PT. The papers were allowed to dry 

fully prior to use. Figure 4-12A shows photographs of the paper-based sensors spotted with: 

100 μM of different organophosphate esters, 100 μM of PN, tap water, and mQ water under 

UV light illumination (λ = 365 nm). The PL arising from spots exposed to PX, PT, and PN are 

qualitatively (visual inspection) more green than those of the other samples. To quantify these 

findings better, the emission from the spots was partitioned into red, green, and blue channels 

using a commerically available smart phone application (i.e., Color Picker), and the ratio of 

green and red components was evaluated. The ratios obtained for PX and PT (Figure 4-12B) 

were 4.4 and 1.9, respectively, and are  significantly larger compared to those obtained for mQ 

water (1.2) and tap water (1.1). We also note that the ratios obtained for spots arising from DZ, 

MT, and CP spots are close to that of mQ water, consistent with their inability to quench SiQD 
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PL. Interestingly, PX appears to quench SiQD PL more strongly on paper than PT. This may 

have arisen from the relatively lower polarity of PT,63 which hinders it from effectively 

accessing the SiQDs that are supported in the hydrophilic cellulose network of the paper. 

Figure 4-12C reveals that PX and PT can be detected and distinguished from water and other 

organophosphate esters even at solution concentrations as low as 5 μM, corresponding to 

1.4 ng and 1.5 ng of PX and PT, respectively, spotted on the paper. Also, PN can be detected 

at a concentration of 100 μM but not at 5 μM. These results support the implementation of the 

paper-based sensors developed here as a quick and convenient litmus test for the detection of 

PX and PT. 

 

 
Figure 4-12. (A) Unprocessed photographs of paper-based sensors spotted with PX, PT, DZ, MT, CP, PN, tap 
water, and mQ water under UV light illumination (λex = 365 nm). Green/Red ratios obtained for each sample at 
concentrations of (B) 100 μM and (C) 5 μM. 
 

4.4 Summary and Conclusions 
The present investigation reports the preparation of a convenient and biocompatible ratiometric 

photoluminescent sensor for paraoxon (PX) and parathion (PT) that is based upon 

mAmetrine1.2 and silicon quantum dots. PX and PT selectively quench SiQD 

photoluminescence by acting as dynamic quenchers. The ratiometric sensor developed has 
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micromolar detection limits for PX and PT, is unaffected by inorganic and organic species, and 

is selective for PX and PT. Paper-based sensors containing mAm and SiQDs also have been 

used for detecting PX and PT at low concentrations. This sensing platform provides a 

straightforward and cost-effective means for direct detection of PX and PT by eliminating the 

need for intermediary biomolecules, such as enzymes for signal generation, specificity, and 

selectivity.    
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Chapter 5 
 
Conclusions and Future Work 
 
5.1 Conclusions 
Silicon-based quantum dots (SiQDs) offer advantages of nontoxicity,1 biocompatibility,2 and 

long photoluminescence (PL) lifetimes3 for applications geared at biological imaging,2,4 

theranostics,5 and chemical sensing.6–9 Recent synthetic advances made in the area of 

preparation of water-soluble SiQDs4,10 have made possible the implementation of these 

nanoparticles in bioimaging and chemical detection in aqueous environments.4,6,7 This thesis 

shows examples where water-soluble SiQDs have been interfaced covalently with enzymes or 

used in conjunction with a fluorescent protein for possible applications in theranostics and 

chemical sensing, respectively. 

 Chapter 1 discusses the preparation of functional bioinorganic hybrids from enzymes 

and SiQDs that preserve the photoluminescent properties characteristic of SiQDs and the 

catalytic activity of enzymes. This is accomplished through the amide coupling reaction 

between carboxylic acid groups on acid-terminated SiQDs and the amine groups in enzymes 

(Scheme 5-1).10 Notably, the orange PL of the SiQDs is not altered or quenched by the 

nitrogen-containing coupling agents employed for the reaction. The affinity of the enzymes for 

their substrates is diminished upon conjugation with the SiQDs. This can be attributed 

reasonably to the partial deformation of immobilised enzymes, their reduced mobility, and the 

potentially reduced accessibility of the enzymes’ active site to the substrates. Furthermore, the 

amount by which the enzyme’s affinity for its substrate is diminished may be dependent on the 

size, shape, and surface composition of the nanoparticles to which they are linked covalently. 

Despite the reduction in catalytic activity, the immobilised enzymes remain sufficiently active 

to perform their intended catalytic function. 

 

 

 

 



132 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5-1. Bioconjugation of acid-OxSiNPs with enzymes through the amide coupling reaction (see Chapter 2 
for details). 
 

 Chapter 2 details the use of the thiol–ene ‘click’ reaction as a convenient and quick 

method for conjugating enzymes with SiQDs.7 This reaction mitigates the formation of 

unwanted side products and covalent multimerization of enzymes (and proteins, in general) 

typically encountered in amide coupling reactions. Alkene-terminated SiQDs were reacted 

with cysteine-containing enzymes through the thiol–ene reaction in the presence of a 

photochemical initiator and ultraviolet light (Scheme 5-2). The bioinorganic hybrids thus 

obtained exhibited the photoluminescent properties characteristic of SiQDs and the catalytic 

activity of the enzymes. Furthermore, the PL of the hybrids were quenched by the products of 

the enzyme-catalysed reactions (e.g., o-nitrophenolate ion, ammonia), potentially affording a 

sensing platform for the substrates (e.g., o-nitrophenyl-β-D-galactopyranoside, urea). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 5-2. Bioconjugation of ene-SiNCs with enzymes through the photochemical thiol–ene reaction (see 
Chapter 3 for details). 
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 Chapter 4 demonstrates the utility of SiQDs and green fluorescent protein (GFP) in the 

ratiometric detection of the organophosphate nerve agents paraoxon (PX) and parathion (PT).6 

PX and PT selectively quench SiQD PL (Figure 5-1A) through a dynamic quenching 

mechanism by potentially accepting electrons from the excited SiQDs, thereby preventing 

radiative relaxation. The reported ratiometric sensor platform based upon SiQDs and GFP 

allowed for visual analyte detection (Figure 5-1B) and afforded micromolar limits of detection 

for PX and PT. Moreover, the sensor is unaffected by common inorganic and organic 

interferents and is specific for nitro-containing organophosphate nerve agents. Lastly, paper-

based sensors for PX and PT have been fabricated from SiQDs and GFP, which further 

supports their implementation for the convenient and straightforward detection of PX and PT 

in ‘real-world’ samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5-1. (A) Sensing motif that exploits the combined PL of SiQDs and mAm upon addition of a quencher. 
Photographs showing a series of solutions containing (B) only SiQDs, (C) only mAm, and (D) SiQDs and mAm 
in the presence of increasing micromolar concentrations of PX under UV illumination (λex = 365 nm) (see Chapter 
4 for details). 
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5.2 Future Work 
 

5.2.1 Thermally Responsive Photoluminescent Hybrids from Elastin-Like 

Polypeptides and Silicon-Based Quantum Dots 
Elastin-like polypeptides (ELPs) are genetically engineered elastomeric proteins that undergo 

reversible phase transition as a result of changes in temperature, pH, and ionic strength.11,12 

They are comprised of the repeating pentapeptide sequence Valine-Proline-Glycine-X-

Glycine, where X refers to a variable amino acid, which can be any amino acid except 

proline.11,12 ELPs are soluble in water at temperatures below their inverse transition 

temperature (Tt) but insoluble at temperatures higher than Tt. The value of Tt depends on the 

chemical properties of the variable amino acid, the molecular weight of the ELP, and its 

concentration in solution.11,12  

Bioinorganic hybrids can be prepared from ELPs and acid-terminated SiQDs through 

the amide coupling reaction (Scheme 5-3). These hybrids are expected to retain the thermal 

responsiveness of the ELPs and the characteristic photoluminescence (PL) of the SiQDs 

(Scheme 5-4). Furthermore, the values of Tt of these hybrids are expected to be affected 

significantly by the hydrophilic nature of the poly(ethylene oxide) coating of the SiQDs. Thus, 

experiments must be performed in order to optimize the conditions under which the hybrids 

will show reversible phase transition (e.g., pH, ionic strength, buffer system employed). These 

photoluminescent and thermally responsive hybrids may find utility in the design of smart 

materials for theranostics, drug delivery, and other biomedical applications.  

 

 
 
 
 
 
 
 
 
 
 

 
Scheme 5-3. Conjugation of ELP with acid-terminated SiQDs through the amide coupling reaction.  
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Scheme 5-4. Thermally responsive photoluminescent bioinorganic hybrids from ELPs and SiQDs.  
 

5.2.2 Intracellular pH Sensing Using Fluorescent Protein–Silicon Quantum 

Dot Hybrids 
The proper maintenance of intracellular pH is crucial for the normal operation of cells.13 Many 

important cellular processes are associated intimately with intracellular pH; processes like cell 

signalling, activation, growth, and proliferation, to name a few, depend critically on tightly 

regulated pH within cells.13,14 Furthermore, abnormal intracellular pH values are linked to 

pathophysiological conditions, like cancer15 and Alzheimer’s disease.16 Thus, tools that enable 

monitoring of pH within cells are important for probing cellular processes, physiology, and 

associated pathologies.     

 Measurement of intracellular pH can be accomplished using microelectrodes and 

spectroscopic techniques, such as nuclear magnetic resonance spectroscopy (NMR) and 

absorption and fluorescence spectroscopy.14,17,18 Recently, ratiometric sensors based upon a 

combination of fluorophores (e.g., organic dyes, quantum dots, fluorescent proteins) have been 

designed and implemented for measurement of intracellular pH.19–22 Sensing motifs based upon 

this design take advantage of the pH-dependent energy transfer between covalently linked 

fluorophores.19 Dennis and co-workers, for instance, reported a sensing platform consisting of 

green-emitting Cd-based quantum dots (Cd QDs) conjugated with orange fluorescent proteins 
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as tools for imaging cells and cellular compartments through pH-dependent Förster Resonance 

Energy Transfer (FRET).19 The known toxicity of Cd and the tendency of Cd2+ to leach out of 

Cd QDs,23 however, limits the potential utility of this probe in real life applications.       

Green fluorescent proteins (GFPs) consist of a peptide-based fluorophore that is housed 

in a barrel-like protein structure.24,25 Thus, the fluorophore is protected from quenchers, except 

for small ions like H+. A long Stokes’ shift GFP variant, mAmetrine1.2 (mAm), has a pKa of 

5.8 and exhibits significantly diminished PL at pH lower than this value.26 On the contrary, 

nontoxic red-emitting SiQDs show relatively stable PL at pH values ranging from 5.0 to 7.0.  

We thus envision the preparation of biocompatible dual-emitting covalent hybrids from 

mAm and SiQDs through the amide coupling reaction, which can be used as a pH sensor for 

intracellular imaging (Scheme 5-5). The hybrids are expected to glow red at relatively acidic 

pH (e.g., pH 5.0) and yellow (i.e., a combination of green mAm fluorescence and red SiQD 

emission) at neutral pH. We hypothesize that these hybrids could be used in imaging and 

discriminating between cellular compartments, such as the cytoplasm, endosome, and 

lysosome. These compartments differ significantly in their pH, with the lysosome being acidic, 

the cytoplasm neutral, and the endosome having a pH intermediate between the two.19 

Furthermore, the resulting hybrids can be used for discriminating cancer cells from healthy 

cells, as the former typically has a more acidic intracellular pH compared to the other.15  

 
                                                                                                                                           
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5-5. Ratiometric pH sensing motif for cellular imaging using mAm-SiQD hybrids. 
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5.2.3 Tuning Enzyme Activity of Enzyme–Silicon Quantum Dot Hybrids 

through Dissipative Self-Assembly  
Dissipative self-assembly (DSA) of molecules and nanoparticles fueled by chemical reaction 

networks provides a means for preparing novel materials with unique properties.27,28 DSA 

involves the conversion of precursors into building blocks, which then associate into 

supramolecular assemblies27 through consumption of a chemical fuel, such as N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC).29 Because the building blocks are 

kinetically labile, they spontaneously decompose back into the precursors.27 The interplay 

between the rates of precursor activation, building block assembly, building block 

deactivation, and disassembly imparts a finite lifetime on the supramolecular assemblies, 

which is directly dependent on the kinetic characteristics of the reaction network that supports 

their formation.30  

This project is geared at the preparation of a biologically active material from enzyme-

conjugated silicon quantum dots (enz-SiQDs) and acid-terminated SiQDs (acid-SiQDs), which 

exhibits time-dependent enzymatic activity through DSA. This will be accomplished through 

the conversion of acid-SiQDs (precursors) into self-assembling N-hydroxysuccinimide-

functionalized SiQDs (OSu-SiQDs; building blocks) using EDC as fuel (Scheme 5-6). As 

shown in Scheme 5-7, we expect the enz-SiQDs embedded within the self-assembled Osu-

SiQDs to exhibit diminished activity compared to non-assembled enz-SiQDs, as a result of the 

reduced accessibility of the enzyme for its substrate. Furthermore, we expect the enz-SiQDs to 

recover their catalytic activity fully upon complete hydrolysis of Osu-SiQDs and disassembly. 

Thus, DSA allows for the design and preparation of smart and responsive biological materials 

by exerting spatio-temporal control over material properties (e.g., catalytic activity) through a 

rational variation in fuel concentration. 

 

 

 

 
 
 
 

Scheme 5-6. Conversion of hydrophilic acid-SiQDs (precursors) into hydrophobic Osu-SiQDs (building blocks) 
using EDC as fuel. 
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Scheme 5-7. Dissipative self-assembly of a mixture of OSu-SiQDs and enz-SiQDs. The hydrophobic Osu-SiQDs 
form assemblies, which then undergo disassembly upon hydrolysis into acid-SiQDs. The enzyme molecules 
bound to the enz-SiQDs become buried within the assemblies, resulting in diminished catalytic activity. This 
catalytic activity is recovered upon complete disassembly.  
 

5.2.4 Silicon Nanocrystals as Selective Photoluminescent Dual Sensors for 

Tetrahydrocannabinol and Fentanyl 
Tetrahydrocannabinol (THC) is the principal psychoactive compound found in marijuana. It is 

responsible for the characteristic ‘high’ and temporary cognitive and physical impairments 

associated with cannabis usage.31 Canada legalised recreational marijuana in 2018. However, 

there is no rapid and straightforward method, equivalent to the alcohol breathalyzer, for 

detecting or evaluating impairment. In this context, criminal offences associated with 

marijuana consumption (e.g., impaired driving) remain of paramount public concern.  
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Fentanyl (FTY), a powerful opioid pain medication, is also a serious public health 

concern;32 it is a popular illicit recreational drug. While useful when employed under a 

physician’s supervision, FTY is extremely dangerous and, as little as 2 mg, is lethal to most 

individuals.33 As a direct result of illegal FTY use and the associated deaths (over 8,000 

Canadian deaths since 2016),34 an ongoing public health crisis was declared in Canada in 

2015.35 In addition, there have been reports of fentanyl-laced marijuana in the United 

Kingdom36 and the United States.37 Clearly, FTY and THC pose serious public health and 

safety threats in Canada and the world. 

Reports describing the use of gold nanoparticles/nanorods, AuNP(R)s, for biomedical 

applications abound in the literature.38–41 Of relevance to this future work is the ability of 

AuNP(R)s to quench the photoluminescence (PL) of dyes42,43 and cytotoxic cadmium-based 

quantum dots (Cd QDs) efficiently.23,44 While not demonstrated to date, it is anticipated that 

QDs based upon biocompatible silicon (SiQDs)45 will behave similarly. Highlighting the 

potential of SiQDs, their biocompatibility combined with their surface tailorability already 

have opened the door to possible applications in biological imaging46 and chemical sensing.47 

Recently, we reported functional hybrids from SiNCs and catalytic protein molecules, and we 

demonstrated their potential utility in chemical sensing and the simultaneous detection and 

treatment of diseases.7,10   

This work will target the preparation of new hybrid structures made up of AuNP(R)s 

and SiQDs held together by DNA interactions that do not photoluminesce when assembled. 

Upon dissociation of these hybrids in the presence of THC and/or FTY, a characteristic bright 

SiQD PL appears, thus providing a sensor. The PL intensity of the liberated SiQDs will be 

proportional to the concentration of the target in question and can be used for its selective 

quantification. To realize these advanced sensors, red and blue-photoluminescent DNA-coated 

SiQDs (red-DNA-SiNCs and blue-DNA-SiNCs) will be prepared using established procedures 

developed in the Veinot laboratory.10 Similarly, DNA-coated AuNP(R)s, DNA-AuNP(R)s, 

will be synthesized using known methods.48 The DNA on the red-DNA-SiNCs and blue-DNA-

SiQDs will be designed specifically to have stronger interactions with THC and FTY, 

respectively, compared to the DNA on DNA-AuNP(R)s. These differing strengths of 

interactions will allow displacement of DNA-AuNP(R)s from the hybrids, resulting in red 

(THC), blue (FTY), or purple (combination of THC and FTY) PL and providing a sensitive, 
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rapid, and convenient means for qualitatively detecting THC, FTY, and fentanyl-laced 

marijuana (Scheme 5-8). The PL intensities and colour related to the specific concentrations 

of THC and FTY in the samples also can be evaluated using a portable fluorescence detector, 

thus providing a quick and cost-effective method for their quantification. Once established, the 

general sensor design and methods can be extended readily to the detection and quantification 

of other opioids and illicit drug cocktails (e.g., fentanyl-laced heroin).  

 

 

Scheme 5-8. Detection of tetrahydrocannabinol (THC) and fentanyl (FTY) using red- and blue-emitting SiQDs. 

 

Success in this work will afford a rapid and straightforward detection system for THC 

and FTY that potentially can be employed by law enforcers in prosecuting cases of marijuana-

related criminal offences and curbing the illegal drug trade involving fentanyl and fentanyl-

laced opioids in Canada and around the world.  
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Appendix 
 
Estimation of the Concentration of Silicon-Based 

Quantum Dots Presented in Chapter 4 
 

The average molar mass (Μ) of the particle core of the water-soluble SiQDs has been assumed 

to be equal to that of the silicon core of dodecyl-terminated SiQDs (C12H25-SiQDs) (Figure 

A-1) which was obtained as follows: 

 

Μ = (4/3) π (d/2)3 ρ NA = 4/3 π (5.0/2 nm)3 (2.3 g cm-3) (6.023x1023 mol-1) (1x10-21 cm3 nm-3) 

    = 9.07x104 g mol-1 

 

where ρ = density of silicon, d = diameter of the silicon core, NA = Avogadro’s number 

 

 
 
Figure A-1. Bright field transmission electron micrograph of C12H25-SiQDs. 
 

The concentration (C) of the stock solution of water-soluble SiQDs, on a per particle 

core basis, in μM, has been computed as follows: 

 

C = 10.0 mg Si mL-1 / 9.07x104 mg Si mmol-1 (1x106 μM M-1) = 1.10x102 μM 
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