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Abstract

:

In the present work, we report a simple synthetic strategy for fabricating ZnCuInS/ZnS–TPPS4 conjugates and study its cytotoxicity as a promising material for imaging and phototherapy applications. The quaternary QDs were synthesized using eco-friendly materials such as glutathione and water as a solvent, while the anionic 10,15,20-(4-sulphonatophenyl) porphyrin (TPPS4) was synthesized via the acidification of a meso-tetraphenylporphyrin precursor. Interest in TPPS4 results from its high-water dispersity, stability, and ability to generate singlet oxygen. Conjugation of ZnCuInS/ZnS QDs with TPPS4 was performed by titrating porphyrin with different amounts of ZnCuInS/ZnS QDs while keeping all other experimental parameters constant. Comparative analysis of the conjugate to the bare QDs and porphyrin revealed enhanced spectral and photophysical properties. Comparative cytotoxicity assays were performed for TPPS4 and ZnCuInS/ZnS–TPPS4 conjugates in BHK21, Hela, A549, Hek 293 and B16-F10 Nex 2 cell lines using the MTT cell viability assay. The results showed negligible in vitro cytotoxicity indicating the conjugate is an excellent and biocompatible candidate for imaging and phototherapy applications.
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1. Introduction


Quantum dots (QDs) are a classical representation of fluorescent semiconductor materials with optoelectronic, shape, and size-dependent properties, which surpasses other nanomaterials [1]. Traditional binary QDs offer enhanced emission and other chemical–physical properties (i.e., tuneable luminescence and bandgap energies), which are distinctive to QDs [2,3]. However, toxic elements used for synthesizing group II–VI (e.g., CdSe, ZnS, etc.)- and group IV–VI (e.g., PbTe, PbS)-based QDs have raised health and environmental challenges. This has resulted in the need to find alternatives to binary QDs. Ternary QDs composed of group I–III–VI elements have addressed many of the binary QDs’ shortcomings. The stability, high luminescence, and less toxic nature of ternary QDs have enabled their bio-applications over binary QDs. Although these QDs have exhibited excellent opto-chemical properties, the blue shift observed during their passivation has proved somewhat challenging, particularly for bio-applications, whereby near-infrared emissions are ideal. Yang et al. [4] reported on the organic, multi-step, high-temperature synthesis of luminescent ZnCuInS/ZnS QDs. The group reported increased photoluminescence quantum yield (PLQY) due to the elimination of surface defects. Nonetheless, a blue shift in the absorption and PL band was observed due to quaternary ZnCuInS phase formation due to Zn diffusion into Cu-In-S nanocrystals. In another study, Nady et al., synthesized ZnCuInS/ZnS QDs at room temperature [5]. The PL profile observed a blue shift as the Zn2+ ion content increased. The observed blue shift was attributed to bandgap widening due to the possible diffusion of Zn2+ ions into the crystal structure of the QDs. Zhang et al. [6], also reported a decline in the PL intensity when an excess (up to 70%) of Zn2+ was added. The decrease in intensity was attributed to lower levels of Cu2+ ions substituted by a large amount of Zn2+ ions, or the generation of impurity phases [5,6].



Several mechanisms have been reported to explain the cause of the undesired blue shift in the absorption and PL spectra of ternary QDs. Nonetheless, no consensus has been reached by researchers across different fields. Research has subsequently moved towards developing quaternary QDs (such as ZnCuInS/ZnS QDs) to lower composition toxicities while addressing the blue shifting during ternary core passivation [7].



Porphyrins are cyclic macromolecule dyes commonly used to treat cancer and other non-malignant conditions. They are ideal light harvesters with the ability to generate singlet oxygen, the reactive oxygen species (ROS) required to destroy tumours [8]. The past decade has seen growing development in neutral, anionic, and cationic porphyrins, with the latter showing growing use in bio-applications such as photodynamic therapy and antimicrobial phototherapy [9,10]. Even though porphyrins possess desirable properties such as low dark toxicity, high molecular singlet oxygen generation, and other bio-advantageous properties [11,12], these macrocyclic molecules suffer from several biological drawbacks, including poor bio-distribution, low bio-specificity, and low activity under physiological conditions [13,14]. However, the development of water-soluble anionic porphyrins such as 5,10,15,20-(4-sulphonatophenyl) porphyrin (TPPS4) has shown valuable electrical and optical features such as a high extinction coefficient in the visible light range, large strokes displacement, and light stability. Moreover, TPPS4 has been clinically tested for photodynamic therapy [15,16,17], highlighting the relevance of this porphyrin in multiple applications.



The growing interest in producing novel multi-functional materials that can be efficiently fine-tuned to act as photosensitizers and perform other unique photochemical roles has prompted the conjugation of porphyrins to nanomaterials. This has resulted in the extension of the application of porphyrin nanomaterial conjugates in fields where porphyrins or QDs alone would prove inadequate. Managa et al. [18] reported the conjugation of meso-tetra(4-carboxyphenyl)porphyrin to graphene carbon quantum dots (GQDs). Cell viability studies performed on the graphene QDs, porphyrin, and the porphyrin–GQD conjugates showed cell viability with dark toxicities of over 90% on MCF-7 breast cancer cells. Martinez et al. [19] investigated the photodynamic inaction of different bacteria using porphyrin-doped conjugated polymer nanoparticles (CPNs). The group used flow cytometry to study the bacteria–CPN interaction taking advantage of the intrinsic CPN fluorescence and showed that CPNs efficiently bind to the bacterial envelope. The group demonstrated that the porphyrin-doped conjugated polymer nanoparticles were a valuable tool for eliminating multidrug-resistant bacteria.



Herein, we report on the synthesis of quaternary ZnCuInS/ZnS QDs via an eco-friendly method using water as a solvent and biocompatible GSH and sodium citrate as stabilizing agents for dual functionality. Anionic TPPS4 was then synthesized via the acidification of a tetraphenylporphyrin (TPPH2) precursor. Following the successful synthesis and characterization of the porphyrin and QDs, a quaternary QDs (ZnCuInS/ZnS QDs) porphyrin (TPPS4) conjugate was produced. As far as the authors know, no study has evaluated the conjugation of ZnCuInS/ZnS QDs with anionic TPPS4. The ZnCuInS/ZnS QDs–TPPS4 conjugate was synthesized by titrating freshly prepared ZnCuInS/ZnS QDs with TPPS4 via continuous stirring at room temperature. An ideal conjugate system is one where the materials bind in a stoichiometric ratio. However, this is not easily achieved. The binding can be affected by many parameters, such as the multiple conjugation sites on the QDs surface. Therefore, to determine the optimum QD:porphyrin ratio, titration studies were performed whereby the amount of porphyrin in the conjugate was kept constant while the amount of QDs was gradually increased. The spectroscopic and optical properties of the prepared ZnCuInS/ZnS QDs, TPPS4, and ZnCuInS/ZnS QDs- TPPS4 conjugate were characterized using Ultraviolet-Visible spectrophotometry (UV–Vis), Energy Dispersive X-ray Spectroscopy (EDS), Transmission Electron Microscopy (TEM), Photoluminescence (PL) and Fourier-Transform Infrared spectroscopy (FT-IR). Spectral changes in the UV and PL of the ZnCuInS/ZnS–TPPS4 conjugate were observed and compared to the bare QDs and porphyrin. The changes suggested that surface interaction between the QDs and the porphyrin had occurred. Cytotoxicity analysis of TPPS4 and the ZnCuInS/ZnS–TPPS4 conjugate on different cell lines showed insignificant toxicity in both normal and cancer cell lines, with the conjugate showing improved cell survival for Hela cell lines compared to TPPS4 alone.




2. Materials and Methods


2.1. Chemicals


Analytical grade copper chloride (CuCl2), ethanol, propionic acid, indium chloride (InCl3), sodium citrate dehydrate (Na3C6H5O7), petroleum ether, calcium chloride, L-glutathione (GSH), sodium sulphide (Na2S), methanol, zinc acetate dehydrate (Zn(O2CCH3)2(H2O)2), thiourea, sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium citrate, pyrrole, sodium bicarbonate, di-sodium hydrogen phosphate buffer, sulphuric acid, methylene blue, 1,3-diphenylbenzofuran, dichloromethane, ethyl acetate, n-hexane, chloroform, acetone, and dimethyl sulfoxide were bought from Sigma Aldrich (Kempton Park, South Africa). Pyrrole was distilled before use, and other chemicals were used without any purification.




2.2. Synthesis of Alloy ZnCuInS QDs and ZnCuInS/ZnS QDs


In a typical reaction adopted from our previous report with modification [20]. Briefly, CuCl2 (0.011 g, 0.063 mmol), and InCl3 (0.055 g, 0.25 mmol), were directly mixed in 100 mL of deionized water with continuous magnetic stirring. In the same solution, 20.4 mg Zn(O2CCH3)2(H2O)2 (0.093 mmol), 0.294 g Na3C6H5O7 (1.00 mmol), and 0.09 g GSH (0.29 mmol) were added. The solution pH was modified to 3.60 (using 0.1 M NaOH/0.1 M HCl). Lastly, 25.00 mmol Na2S stock solution (1.95 g/50 mL) was added to initiate the reaction with continuous magnetic stirring and heating for 45 mins at 95⁰ C to form ZnCuInS alloy.



ZnCuInS/ZnS QDs was prepared by adding 0.0444 g Zn(O2CCH3)2(H2O)2 (0.200 mmol) and 0.015 g CH4N2S (0.200 mmol) in-situ into the ZnCuInS solution as ZnS precursors. The reaction was heated for 1 h 20 mins at 95 °C to produce a quaternary ZnCuInS/ZnS core/shell QDs.




2.3. Synthesis and Purification of TPPH2


The TPPH2 was synthesized by slowly adding 3.7 mL of freshly purified pyrrole and 5.3 mL of benzaldehyde in 200 mL of boiling propanoic acid at 141 °C. The solution gradually turned dark brown during the addition of benzaldehyde. The solution was refluxed for 30 mins and was allowed to cool to room temperature. The purple product obtained was filtered, the residue was washed with methanol and hot distilled water, and left to dry under the fume hood to get 1.052 g of crude TPPH2. The column filled with silica gel (60–70 mesh) as the stationary phase and dichloromethane: petroleum ether (3:1) as the mobile phase crude was used to purify TPPH2.




2.4. Synthesis of Meso-Tetra-(4-Sulfonatophenyl) Porphyrin (TPPS4)


TPPS4 was synthesized by modifying the reported standard methods. In short, 0.3952 g of TPPH2 was added to 10 mL of concentrated sulphuric acid in a round bottom flask. The solution was heated at 141 °C for 6 h with a drying tube (packed with fused CaCl2). The solution was allowed to cool to room temperature before slowly adding cold distilled water (75 mL). The resulting green residue was washed with 12 mL acetone and allowed to dry. Distilled water (75 mL) was added, followed by Celite, to aid the residue’s further purification. The solution was neutralized using saturated NaHCO3 to obtain a complete purple solution under an ice bath. The Celite was filtered out from the solution, after which the filtrate was concentrated by adding methanol (~45 mL) while in the ice bath to precipitate the inorganic salts and filtered. The obtained purple residue was rewashed with methanol to produce a solid brown residue. The solid brown residue was dried in the oven and recrystallized with ethanol/methanol (1:5). Finally, the distilled water was used to dissolve the product (TPPS4), and the pH was adjusted using 0.02 M HCl.




2.5. Conjugation of ZnCuInS/ZnS QDs–TPPS4


The conjugate was prepared with a ratio of 3:1 (QDs: TPPS4). Briefly, A solution of ZnCuInS/ZnS QDs (20 mg/20 mL H2O) was prepared, and then 3 mL of this QDs solution was added to 1 mL of TPPS4 (0.011 g/100 mL H2O) followed by magnetic stirring for 1 h. Conjugation of ZnCuInS/ZnS QDs to TPPS4 was achieved through an esterification process of hydroxyl groups of the free porphyrin and the hydrogen from the carboxylic group of the glutathione (the capping agent for the QDs).




2.6. In Vitro Cytotoxicity of TPPS4 and ZnCuInS/ZnS–TPPS4 Conjugate on BHK21, A549, Hek 293, and Hela Cell Lines


MTT (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay protocol was used to determine the in-vitro cytotoxicity of the porphyrin and conjugate on normal kidney fibroblasts (BHK21), cervical cancer (Hela), lung cancer (A549) and kidney cancer (Hek 293) cell lines. Briefly, The 1 ×105 cells/mL of each cell line was incubated in 96-well plates at 37 °C overnight, with the subsequent addition of the synthesized TTPS4 (11.7, 23.4, 46.9, 93.8, 188, and 375 µg/mL) and ZnCuInS/ZnS-TPPS4 conjugate (24.1, 48.1, 96.3, 193, 385 and 770 µg/mL) at different concentrations. The cells were left to incubate for 4 days, at which point MTT (5.00 μL) was added to the cells. The absorbance values were averaged at 490 nm after 1 h, 2 h, and 4 h incubation periods, and the viability curves were drawn up.




2.7. Characterization


The as-synthesized ZnCuInS/ZnS QDs, TPPS4, and ZnCuInS/ZnS QDs–TPPS4 conjugate were characterized using Ultraviolet-Visible spectrophotometry (UV–Vis) Lambda 25 spectrometer with 1 nm slit width (Perkin Elmer, Beaconsfield, UK);), Photoluminescence (PL) (RF-6000, Shimadzu, Kyoto, Japan), Fourier-Transform Infrared spectroscopy (FT-IR) (Spectrum two UATR spectrometer, Perkin Elmer, Beaconsfield, UK), Transmission Electron Microscopy (TEM), and Energy Dispersive Spectroscopy (EDS) (JEOL 2010 operated at 200 kV, Tokyo, Japan).





3. Results


3.1. Characterization of ZnCuInS QDs and ZnCuInS/ZnS QDs


3.1.1. Optical Properties of ZnCuInS QDs and ZnCuInS/ZnS QDs


One-pot synthesis of the ZnCuInS alloy was achieved by intentionally adding Zn2+ ions along with the Cu2+ and In3+ cation precursors into the reaction vessel at the start of the synthesis (Figure 1A). Na2S was used as a sulphur source in the presence of two stabilizing agents (glutathione and sodium citrate) and water as a solvent to initiate the nucleation process. Herein, GSH and sodium citrate were used to provide sufficient surface binding and control cations (Cu2+ and In3+) reactivity with sulphide anions released during the synthesis. The synthesis reaction proceeded at 95 °C for 45 min to allow for adequate ZnCuInS growth. Figure 1B gives the typical UV–Vis and PL spectra of the as-synthesized ZnCuInS alloy. The absorption spectra of the ZnCuInS alloy exhibited broad featureless exciton absorption peaks in line with reported studies [21,22]. The corresponding PL exhibited a broad peak at 713 nm and a full-width half maximum (FWHM) of 175 nm. The high FWHM is typical for quaternary QDs and is attributed to excitonic and emission mechanisms produced by point defects [23]. To enhance the luminescence properties and stability of the alloy, a ZnS shell was grown. The optical properties of the resultant ZnCuInS/ZnS QDs were measured and compared to the ZnCuInS alloy, as depicted in Figure 1B. After passivation with ZnS, the absorption became blue-shifted compared to ZnCuInS alloy, while the PL peak position remained unaltered but with significantly higher intensities. The increase in intensity after the shell formation was further confirmed by the digital images obtained after UV irradiation (Figure 1C).



The increase in PL intensities upon ZnS coating was attributed to type 1 band alignment, which results in electron and hole localization, thereby leading to a possible increase in recombination processes. The stable PL peak position (i.e., lack of PL peak blueshift) during ZnS passivation is highly desirable and this could be attributed to the similar ionic radius of 60–62 pm in the four-coordinate structure of the cations involved (In3+, Zn2+, and Cu+ ions) [24,25]. The FWHM of the core/shell ZnCuInS/ZnS QDs was 165 nm. Although the FWHM was reduced compared to the synthesized alloy, it was more significant than binary QDs. Large FWHM are commonly reported in ternary and quaternary Cu/Ag-based QDs and have been attributed to Cu defect state emissions, suggesting that intra-gap levels play a key role in recombination processes [24,26].




3.1.2. Morphology and Structure Characterization of ZnCuInS and ZnCuInS/ZnS QDs


The morphology, elemental, and structural characterization of ZnCuInS and ZnCuInS/ZnS QDs were investigated using TEM, EDS, and FTIR. The TEM micrographs of ZnCuInS (Figure 2A) and ZnCuInS/ZnS QDs (Figure 2C) show that the particles were mono-dispersed and nearly spherical. The ZnCuInS/ZnS QDs further exhibited lattice fringes suggesting highly crystalline nanoparticles. The size distribution curves of ZCIS QDs showed an average particle size of 1.6 ± 0.3 nm (Figure 2B), which increased to 2.7 ± 0.5 nm after ZnS passivation (Figure 2D). The increase in the TEM particle size was attributed to the successful formation of ZCIS/ZnS core/shell QDs.



Figure 3A shows the FTIR spectra of GSH, ZnCuInS, and ZnCuInS/ZnS QDs. The GSH peaks at 3017 cm−1, 3142 cm−1, and 1396 cm−1 were assigned to zwitterion –OOC–C–NH3+, two NH, and C–O– stretching vibrations, respectively. The GSH spectra showed bands at 1713 cm−1 and 1661 cm−1 assigned to –C=O and the N-H deformation, respectively. The ZnCuInS and ZnCuInS/ZnS QDs spectra showed–O–H absorptions at 3248 cm−1 and 3326 cm−1, respectively. The ZnCuInS alloy spectra showed an asymmetric –COO peak at 1605 cm−1 and symmetric stretching –COO peak at 1398 cm−1. After ZnS passivation, the peak at 2318 cm−1 was assigned to C–H vibrations while the bands at both 1593 cm−1 and 1387 cm−1 were assigned to asymmetric and symmetric stretching –COO, respectively. The disappearance of the S–H stretching band in the ZnCuInS/ZnS QDs suggests the capping of GSH through the S–metal bond. The elemental composition of the as-synthesized QDs was confirmed by EDS analysis. The EDS spectrum of the ZnCuInS QDs confirmed the presence of Cu, In, S, and Zn (Figure 3B,C). After the ZnS passivation, a reduction in In and Cu was observed, which suggests some cation exchange (Cu2+, In3+, and Zn2+) on the surface of the QDs during passivation. The increase in S intensity in the quaternary ZnCuInS/ZnS QDs was attributed to the addition of thiourea as a S precursor during passivation.





3.2. Characterization of TPPS4


The absorption spectrum of the porphyrin precursor (TPPH2) is shown in Figure S1 and consists of a Soret band (417 nm) and four Q-bands (514, 549, 589, and 647 nm). After adding H2SO4 to TPPH2 porphyrin, the solution became highly acidic, forming protonated, water-soluble TPPS4. Figure 4A represents the characteristic absorption peaks of TPPS4 with a Soret band at 412 nm and four Q-bands (515, 551, 579, and 633 nm) in line with reported studies [15]. Figure 4B shows characteristic FTIR peaks of TPPS4 with sharp bands at 1118 cm−1 and 1026 cm−1 attributed to S–O str. The C–C stretching vibration absorption peak of the benzene ring and the porphyrin ring was at about 1419 cm−1. The shift in the functional group bands of TPPS4 from those of TPPH2 (Figure S1) was used to confirm the structure and successful synthesis of the as-prepared TPPS4.




3.3. Characterization of ZnCuInS/ZnS–TPPS4 Conjugate


Figure 5A,B show the optical properties of the ZnCuInS/ZnS–TPPS4 conjugate. During the conjugate preparation, the amount of porphyrin and other experimental variables were kept constant while the amount of QDs was gradually increased. The results show that the conjugate at different QD:porphyrin ratios gave a Soret band (413 nm) but no Q-bands except for the conjugate ratio of 1:1 (Figure 5A,B). This suggests a complete alteration of the absorption of the TPPS4 in the presence of ZnCuInS/ZnS QDs. Subsequently, a TPPS4: ZnCuInS/ZnS ratio of 1:1 was used throughout the study. Upon excitation at 535 nm, the conjugate (Figure 5C) exhibited two broad emission bands (645 and 703 nm). At all the ratios examined, the PL peak positions remained relatively constant with a linear reduction in the TPPS4 emission intensity as the amounts of ZnCuInS/ZnS QDs in the conjugate increased.



The FTIR spectra of TPPS4 and the ZnCuInS/ZnS–TPPS4 conjugate are shown in Figure 5D. The band at 3365 cm−1 and 3436 cm−1 of the conjugate and TPPS4 was assigned to N-H stretching. Compared to the QDs (Figure 3A) and TPPS4 alone, the IR of the ZnCuInS/ZnS–TPPS4 conjugate exhibited two sharp peaks at 2923 cm−1 and 2850 cm−1 corresponding to C–H stretching vibrations and O–H stretching vibrations of carboxyl groups, respectively. A shift from the asymmetric and symmetric stretching –COO of the ZnCuInS/ZnS QDs to 1595 cm−1 and 1395 cm−1, respectively, in the conjugate, was observed. The disappearance of TPPS4 C–C stretching vibration of the benzene ring peak at 1431 cm−1 and the formation of the C–H and O–H stretching vibrations (2923 cm−1 and 2850 cm−1) in the conjugate confirmed the conjugation process.




3.4. Cytotoxicity Study of TPPS4 and ZnCuInS/ZnS–TPPS4 Conjugate


The biocompatibility of the as-synthesized material (TPPS4 and ZnCuInS/ZnS–TPPS4 conjugate) was tested on different cell lines, namely normal kidney fibroblasts (BHK21), cervical cancer (Hela), lung cancer (A549), and kidney cancer (Hek 293) cell lines. The cytotoxicity experiments were measured using a standard methyl thiazole tetrazolium (MTT) assay. The MTT assays were performed on each cell line following exposure of the cells to various concentrations, and the estimate of the cytotoxicity was obtained using the MTT test (data points show the mean and standard deviation, n = 6). Figure 6 shows the cytotoxicity of TPPS4 against the various cell lines. TPPS4 exhibited excellent cell viability (≥95%) against the A549, BHK21, and Hek293 cell lines upon exposure to TPPS4 up to 375 µg/mL. However, slight toxicity was observed with the Hela cell line compared to the other cancer cell lines.



The MTT assay of the ZnCuInS/ZnS–TPPS4 conjugate (Figure 7) on different cell lines displayed excellent cell viability (≥97%) for all the cancer cell lines (A549, Hek 293, and Hela cells). It is worth noting that the concentrations of the conjugate exposed to the cells were double that of the TPPS4 porphyrin. This shows that the observed cell viability of the conjugate was not due to the porphyrin only. An increase in cell proliferation was observed for the BHK21 cell line at a level ≥193 µg/mL following exposure of the cells to the conjugate. This could be attributed to a possible attack on the cellular nucleus through mutation but further investigation is required. Interestingly, a significant increase in Hela cell survival was observed when the cells were exposed to the ZnCuInS/ZnS–TPPS4 conjugate compared to TPPS4 alone. In another study, we reported on a ternary QD–porphyrin conjugate. The results showed that the conjugate possessed high cytotoxicity against THP-1 cells with enhanced localized cell uptake compared to the bare QDs. While confocal imaging of the conjugate indicated effective intracellular penetration [20]. This shows that the conjugate could be used as a selective therapeutic agent against cancer cell lines or as a sensor probe for cancer diagnosis.





4. Conclusions


In summary, highly luminescent and water-soluble ZnCuInS alloy and ZnCuInS/ZnS QDs were synthesized using one-pot synthesis and water as a solvent. Absorption spectra of the synthesized ZnCuInS and ZnCuInS/ZnS QDs exhibited featureless exciton absorption peaks. The PL peak position of the alloy remained unaltered following passivation with ZnS to form ZnCuInS/ZnS QDs. However, the luminescent intensities of ZnCuInS/ZnS QDs increased, accounting for possible type 1 band alignment due to electron and hole localization. The TEM showed that the particles were small, with an average particle diameter of 1.6 ± 0.3 nm and 2.7 ± 0.5 nm for ZCIS alloy and ZCIS/ZnS QDs, respectively. The TPPS4 exhibited a characteristic Soret band at 413 nm and Q-bands (515, 551, 579, and 633 nm). Following the synthesis of ZnCuInS/ZnS QDs and TPPS4, we fabricated a ZnCuInS/ZnS–TPPS4 conjugate for the first time by adding different amounts of QDs to TPPS4. Spectroscopic studies of the conjugate showed characteristic absorption profiles of ZnCuInS/ZnS and TPPS4 while maintaining the two broad emission bands (645 and 703 nm) of TPPS4. Following successful synthesis, cytotoxicity of TPPS4 and ZnCuInS/ZnS–TPPS4 conjugate against different cancer and normal cell lines was evaluated via the MTT assay. The TPPS4 and ZnCuInS/ZnS–TPPS4 conjugate exhibited low cytotoxicity and good biocompatibility with both normal and cancer cells, indicating the conjugate is a good and biocompatible candidate for imaging and phototherapy applications.
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Figure 1. (A) Schematic synthesis of ZnCuInS and ZnCuInS/ZnS. (B) Overlay of absorption and PL of ZnCuInS and ZnCuInS/ZnS. (C) Natural and UV light digital images of ZnCuInS and ZnCuInS/ZnS QDs. 
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Figure 2. (A)TEM image and (B) size distribution curve of ZnCuInS. (C) TEM image and (D) size distribution curve of ZnCuInS/ZnS QDs. 
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Figure 3. (A) FTIR spectra of GSH, ZnCuInS QDs, and ZnCuInS/ZnS QDs. EDS spectra of (B) ZnCuInS QDs and (C) ZnCuInS/ZnS QDs (inserts: SEM area of respective material). 
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Figure 4. (A) Absorption spectrum (Inset: enlarge spectrum) and (B) FTIR spectrum of TPPS4. 
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Figure 5. (A) Absorption spectra of TPPS4, ZnCuInS/ZnS QDs and ZnCuInS/ZnS–TPPS4 conjugate at different molar ratios of QD:porphyrin ratios. (B) Absorption spectra of ZnCuInS/ZnS–TPPS4. at TPPS4: QDs ratio of 1:1. (C) Overlay of the PL spectra of TPPS4:ZnCuInS/ZnS–TPPS4. (D) FTIR of TPPS4 and ZnCuInS/ZnS–TPPS4 conjugate. 






Figure 5. (A) Absorption spectra of TPPS4, ZnCuInS/ZnS QDs and ZnCuInS/ZnS–TPPS4 conjugate at different molar ratios of QD:porphyrin ratios. (B) Absorption spectra of ZnCuInS/ZnS–TPPS4. at TPPS4: QDs ratio of 1:1. (C) Overlay of the PL spectra of TPPS4:ZnCuInS/ZnS–TPPS4. (D) FTIR of TPPS4 and ZnCuInS/ZnS–TPPS4 conjugate.



[image: Organics 04 00010 g005]







[image: Organics 04 00010 g006 550] 





Figure 6. In vitro cytotoxicity of TPPS4 on different cell lines. 
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Figure 7. In vitro cytotoxicity of ZnCuInS/ZnS–TPPS4 conjugate on different cell lines. 
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