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[bookmark: _Hlk13172808]Synthesis of GSH-ZnS/Ag2Se core/shell QDs
The synthesis of ZnS/Ag2Se QDs was carried out according to the traditional organometallic synthetic hot-injection pyrolysis of QDs. In a three-necked flask fitted with a refluxing condenser, 5 mL of diethylzinc was mixed with 1.8 g trioctylyphosphine oxide, 2 mL trioctylyphosphine, 0.6 g hexadecylamine, 0.6 g myristic acid, 20 mL octadecene, 2 mL oleylamine and 15 mL oleic acid. The solution was then bubbled with N2 gas and heated to ~320°C to allow complexation of the Zn to the precursors. Thereafter, the sulphur solution containing a mixture of 0.16 g sulphur, 0.9 g trioctylyphosphine oxide, 1 mL trioctylyphosphine and 10 mL octadecene was added into the hot Zn-complexed solution to allow the nucleation and growth of the ZnS core. To overcoat the Ag2Se shell layer, 1 mL of Ag precursor, prepared by dissolving 0.5 g AgNO3 in 5 mL trioctylyphosphine and heating until the Ag salt was completely dissolved, was added into the hot ZnS solution. This was followed swiftly by the addition of 3 mL Se solution, prepared by dissolving 0.5 g Se in 5 mL trioctylyphosphine. The organic-phased ZnS/Ag2Se QDs was left to nucleate and grow for ~15 min and thereafter harvested and dispersed in chloroform.
Ligand exchange reaction to convert the hydrophobic QDs to hydrophilic nanocrystals was carried out by mixing 3 g of KOH and 5 g GSH in 40 mL methanol. The solution was then sonicated to aid the complete dissolution of KOH and GSH. Thereafter, the chloroform-dispersed ZnS/Ag2Se QDs was added into the GSH-KOH-methanolic solution, stirred and allowed to stand still for ~24 hours (hr). The GSH-ZnS/Ag2Se core/shell QDs were purified using acetone (step 1), acetone/ethanol/chloroform (step 2), H2O/chloroform/acetone (step 3), ethanol/acetone (step 4) and acetone (step 5).

Synthesis of GO nanosheets
GO nanosheets were synthesized according to the modified Hummer’s method. Briefly, 60 mL of H2SO4 in a round bottom flask was first cooled with ice. Then 1.25 g of NaNO3 and 2.5 g graphite powder were added and stirred vigorously to aid thorough dispersion of the graphite powder. Subsequently, 7.5 g of KMnO4 was added into the graphite solution, stirred and the solution kept in ice for ~2 hours. Thereafter, the reaction mixture was stirred for ~24 hours at room temperature and subsequently placed in an ice bath and this was followed by the slow addition of 75 mL of MilliQ water. Thereafter, the reaction mixture was stirred at 100°C for ~24 hr and allowed to cool down before the slow addition of 25 mL of 35% H2O2. The prepared graphite oxide paste was then centrifuged with 5% HCl followed by acetone to remove unreacted metal ion and subsequently dried at 65°C. GO nanosheets were obtained by exfoliation of graphite oxide via ultrasonication for ~3 hr.

Synthesis of CTAB-AuNPs
CTAB-AuNPs were prepared according to the seed-mediated approach as described in the literature. Seed solution containing 10 mL 0.1 M CTAB, 5 mL 2.5 × 10-4 M HAuCl4.3H2O and 0.6 mL NaBH4 was first prepared. Thereafter, 12 µl of the seed solution was added into a growth solution containing 10 mL 0.1 M CTAB, 0.4 mL 0.1 M ascorbic acid, 4 mM AgNO3 and 5 mL 2.5 × 10-4 M HAuCl4.3H2O. The reaction was stirred and allowed to stand still for ~24 hr. Purification of the plasmonic NPs were carried via centrifugation and thereafter re-suspended in MilliQ H2O.














Structural properties
EDX was used to qualitatively and quantitatively analyse the elemental composition of the QDs, QDs-GO nanocomposite and the QDs-GO-CTAB-AuNP nanohybrid. Fig. S1A shows that the EDX spectrum of the QDs consist of the metal components of Zn, S, Ag, Se, C and O and these metals were also detected in the EDX spectra of the QDs-GO nanocomposite (Fig. S1B) and the QDs-GO-CTAB-AuNP nanohybrid (Fig S1C). The Au metal component from the plasmonic CTAB-AuNPs was additionally detected in the EDX spectrum of the QDs-GO-CTAB-AuNP nanohybrid. Assessing the quantitative elemental composition (Table S1), we observed that the QDs were rich in Zn. An important observation was the increase in C and O composition in the QDs-GO relative to the unconjugated QDs and further increase as CTAB-AuNPs were bonded to the QDs-GO nanocomposite. The increase in C and O composition after binding can be attributed to the presence of the graphitic carbon domain and oxygen functional groups of GO. The carbon from the surfactant CTAB could also contribute to the increase in C composition for the QDs-GO-CTAB-AuNP nanohybrid. 
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Fig. S1. EDX spectra of (A) GSH-ZnS/Ag2Se QDs and (B) QDs-GO nanocomposite and (C) QDs-GO-CTAB-AuNPs nanohybrid assembly.

The crystal structural phase of GO, GSH-ZnS/Ag2Se QDs, CTAB-AuNPs and the nanohybrids was studied using PXRD. From Fig. S2A, the well-pronounced diffraction peak for GO at ~20° corresponds to the {002} plane of the crystalline hexagonal structure of GO [1]. The broad diffraction peak is an indication of embedded multi-layered domain of GO sheets. The diffraction pattern of GSH-ZnS/Ag2Se QDs corresponds significantly to a cubic diffraction domain with orthorhombic Ag2Se structure and fits well to the Naumannite JCPDS card no. 71-2410 [2]. Examining the diffraction pattern of the QDs-GO nanocomposite, it is evident that the diffraction pattern resembles a combination of the QDs and GO. Thus, it is imperative to suggest that the covalent conjugation of the QDs to GO is reflected in the diffraction pattern of the QD-GO nanocomposite. Probing the diffraction pattern of the QDs-GO-CTAB-AuNP nanohybrid assembly (Fig. S2B) after binding CTAB-AuNPs to the QDs-GO nanocomposite, it is evident that the diffraction pattern is dominated by the {002} diffraction peak in GO with less visible trace of the diffraction peaks of CTAB-AuNPs and the QDs. 




Fig S2. (A) XRD pattern for the GO, QDs, and QDs-GO nanocomposite and (B) CTAB-AuNPs and the QDs-GO-CTAB-AuNP nanohybrid assembly.

DLS and ZP analysis
DLS also known as quasi-elastic light scattering or photon correlation spectroscopy is popularly used to determine the hydrodynamic size of particles. DLS measures as a function of time, the hydrodynamic radius (RH) of the dispersed particles based on the analysis of the projected scattered light intensity that penetrates through the colloidal solution. In general, smaller particles diffuse faster than larger particles and based on the time-dependent scattered light, a mathematical function is produced that correlates to the measured particle size. DLS can therefore be used to assess the aggregation state of a colloidal solution. ZP on the other hand, was used to probe the surface charge of the GO, QDs, CTAB-AuNPs and the strep-B-QDs-GO-CTAB-AuNPs nanoprobe. Fig. S3 shows the DLS hydrodynamic size curves and ZP curves for GO, QDs, CTAB-AuNPs and the strep-B-QDs-GO-CTAB-AuNP nanohybrid while Table S2 list the corresponding values. 
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Fig. S3. DLS hydrodynamic size curves and Zeta potential curves for GO (A, B), GSH-ZnS/Ag2Se QDs (C, D), CTAB-AuNPs (E, F) and the strep-B-QDs-GO-CTAB-AuNP nanohybrid (G, H).

Optical Properties
FT-IR analysis was used to probe the functional groups of GO, GSH-ZnS/Ag2Se QDs, CTAB-AuNPs and the nanohybrids. From Fig. S4A, GO is characterized by a broad O-H stretch which is derived from the COOH group (υO-H = 3351 cm-1), carboxyl/carbonyl (υC=O = 1701 cm-1), aromatic (υC=C = 1560 cm-1), carboxy stretching group (υC-O = 1363 cm-1), epoxy (υC-O = 1221 cm-1) and alkoxy functional group (υC-O = 1043 cm-1). The QDs is characterized by the presence of symmetric (υC=O = 1398 cm-1) and asymmetric (υC=O = 1560 cm-1) carboxyl/carbonyl functional groups and a broad OH stretch group (υC=O = 3282 cm-1). From close examination of the FT-IR spectrum of the QDs-GO nanocomposite, it is evident that the spectrum is dominated by GO. However, the band at 1717 cm-1 is slightly shifted to higher wavenumber relative to GO and one could attribute the shift to the formation of amide linkage between GO and the QDs [3]. The FT-IR spectrum of CTAB-AuNPs (Fig. S4B) is characterized by the -C-H stretch (υC-H = 2846 cm-1 and υC-H = 2913 cm-1) and -C-H bend (υC-H = 1478 cm-1). For the QDs-GO-CTAB-AuNP nanohybrid (Fig. S4C), the band at 2361 cm-1 which was not present in the FT-IR spectra of GO, the QDs and QDs-GO nanocomposite, can be attributed to the C=N stretching vibration for a nonconjugated system. Since CTAB-AuNPs was adsorbed onto the QDs-GO nanocomposite surface via a nonconjugated approach, the appearance of the band at 2361 cm-1 may confirm the adsorption binding process.



[bookmark: _Hlk27483041]Fig. S4. FT-IR spectra of (A) GSH-ZnS/Ag2Se QDs, GO and the QDs-GO nanocomposite; (B) CTAB-AuNPs and (C) QDs-GO-CTAB-AuNPs nanohybrid assembly.



Fig. S5. Spectral overlap between the UV/vis absorption spectrum of GO and the fluorescence emission spectrum of the QDs (A) and spectral overlap between the UV/vis absorption of CTAB-AuNPs and the fluorescence emission spectrum of the QDs-GO nanocomposite.
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Fig. S6. Typical noncanonical three-way junction formed upon binding of the MNS-4.1 DNA aptamer to cocaine.
Effects of pH 
The effects of pH on the detection of cocaine using the strep-B-QDs-GO-CTAB-AuNP aptamer-based fluorescence biosensor was studied. As shown in Fig. S7A, the pH of the buffered cocaine solution was studied in the pH range of 2.2. to 5.0. At a fixed concentration of cocaine detected (100 µM), the fluorescence intensity of the strep-B-QDs-GO-CTAB-AuNP aptamer-based fluorescence biosensor was superiorly enhanced at pH 2.2 in comparison to the rest of the tested pH. As the pH increased, the fluorescence intensity signal decreased down to pH 4.2 and then increased slightly to pH 5.0. Based on the observed result, pH 2.2 was chosen as the choice pH for the bioassay. It noteworthy to point out that the stability of cocaine at pH 2.2 [4,5] and the hydrolysis of cocaine to its metabolites (benzoylecgonine and ecgonine methyl ester) at high pH have been reported in literature [6]. 

Probe comparison
[bookmark: _Hlk27423877]The efficiency of the strep-B-QDs-GO-CTAB-AuNP biosensor to detect cocaine with superior sensitivity was studied in comparison to strep-B-QDs (no GO and CTAB-AuNPs), strep-B-QDs-CTAB-AuNP (no GO) and strep-B-QDs-GO (no CTAB-AuNP). Fig. S7B shows the sensitivity data with respect to the fluorescence intensity enhancement of the tested probes. In the presence of 100 µM cocaine concentration, each of the tested probe induced varying degree of the fluorescence signal enhancement that was equivalent to its sensitivity. Without the presence of GO and CTAB-AuNPs in the biosensor system (strep-B-QDs), the fluorescence signal of the detected cocaine was very low. Also, very low fluorescence signal intensity was observed for the probe when GO was absent from the system (strep-B-QDs-CTAB-AuNP). When CTAB-AuNPs was absent from the biosensor system (strep-B-QDs-GO), the fluorescence signal was moderately enhanced. However, for the strep-B-QDs-CTAB-AuNP aptamer fluorescent probe, the fluorescence intensity was superiorly enhanced in comparison to the other tested probes. Therefore, the constructed strep-B-QDs-GO-CTAB-AuNP nanohybrid aptamer fluorescent probe can function as an ultrasensitive fluorescent probe for cocaine.
LSPR effect 
The effect of LSPR from different plasmonic NPs to amplify the fluorescence signal intensity of the strep-B-QDs-GO-CTAB-AuNP aptamer-based fluorescent biosensor for cocaine detection was studied. Citrate-AuNPs, citrate-AgNPs and citrate-AuAgNPs were each adsorbed to the QDs-GO nanocomposite and bonded to the streptavidin-biotin DNA aptamer and tested as fluorescent probes in comparison to the strep-B-QDs-GO-CTAB-AuNP biosensor probe. Fig. S7C shows that each of the tested plasmonic citrate-AuNPs, citrate-AgNPs and citrate-AuAgNPs quenched the fluorescence signal but CTAB-AuNPs amplified the signal for cocaine detection. Thus, the strep-B-QDs-GO-CTAB-AuNP nanohybrid can function as an aptamer-based LSPR-amplified fluorescence intensity biosensor for cocaine.




Fig. S7. (A) Effects of pH on the fluorescence detection of cocaine using the strep-B-QDs-GO-CTAB-AuNP aptamer biosensor. (B) Enhanced PL sensitivity of the strep-B-QDs-GO-CTAB-AuNP aptamer biosensor in comparison to the strep-B-QDs alone (without GO and CTAB-AuNPs), strep-B-QDs-GO (without CTAB-AuNPs) and strep-B-QDs-CTAB-AuNPs (without GO). (C) Enhanced PL sensitivity of the strep-B-QDs-GO-CTAB-AuNP aptamer biosensor with incorporated CTAB-AuNPs in comparison to other embedded plasmonic NPs. Other plasmonic NPs bonded to the QDs-GO nanocomposite are citrate-AuNPs, citrate-AgNPs and bimetallic citrate-AuAgNPs. [Cocaine] = 100 µM; Control = strep-B-QDs-GO-CTAB-AuNP solution without cocaine. Error bars are standard deviation of 3 replicate analysis.

























Table S1. Quantitative EDX data for GSH-ZnS/Ag2Se QDs and GO-GSH-ZnS/Ag2Se QDs nanocomposite.
	Sample
	C %
	O%
	S%
	Zn%
	Se%
	Ag%
	Au%

	QDs
	18.54
	3.54
	12.34
	37.10
	12.75
	15.72
	-

	QDs-GO
	40.34
	10.79
	5.89
	27.73
	4.17
	11.08
	-

	QDs-GO-CTAB-AuNPs
	42.55
	12.84
	5.08
	18.49
	6.49
	11.70
	2.85




Table S2. DLS hydrodynamic size and ZP values for GO, QDs, CTAB-AuNPs and the strep-B-QDs-GO-CTAB-AuNP biosensor probe.
	Sample
	DLS (nm)
	ZP (mV)

	[bookmark: _Hlk14563687]GO
	528.0±78.7
	-14.3±3.4

	QDs
	363.0±77.3
	-7.5±3.9

	CTAB-AuNPs
	2.0±0.6
	32.2±16.1

	strep-B-QDs-GO-CTAB-AuNP
	298.5±32.1
	-3.4±6.4
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%Transmittance
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%Transmittance
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%Transmittance
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Intensity (a.u.)

Absorbance
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Intensity (a.u.)


Absorbance



9.4340223670298506	40.589771831500919	39.642808557585077	21.409073159199103	18.549296482616271	34.061012831409798	11.094269752143816	33.758126858580354	11.035638595255469	9.4340223670298506	40.589771831500919	39.642808557585077	21.409073159199103	18.549296482616271	34.061012831409798	11.094269752143816	33.758126858580354	11.035638595255469	Control	2.2	2.6	3	3.4	3.8	4.2	4.6	5	102.95	335.96199999999999	202.86500000000001	192.15199999999999	170.43	153.24700000000001	138.70400000000001	151.43700000000001	183.07400000000001	pH


PL Intensity (a.u.)



Control	4.4689674667621979	22.881112017999097	39.600762536630477	8.6690656936027466	4.4689674667621979	22.881112017999097	39.600762536630477	8.6690656936027466	QDs alone	QDs-CTAB-AuNPs	QDs-GO	Strep-B-QD-GO-CTAB-AuNPs	46.863563540000001	96.471641539999993	63.197349549999998	102.95	Aptamer probe solution + 100 µm cocaine	15.060475283903955	31.206052863221732	26.999106824877643	40.589771831500919	15.060475283903955	31.206052863221732	26.999106824877643	40.589771831500919	QDs alone	QDs-CTAB-AuNPs	QDs-GO	Strep-B-QD-GO-CTAB-AuNPs	48.944366459999998	99.942451480000003	99.526977540000004	335.96199999999999	
Intensity (a.u.)



Control	27.255957928064532	12.471101381974137	7.858785915204229	8.6690656936027466	27.255957928064532	12.471101381974137	7.858785915204229	8.6690656936027466	strep-B-QD-GO-Cit-AuNPs	strep-B-QD-GO-Cit-AgNPs	strep-B-QD-GO-Cit-AuAgNPs	Strep-B-QD-GO-CTAB-AuNPs	89.633560180000003	63.386848450000002	52.906860350000002	102.95	Aptamer probe solution + 100 µm cocaine	6.1793369097454498	16.34398138211662	3.4470157378709052	40.589771831500919	6.1793369097454498	16.34398138211662	3.4470157378709052	40.589771831500919	strep-B-QD-GO-Cit-AuNPs	strep-B-QD-GO-Cit-AgNPs	strep-B-QD-GO-Cit-AuAgNPs	Strep-B-QD-GO-CTAB-AuNPs	49.422420500000001	62.4493103	41.806087490000003	335.96199999999999	
Intensity (a.u.)
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