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Green channel at 540−580 nm, b) red channel at 640−700nm and c) ratio 

images generated from green/red channel using Matlab software. Scale bar 

corresponds to 30 μm. d) Average intensity ratios obtained from ratio 

images of c. e) Quantification of intracellular GSH from apoptotic cell 

lysates using Sq dye. Data are the mean SD of three independent 

experiments. 

68 

(40) Figure 2.15. a) Fluorescence micrographs showing ROS generation in 

HepG2 cells untreated (A) and after administration with Paclitaxel (10 μΜ) 

(B) from 0 to 6 h. Scale bar corresponds to 50 µm. b) Average fluorescence 

intensity of dichlorofluorescein from untreated and paclitaxel administered 

HepG2 cells from 0-6 h measured using a fluorescence plate reader. Data 

represents mean standard deviation of three independent experiments. c) 

Fluorescence micrographs of apoptotic progression in HepG2 cells after 

administration with Paclitaxel (10 μΜ) from 0 to 6 h using acridine orange –

ethidium bromide dual staining assay. Scale bar corresponds to 30 µm. d) 

Quantification of intracellular thiol from cell lysates during apoptosis using 
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commercially available GSH assay kit. Data are the mean standard 

deviation of three independent experiments. 

 

(41) Figure 3.1. Schematic representation of the synthesis of silver nanoparticle 

modified silica spheres for bimodal imaging guided multiplexed detection 

applications.  

 

86 

(42) Figure 3.2. a) Schematic illustration of the preparation of drug loaded 

Ag@SiO2@mTiO2 core-shell nanoprobe. b) TEM image of 

Ag@SiO2@mTiO2 nanoparticles. c) Cytotoxic evaluation of DOX loaded 

Ag@SiO2@mTiO2 and free DOX on MCF7 cells. 
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(43) Figure 3.3. a) Schematic representation of cancer biomarker detection using 

silica encapsulated gold nanoprobes. b) Scheme showing the synthesis of 

the nanoprobe. c) Duplex imaging of CD24 and CD44 antigens in MDA-

MB 231 cells using fluorescence and SERS modalities.   
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(44) Figure 3.4. Schematic illustration of enzyme triggered switching of 

antibody functionalized FSENPs for the multiplexed detection of lung 

cancer biomarkers. 

 

90 

(45) Figure 3.5. a) UV-Vis absorption spectrum of 10 µM solutions of Coum-

cathB, Rh110-cathB and RhB-cathB in PBS buffer (25 mM, pH 7.4). b) 

Fluorescence spectra of 10 µM solutions of Coum-cathB, Rh110-cathB and 

RhB-cathB in PBS (25 mM, pH 7.4). The emission spectra were obtained 

by exciting Coum-cathB, Rh110-cathB and RhB-cathB at 360, 475 and 520 

nm respectively. c) UV-Vis absorption spectrum of spherical gold 

nanoparticles. Inset shows the TEM image of the gold nanospheres. d) 

SERS spectral analysis of 10 µM solutions of Coum-cathB, Rh110-cathB 

and RhB-cathB in PBS (25 mM, pH 7.4) SERS spectra were obtained by 

excitation using a 633 nm laser.   
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(46) Figure 3.6. UV-Vis absorption spectra and DLS analysis of Coum- 94 
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cathB@AuNP (a,d), Rh110-cathB@AuNP (b,e) and RhB-cathB@AuNP 

(c,f). Insets in (d-f) represent the TEM images of Coum-cathB@AuNP, 

Rh110-cathB@AuNP and RhB-cathB@AuNP respectively. 

 

(47) Figure 3.7. a) Schematic illustration showing the switching of SERS and 

fluorescence properties of FSENPs upon administration with cathB 

enzyme. SERS quenching and fluorescence activation studies of AuNP 

functionalized Coum-cathB (b, e), Rh110-cathB (c, f) and RhB-cathB (d, g) 

upon addition of cathB enzyme (60 ng/mL) in acetate buffer (pH 5.5, 37 

ºC). Fluorescence images of Coum-cathB@AuNP (h), Rh110-

cathB@AuNP (i) and RhB-cathB@AuNP (j) in the absence (upper panel) 

and in the presence (lower panel) of the enzyme recorded using IVIS animal 

imaging system. Fluorescence spectra and images were recorded by 

excitation at 360, 475 and 530 nm for Coum-cathB@AuNP, Rh110-

cathB@AuNP and RhB-cathB@AuNP respectively. SERS spectra were 

acquired by excitation at 633 nm. 
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(48) Figure 3.8. a) SERS and fluorescence based analysis of limit of detection of 

cathB enzyme by Coum-cathB@AuNP (a,d),  Rh110-cathB@AuNP (b,e), 

and RhB-cathB@AuNP (c,f). 
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(49) Figure 3.9. SERS and fluorescence analysis of Coum-cathB@AuNP and 

Coum@AuNP (a,d), Rh110-cathB@AuNP and Rh110@AuNP (b,e) and 

RhB-cathB@AuNP and RhB@AuNP (c,f) in the absence and presence of 

cath B enzyme (60 ng/mL) in PBS (pH 7.4, 37 ºC). Data constitute the mean 

± SD of three independent experiments. 

 

97 

(50) Figure 3.10. a) SERS and b) emission spectra of Coum-cathB@AuNP (λex 

@ 360 nm and λem @ 450 nm) Rh110-cathB@AuNP (λex @ 475 nm and λem 

@ 520 nm)  and RhB-cathB@AuNP (λex @ 520 nm and λem @ 580 nm) in 

the presence of cathB enzyme (60 ng/mL) in PBS (pH 7.4, 37 ºC). SERS 

spectral analysis was performed by excitation using a 633 nm laser. Data 

constitute the mean ± SD of three independent experiments. 
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(51) Figure 3.11. SERS and fluorescence responses of Coum-cathB@AuNP (λex 

@ 360 nm and λem @ 450 nm) (a, d), Rh110-cathB@AuNP (λex @ 475 nm 

and λem @ 520 nm) (b, e) and RhB-cathB@AuNP (λex @ 520nm and λem @ 

580 nm) (c, f) towards various proteins and enzymes. SERS spectra were 

recorded by excitation at 633 nm. Data indicate the mean ± SD of four 

independent experiments. 
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(52) Figure 3.12. a) Fluorescence microscopic images of Coum-cathB@AuNP 

(A), Rh110-cathB@AuNP (B) and RhB-cathB@AuNP (C) in A549 cells 

from 30 to 120 min. Scale bar 20 µm. Insets in A, B and C represent the 

confocal SERS images of A549 cells treated with Coum-cathB@AuNP, 

Rh110-cathB@AuNP and RhB-cathB@AuNP respectively for the same 

time interval. Scale bar 10 µm. Time-dependent b) SERS and c) 

fluorescence intensity profiling from the cells at different time points. d) 

Fluorescence micrographs for the intracellular localization of Rh110-

cathB@AuNP and RhB-cathB@AuNP with lysotracker green/red. Green 

channel at 510-550 nm and red channel at 580-620 nm. In the scatter plot, r 

and R represent Pearson’s correlation coefficient and Mander’s overlap 

coefficient respectively. Scale bar 20 µm. Data represent the mean ± SD of 

three independent experiments. 
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(53) Figure 3.13. UV-Vis absorption spectra of Coum-cathB@anti-Nap (a), 

Rh110-cathB@anti-CK (b) and RhB-cathB@anti-EGFR (c) in PBS (25 

mM, pH 7.4). Cytotoxicity evaluation using MTT assay with A549 cells 

treated with d) Coum-cathB, e) Rh110-cathB and f) RhB-cathB for 24 h. 

Data represent the mean ± SD of three independent experiments. 
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(54) Figure 3.14. Cytotoxicity evaluation using MTT assay with A549 cells 

treated with the constructs for 24 h. Data represent the mean ± SD of three 

independent experiments. 
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(55) Figure 3.15. a) Confocal SERS and b) fluorescence microscopic images of 

RhB-cathB@anti-EGFR and Rh110-cathB@anti-CK in A549 and WI38 
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cells. SERS images of RhB-cathB@anti-EGFR and Rh110-cathB@anti-CK 

were obtained by imaging at 617 and 354cm
-1

 respectively. Scale bar 10 

µm. Fluorescence images were collected from the blue channel at 440-480 

nm, green channel at 510-550 nm and red channel at 580-620 nm. Scale bar 

10 µm. c) Semi-quantitative evaluation of EGFR, CK and Nap in A549 and 

WI-38 cells as obtained by SERS analysis. Statistically significant 

differences at *** p < 0.001; ns, not significant in comparison with the 

control. AFM images of A549 (d) and WI-38 (e) cells after treatment with 

RhB-cathB@anti-EGFR. Insets represent the magnified image of the 

labeled portion of the cell surface. Data are the mean ± SD of three 

independent experiments. 

 

(56) Figure 3.16. a) Confocal SERS and b) fluorescence microscopic images of 

Coum-cathB@anti-Nap in A549 and WI38 cells. SERS images of Coum-

cathB@anti-Nap obtained by imaging at 837 cm
-1

. Scale bar 10 µm. 

Fluorescence images were collected from the probe at 440-480 nm. Scale 

bar 10 µm. c), e) and g) represent the respective SERS signals of RhB-

cathB@anti-EGFR, Rh110-cathB@anti-CK and Coum-cathB@anti-Nap 

obtained from A549 cells. The SERS signals acquired from WI-38 cells 

treated with RhB-cathB@anti-EGFR, Rh110-cathB@anti-CK and Coum-

cathB@anti-Nap are shown in d), f) and h) respectively. 
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(57) Figure 3.17. a) Western blot analysis showing the expression status of 

EGFR, CK and Nap in A549 and WI-38 cells and quantitation of protein 

bands normalized with β-actin as estimated using ImageJ software. b) 

Estimation of EGFR, CK-19 and Nap levels in A549 and WI38 cells as 

measured by fluorescence analysis. Data are the mean ± SD of three 

independent experiments. Immunocytochemical staining of A549 (c) and 

WI-38 (d) cells for  the recognition of EGFR (A and D), CK (B and E) and 

Nap (C and F). Counterstaining was performed with haematoxylin. Scale 

bar 20 µm. 
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(58) Figure 3.18.  SERS spectral analysis of A549 cells incubated with a mixture 107 
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of RhB-cathB@anti-EGFR and Rh110-cathB@anti-CK (a), RhB-

cathB@anti-EGFR and Coum-cathB@anti-Nap (b) and Rh110-cathB@anti-

CK and Coum-cathB@anti-Nap (c) respectively. d) Fluorescence 

microscopic imaging of A549 cells treated with a combination of two 

antitags each. Fluorescence images acquired from the blue channel at 440-

480 nm, green channel at 510-550 nm and red channel at 580-620 nm. Scale 

bar 20 µm.  

 

(59) Figure 3.19.  Fluorescence microscopic analysis of WI38 cells treated with 

a mixture of two antitags each. Blue channel at 440-480 nm, green channel 

at 510-550 nm and red channel at 580-620 nm. Scale bar 10 µm. 
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(60) Figure 3.20. a) Schematic illustration of the multiplexing detection of the 

biomarkers in lung cancer cells by the cocktail probe. b) Confocal SERS 

(A) and fluorescence (B) microscopic analysis of EGFR, CK and Nap in 

A549 cells after treatment with the cocktail probe. Scale bar 10 µm. SERS 

images acquired by imaging RhB-cathB@anti-EGFR, Rh110-cathB@anti-

CK and Coum-cathB@anti-Nap at 617, 354 and 837 cm
-1

 respectively. c) 

ICPMS analysis of gold content in A549 and WI38 cells incubated with the 

cocktail probe (*** p < 0.001). Representative bright field microscopic 

images of sputum specimens collected from a cancer patient (d) and a 

normal healthy person (e). Scale bar 10 µm. f) Evaluation of EGFR, CK and 

Nap levels in sputum specimens treated with the probe by SERS analysis. 

Data represents the mean ± SD of three independent experiments. 
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(61) Figure 3.21. a) SERS and b) fluorescence microscopic analysis of WI38 

cells treated with the cocktail probe. SERS images collected at 617, 354 and 

837 cm
-1 

for RhB-cathB@anti-EGFR, Rh110-cathB@anti-CK and Coum-

cathB@anti-Nap respectively. Blue channel at 440-480 nm, green channel 

at 510-550 nm and red channel at 580-620 nm. Scale bar 10 µm. 
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(62) Figure 3.22. a) SERS spectra obtained from A549 cells treated with the 

cocktail probe. i), ii), iii) and iv) represent the spectra extracted from the 
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respective points shown in Figure 3.20A. b) Representative SERS spectra 

obtained from the labeled points of the WI-38 cells shown in Figure 3.21a.  

 

(63) Figure 3.23. Evaluation of EGFR, CK and Nap in sputum specimens treated 

with cathepsin B enzyme after incubation with the cocktail probe as 

measured by fluorescence analysis (λex : 360 nm and λem : 450 nm for 

Coum-cathB@anti-Nap; λex : 475 nm and λem : 520 nm for Rh110-

cathB@anti-CK; λex : 520 nm and λem : 580 nm for RhB-cathB@anti-EGFR. 

 

112 

(64) Figure 4.1. a) Schematic representation of artificial blood cells encased 

photosensitizer system for tumor-boosted PDT. b) Evaluation of ROS 

generation efficacy of O2 loaded perfluorocarbon nanodroplets through 

DCFDA assay. c) Flow cytometry analysis of ROS generation in cells 

subjected to various treatments detected using DCFDA assay. 

 

129 

(65) Figure 4.2. a) Schematic illustration of the working action of 

perfluorocarbon nanoemulsion for ultrasound modulated tumor-specific 

delivery of oxygen for enhanced PDT and radiotherapy (RT). b) Tumor 

reduction studies of mice after various treatments. c) Average tumor 

weights of different mice groups subjected to various treatments as shown 

in (b). 
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(66) Figure 4.3. Schematic representation of the synthesis of gold nanorod 

functionalized EPT1 for the remote controlled release of singlet oxygen in 

cancer cells. 
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(67) Figure 4.4. Scheme showing the generation of singlet oxygen upon 

irradiation of 3 with a 650 nm light source, and subsequent thermal 

cycloreversion of 4 in the dark to regenerate 3. 

 

133 

(68) Figure 4.5. a) Schematic representation of the dual therapeutic effects 

combining both thermal-triggered oxidative damage and photothermal 

damage. b) Time dependent absorbance changes of different constructs 
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upon exposure to 808 nm light irradiation (0.88 W/cm
2
). (c) Time dependent 

absorbance changes of the mixture of probe and 1,3-diphenylisobenzofuran 

(DPBF) in DMSO under 808 nm laser irradiation (0.88 W/cm
2
). After that, 

AuNR was added and the change in absorbance recorded as a function of 

time under the same laser condition. Fluorescence microscopic images of 

HeLa cells subjected to (d) DCFDA and (e) Annexin V flow cytometry 

assay under different conditions. 

 

(69) Figure 4.6. UV-Vis absorption spectrum and luminescence spectrum of Ir-

Pyr (10 µM, acetonitrile). 

 

138 

(70) Figure 4.7. a) Schematic representation showing the photo-generation and 

heat triggered release of 
1
O2 by Ir-Pyr. b) UV-Vis absorption and c) 

fluorescence spectral changes of DPBF in the presence of Ir-Pyr upon 

irradiation with light from 0 to 120 s. d) Absorption changes of DPBF in the 

presence of pre-photo irradiated Ir-Pyr upon heating from 30 to 60 ºC. e) 

Decrease in absorbance of DPBF at 414 nm recorded as a function of 

temperature.  

 

139 

(71) Figure 4.8. a) Determination of singlet oxygen generation efficiency of Ir-

Pyr and Ir-Pyr-EPO using [Ru(bpy)3]Cl2 as the standard. b) Direct 

monitoring of 
1
O2 generation potential of Ir-Pyr and Ir-Pyr-EPO, detected 

by recording the emission at 1275 nm. 
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(72) Figure 4.9. a) UV-Vis absorption and b) emission spectral analysis of Ir-

Pyr upon irradiation with 532 nm laser source (0.5 W/cm
2
). c) UV-Vis 

absorption and d) emission spectral analysis of Ir-Pyr upon heating from 30 

to 60 ºC. 
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(73) Figure 4.10. a) TEM image and b) UV-Vis absorption spectra of MnO2 

nanosheets. c) Temperature changes of different concentrations of MnO2 

nanosheets upon irradiation with 808 nm laser (0.5 W/cm
2
). d) Raman 

spectral analysis of MnO2 nanosheets.  
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(74) Figure 4.11. a) UV-Vis absorption spectra of various constructs. b) 

Emission spectral changes of Ir-Pyr in presence of increasing 

concentrations of MnO2 nanosheets. Absorbance changes of MnO2 

nanosheets in the presence of increasing concentrations of H2O2 (0-1 mM) 

at pH 5.4 (c) and pH 7.4 (d). 
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(75) Figure 4.12. a) Raman spectra of MnO2 nanosheets and b) luminescence 

recovery of Ir-Pyr in the presence of increasing concentrations of H2O2 at 

pH 5.5. 
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(76) Figure 4.13. Emission spectral changes of DPBF in the presence of Ir-

Pyr@MnO2 subjected to various treatments for one cycle (a) and two 

cycles (b). 
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(77) Figure 4.14. a) Cytotoxic evaluation on HeLa cells treated with various 

concentrations of Ir-Pyr-EPO@MnO2-FA (0.1 to 100 µg/mL) determined 

using MTT assay. b) Microscopic images of the intracellular oxygen probe, 

[Ru(dpp)3]Cl2 stained HeLa cells after treatment with MnO2 nanosheets for 

12 h under A) normoxic and B) hypoxic conditions. Scale bar corresponds 

to 30 μm. 
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(78) Figure 4.15. a) Microscopic images of the intracellular oxygen probe, 

[Ru(dpp)3]Cl2 stained HeLa cells after  treatment with MnO2 nanosheets for 

12 h. Scale bar corresponds to 100 μm. b) and c) represent the cellular 

uptake studies of Ir-Pyr@MnO2-FA at different time points in monolayer 

cells (scale bar 30 μm) and spheroids (scale bar 100 μm)  respectively. d) 

SERS spectral evaluation of material administrated HeLa cells at different 

time points. 
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(79) Figure 4.16. In vitro SERS imaging of nanomaterial incubated HeLa cells 

at different time points. 
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(80) Figure 4.17. a) Evaluation of 
1
O2 generation efficacy of Ir-Pyr-

EPO@MnO2-FA on HeLa spheroids using SOSG assay. Scale bar 

represents 100 μm. b) In vitro cytotoxicity assay of various constructs with 

and without laser irradiation on HeLa cells. c) Apoptotic evaluation of Ir-

Pyr-EPO@MnO2-FA on HeLa cells (scale bar 30 μm) and spheroids (scale 

bar 100 μm) using acridine orange-ethidium bromide dual staining. 
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(81) Figure 4.18. In vitro cell viability assay of various constructs with and 

without laser irradiation on a) HeLa spheroids, b) A549 and c) WI38 cells. 
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(82) Figure 4.19. In vitro evaluation of apoptosis on HeLa cells and spheroids 

using APOP assay (a) and Annexin V FITC flow cytometric assay (b). Scale 

bar for HeLa cells and spheroids in Figure (a) corresponds to 30 μm and 100 

μm respectively. 
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(83) Figure 4.20. a) In vivo luminescence images of DLA tumor bearing mice at 

various time periods. Inset circles represent the tumor area. b) In vivo SERS 

detection of material administered tumor bearing mice (Legends 1 and 2 in 

the figure represent the tumor region and ventral area respectively). c) 

Tumor volume reduction studies after various treatments. d) Kaplan Meier 

survival analysis of mice groups administered with different agents. e) H&E 

examination of different organs subjected to various treatments. 
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(84) Figure 4.21. a) Ex vivo luminescence images of DLA tumor bearing mice 

before (left) and after administration with Ir-Pyr-EPO@MnO2-FA (right). 

b) Photographs depicting the reduction in tumor size of mice after various 

therapeutic strategies. 
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PREFACE 

The development of novel bioanalytical tools for the detection and monitoring of biologically 

relevant target materials and associated cellular events in vitro and in vivo poses a great 

challenge in clinical diagnostics and chemical biology. Among the various detection 

techniques, optical assays based on fluorescence and surface enhanced Raman scattering 

(SERS) facilitate a comprehensive and in-depth understanding of the complex biological 

systems and processes with high accuracy and sensitivity. In this regard, design and 

fabrication of materials with improved detection capability has become a hot topic of interest 

among the researchers. In addition to effective diagnosis, precise treatment and proper 

follow-up of therapeutic responses are essential for the efficient management of diseases. In 

order to meet these requirements, design of multifunctional materials with both sensing and 

therapeutic potential has emerged as a promising strategy. Chapter 1 of the thesis gives an 

overview of the recent developments in the construction of optical probes that work on 

fluorescence and SERS and their potential in the diagnostic and theranostic applications for 

efficient clinical outcome. In addition, specific objectives of the present thesis are briefly 

described at the end of this chapter. 

In Chapter 2, we have designed a ratiometric squaraine based fluorescent 

probe (Sq) for the detection and imaging of endogenous thiols under in vitro conditions. The 

probe afforded a ratiometric detection of thiols by switching its emission from NIR (690 nm) 

to visible region (560 nm). Further, the probe was utilized for the quantification of 

intracellular GSH concentrations in live cells and cell extracts, owing to its favorable 

attributes of high biocompatibility, excellent membrane permeability, and fast detection 

response in the intracellular conditions. The dye molecule also facilitated the accurate 

discrimination of cancer cells from normal cells via the investigation of cellular redox status. 

The promising potential of Sq was further explored for quantifying the GSH imbalance 

during various stages of apoptosis. These observations opened before us a new non-invasive 

pathway for diagnosing apoptosis which helps in understanding the fate of therapeutic 

responses in living systems.
1 
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The design and fabrication of smart programmable nanostructures for the 

multiplexed detection of most prevalent panel of disease biomarkers present in lung cancer is 

described in Chapter 3. The multiplex nanoprobes comprised of dual responsive Raman 

active fluorophores attached to the surface of gold nanospheres through a strategically 

positioned peptide (Phe-Lys-Cys; FKC) sequence which is recognized as a specific substrate 

for cathepsin B (cathB), a key protease involved in cancer invasion and progression. The 

tripeptide linker was engineered to get cleaved upon homing into the cancer cells, which 

results in the release of the initially dormant fluorophores through a break in the conjugation 

which increases the distance of the dyes from the gold nanoparticle surface thereby causing 

the arresting of SERS activity, thereby realizing an on−off switching between the two 

imaging modalities. The anticipated mode of action of fluorescence-SERS encoded 

nanoparticle probes (FSENPs) was utilized for the detection of defined protein targets after 

decorating with specific monoclonal antibody recognition units. Moreover, as a major step 

towards the clinical applicability of the probe, we have performed the profiling of the disease 

biomarkers in patient specimens which offers new avenues for the development of a clinical 

screening tag for point-of-care diagnosis and personalized treatment applications.
2 

Hypoxia, as featured by low oxygen concentrations severely attenuates the 

treatment outcome of photodynamic therapy (PDT), which puts it beyond the reach of a 

successful therapeutic procedure in clinical scenario. In the final chapter, Chapter 4, we 

have demonstrated a new strategy for cutting off the intracellular oxygen consumption by 

developing a redox activatable singlet oxygen (
1
O2) self-enriched photoreactor (Ir-Pyr-

EPO@MnO2-FA) to meet the requirements of intracellular oxygen independent PDT. 

Upon target specific accumulation into the cancer cells followed by near infrared light 

irradiation, the photothermal effect generated by MnO2 nanosheets facilitated the thermal 

cycloreversion of Ir-Pyr-EPO to release cytotoxic 
1
O2, thereby paving way for the first 

phase of photodynamic therapy. Additionally, the redox responsive nature (high H2O2 and 

low pH) of tumor environment caused an activation of the luminescence properties of Ir-Pyr 

by the reduction of MnO2, thereby enabling it for self-guided therapeutic applications. 

Furthermore, by taking advantage of the reduction properties of MnO2, the as-produced 

molecular oxygen which got slowly released into the tumor region was utilized for the 
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second phase of PDT by photosensitization using a 532 nm laser. The probe displayed 

excellent therapeutic efficacy in vitro and in vivo which facilitated the accurate diagnosis and 

positioned treatment of hypoxic tumors via oxygen irrelevant PDT/PTT under the guidance 

of luminescence imaging, thereby offering opportunities for the development of next 

generation cancer phototherapeutics.
3
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Optical Probes for Sensing, Imaging and Therapeutic 

Applications in Biomedicine: Recent Developments 

            

 

1.1. Abstract 

Development of bioanalytical tools for the detection and monitoring of various 

biological targets and their associated events in vitro and in vivo remains a great 

challenge in biomedicine. Among the various detection techniques, optical assays 

based on fluorescence and surface enhanced Raman scattering (SERS) facilitate a 

comprehensive and in-depth understanding of the complex biological systems with 

high accuracy and sensitivity. In this regard, design and fabrication of materials with 

improved detection capability has become a topic of interest among the researchers. 

In addition to effective diagnosis, precise treatment and proper follow-up of 

therapeutic responses are essential for the efficient management of diseases. In order 

to meet these requirements, design of multifunctional materials with both sensing and 

therapeutic potential has emerged as a promising strategy. This introductory chapter 
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provides an overview of the recent developments in the construction of optical probes 

that work on fluorescence and SERS and their potential in the diagnostic and 

theranostic applications for efficient clinical outcome. Finally, the aim and the outline 

of the thesis are presented. 

1.2. Introduction 

Biosensing and bioimaging constitute the key tools to understand and visualize the 

function and regulation of many cellular processes and also in the profiling of 

heterogeneous disease conditions. A biosensor functions as an integrated device to 

convert a molecular recognition event to a detectable physicochemical signal. Thus, a 

biosensor primarily consists of a recognition motif to provide a specific binding with 

the target and a detector component for signaling the binding phenomenon. However, 

bioimaging is a relatively recent development that has created an outbreak in the 

medical field by making use of digital technology. Being non-invasive, bioimaging 

facilitates precise monitoring of biomarkers that can be used as targets for disease 

identification, therapy and follow-up of treatment responses. Among the various 

imaging techniques, fluorescence based probes are one of the most extensively used 

tools for optical imaging owing to its ability to analyze complex biological processes 

with high spatial and temporal resolution. The development of novel fluorescent 

imaging agents has brought significant advances in the field of disease diagnostics 

and personalized medicine.
1-4

 

In addition to fluorescence based assays, surface enhanced Raman 

scattering (SERS) has transpired as a frontline biosensing tool, offering broad range 

analyte detection with high specificity and sensitivity.
5,6

 In SERS, the inherently weak 

Raman vibrations of the molecule/analyte are subjected to amplification by several 

orders of magnitude via their interaction with nanoroughened metal substrates such as 
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gold or silver. Design and fabrication of SERS active metal substrates and novel 

Raman reporter molecules facilitated the massive utilization of this technique in 

biomedical applications.
7
 In recent years, significant efforts have been put towards the 

development of novel biosensors for diagnostic purposes using these two non-

invasive imaging techniques.
8,9

 

Following a successful diagnostic procedure, the next key step involved 

in the disease management is the therapy. Among the various currently available 

treatment modalities, phototherapies namely photodynamic therapy (PDT) and 

photothermal therapy (PTT) deserve special attention owing to their minimally 

invasive nature and excellent therapeutic efficiency.
10,11

 Combination of diagnostic 

tools with therapeutic agents has given birth to a new paradigm in biomedicine known 

as theranostics. Theranostic agents not only offer targeted therapy but also elucidate 

the underlying disease mechanisms and facilitate pre- and post-treatment 

assessment.
12-14

 These favorable attributes endow the multifunctional theranostic 

systems with immense potential in both translational and clinical research. 

1.3. Bioimaging 

Comprehensive profiling of cellular level interactions in biological systems in their 

native habitat poses a great challenge, particularly in the field of disease diagnostics 

and therapy. Over the past century, most of our understanding about the molecular 

level processes occurring in cells was from the traditional biochemical analysis that 

were carried out in test tubes which employed biomolecules in their isolated or pure 

form. Although this approach could provide valuable insights, it has limited scope that 

the actual cellular environment is fundamentally different from the solution state 

reaction conditions. In order to gain an in-depth understanding of the chemistry 

behind the living cells, it is important to consider the cell itself as the test tube and 
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visualize the whole process. This kind of visualization will give a clear picture of the 

functioning of the cells and also the presence of any abnormalities, which will 

subsequently aid in diagnosing various diseases. The observation of the cellular and 

subcellular functions demands the need of highly sensitive instrumentation along with 

the use of some potential reporters or contrast agents. Contrast agents make the 

process visible and measurable which a simple light microscope cannot perform. 

Development in imaging techniques and contrast agents now enable imaging across a 

wide window ranging from 1-2 nm scale to whole organism phenotyping. Depending 

on the source employed, bioimaging has given birth to various imaging techniques 

such as fluorescence imaging, photoacoustic imaging, magnetic resonance imaging 

(MRI), SERS imaging, computed tomography (CT), positron emission tomography 

(PET) etc. Among these modalities, fluorescence imaging and SERS imaging stands 

as two promising techniques that enable real-time visualization of molecular events in 

the cellular environment with high sensitivity and resolution. 

1.3.1. Fluorescence Imaging 

Fluorescence is a form of luminescence that involves the dissipation of light energy 

from electronically excited states of a molecule or material that has absorbed suitable 

energy. In the fluorescence process, a photon of energy, hʋex will be given to the 

molecules, which will absorb and gets excited to a higher electronic level (S1*). The 

molecule then relaxes to a lower electronic state S1 by vibrational relaxation which 

occurs in picosecond timescale. Finally, the molecule will return to the ground 

electronic state S0 by the emission of a lower energy photon (hʋem), which takes place 

in a relatively longer timeframe of nanoseconds. Although the entire process occurs in 

less than millionth of a second, this phenomenon of light matter interaction marks the 

basis of fluorescence imaging (Figure 1.1a). Owing to excellent sensitivity, high 
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resolution and non-invasive nature, fluorescence technique has become an 

indispensable imaging tool in chemical biology. 

 

Figure 1.1. a) Simplified Jablonski diagram of the main processes involved in fluorescence and b) the 

working principle of a fluorescence microscope. 

The basic principle involved in the working of a fluorescence 

microscope is shown in Figure 1.1 b. Light of the excitation wavelength produced 

from the source after passing through an excitation filter gets reflected through the 

objective to the sample using a dichroic mirror. The fluorescence emitted by the 

sample after passing through the emission filter is directed to the detector by the 

objective lens. Most of the fluorescence microscopes used is of the epifluorescence 

design, wherein both the excitation of the fluorophore as well as the detection of 

fluorescence occurs through the same light path (i.e. through the objective). Although, 

the imaging of various endogenous systems
15-17

 such as NAD(P)H, tryptophans and 

flavins provided a general understanding of the various processes inside the cell, the 

emergence of different fluorescent molecules, genetically modified fluorescent 

proteins and fluorescent nanomaterials opened up a new dimension to make cellular 

processes more visible which enabled the precise tracking and real-time monitoring of 



6  Chapter 1 

  

the complex biomolecular reactions, their dynamics, transport characteristics and 

interaction with various cellular components.  

1.3.2. Fluorescence Probes for Sensing and Imaging 

Fluorescent probes are systems which undergo a change in their emission properties 

upon interaction with a specific analyte, thereby giving a measurable fluorescence 

signal. The development of fluorogenic probes has a significant role in the current 

advances in disease diagnostics and cell biology owing to their high sensitivity and 

excellent spatial and temporal resolution.
18

 In the past few decades, a large number of 

new fluorogenic materials have been developed based on small organic molecules, 

quantum dots, fluorescent proteins, polymers, carbon dots etc.
19-24

 However, the most 

popular candidates among this category are the small molecule based probes because 

of their favourable features in terms of small size, effective intracellular permeability, 

good biocompatibility etc. Several rationales can be adopted in the design of 

fluorescent probes such as intramolecular charge transfer (ICT), twisted 

intramolecular charge transfer (TICT), photoinduced electron transfer (PET), Forster 

resonance energy transfer (FRET), excimer/exciplex formation, excited state 

intramolecular proton transfer (ESIPT), aggregation induced emission (AIE) and lot 

more.
25-27

 Depending on the mode of emission change occurring during the signaling 

process, fluorescent probes can be classified into three main categories: (i) turn-off 

(ii) turn-on and (iii) ratiometric probes. 

1.3.2.1. Turn-off Fluorescent Probes  

Probes which produce a decline in the fluorescence intensity upon recognition with 

the target analyte are referred to as turn-off fluorescent probes. Up to now, a large 

number of turn-off fluorescent sensors have been designed and developed for the 

sensing and imaging of biologically and/or clinically relevant targets.  
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Ramamurthy et al., reported a number of amidothiourea linked 

acridinedione based chemosensors for the detection of Hg
2+

.
28

 The dyes showed a 

strong emission in the 440 nm region via the ICT process from ring nitrogen to 

carbonyl centre of the acridinedione moiety. On addition of Hg
+2

, the fluorescence 

signal revealed a quenching in the emission intensity which can be attributed to the 

intramolecular PET process from the aniline unit to the acridinedione fluorophore. 

Furthermore, the molecule 1e has been successfully applied for the two-photon 

imaging of Hg
+2

 in vitro (Figure 1.2). Breuer and co-workers demonstrated the 

potential of calcein and its acetoxymethylester (AM) derivative for the detection of 

iron. The probes consisted of iminodiacetate units as the metal ion receptor and 

fluorescein core as the fluorophore. The emission signal showed a 46% decline in its  

 

Figure 1.2. Molecular structures of probes for Hg+2 detection and two photon fluorescence microscopic 

images of H9C2 cells administered with 1e upon addition of increasing concentrations of Hg+2. 

intensity upon binding of iron with the receptor unit. However the probe failed to 

discriminate between Fe
+2

 and Fe
+3

 since Fe
+2

 gets oxidized to Fe
+3

 upon calcein 
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binding. The authors succeeded in monitoring the intracellular iron flux in K562 cells 

using their probe.
29,30

 Now, calcein and calcein-AM are commercially available 

probes which are widely used to track labile iron pool in biological systems.  

Protons play a key role in regulating several cellular processes and 

hence identified as an important target for the early diagnosis of many serious 

diseases including cancer. Li and colleagues developed a pyridine appended Troger’s 

base 2 (Figure 1.3a) that exhibited a pH dependent fluorescence response in the 

 

Figure 1.3. a) Sensing action of 2 for pH detection, b) emission spectral analysis of 2 with increasing 

H+ concentration and c) the proposed mechanism of Cu+2 and H+ detection by 3. 
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acidic window.
31

 The molecule displayed strong blue emission which got gradually 

decreased with increasing concentrations of H
+
 (Figure 1.3b). Owing to the high 

sensitivity, excellent selectivity, large Stokes shift and short response time, 2 proved 

to be an efficient fluorescent probe for pH detection under acidic conditions. A dual 

functional fluorescent probe 3 built on pyrrolidine ester hydrazone dye was designed 

for the detection of Cu
+2 

and pH. The probe 3 exhibited a turn-off response towards 

Cu
+2 

with high sensitivity with a detection limit as low as 0.63 µM. Moreover, the dye 

also showed excellent fluorescence response in the basic pH window with pKa around 

8.5. Thus, the dye worked as a multifunctional sensor platform for the simultaneous 

detection of Cu
+2

 ions and pH (Figure 1.3c).
32

 

A report by Martinez-Manez et al., demonstrated squaraine based 

chemodosimeters (4 and 5) for the detection of thiols via a nucleophilic addition 

reaction (Figure 1.4a).
33

 The dye molecules exhibited intense absorption bands in the 

near infrared (NIR) region together with strong fluorescence in the aqueous 

conditions. In acetonitrile/MES buffer (pH 6; 2:8 v/v), the molecules showed a 

remarkable bleaching in presence of cysteine. This decrease in absorption was 

concomitantly followed by a quenching in the emission signals which enabled the 

authors to determine the level of cysteine and cysteine derivatives in human plasma. 

In a recent study, Ajayaghosh and coworkers developed a CO2 detection probe (6) 

based on phenylenevinylene core (Figure 1.4b) which displayed an on-off response 

towards carbon dioxide among other neutral gases. In aqueous medium, the molecule 

exhibited an intense emission at 550 nm which can be attributed to the aggregation 

induced emission (AIE) property of the dye. However, in the presence of CO2, the 

molecular aggregates of 6 underwent a protonation which induced a hydrophobic to 

hydrophilic transformation. These changes were indicated by a reduction in the AIE 

property  which  was  reflected  in  the  emission  spectral  analysis  which  showed  a  
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Figure 1.4. a) Sensing mechanism of squaraine dyes 4 and 5 with thiols. b) Molecular structure of p-

phenylenevinylene dye 6 and its interaction with CO2. c) Fluorescence microscopic analysis of CO2 

sensing in vitro. i) Fluorescence and iii) bright field images of A549 cells incubated with 6. ii) and iv) 

represent the corresponding fluorescence and bright field images of cells pretreated with 6 and further 

exposed to 5% CO2. 
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quenching of the emission intensity at 550 nm. Furthermore, the authors demonstrated 

the utility of 6 as a probe for evaluating CO2 levels in biological samples. Human lung 

adenocarcinoma cells (A549) incubated with 6 showed a strong yellow fluorescence 

suggesting the internalization of the molecular aggregates in the cells. Upon 

incubation with 5% CO2, the yellow emission got dramatically decreased while the 

control cells kept in the absence of CO2 retained the same emission, thereby revealing 

the potential of 6 to monitor CO2 variations in cell specimens (Figure 1.4c).
34

 

1.3.2.2. Turn-on Fluorescent Probes 

Although there have been many studies on the development of turn-off fluorescent 

sensors, their application is limited in the biological fields which greatly demand good  

 

Figure 1.5. a) Sensing action of NIR fluorescent probe 7 for sulfide ion. b) Proposed mechanism of 

fluorescence response of 8 towards pH variations. 
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imaging potential by the working probe. However, fluorescent sensors with a turn-on 

response offer several advantages like excellent sensitivity, high signal to noise ratio, 

and good imaging capability. Therefore, the development of turn-on fluorescent 

probes flourished through various design strategies with different applications in a 

wide variety of disciplines.               

Cao et al., developed an NIR fluorescent probe (7) for the detection of 

sulfide anions (Figure 1.5a).
35

 The probe being a Cu
+2

 complex, is initially non-

fluorescent, which upon addition of sulfide anions, cause the decomplexation of Cu
2+ 

 

 

Figure 1.6. (a) Molecular structures of 9 in its deprotonated and protonated form. b) pH dependent 

emission profiles of 9a-d with 9e as a control always turn-on probe. c) pH-Dependent fluorescence 

intensity changes of pH responsive BODIPY dyes. d) Spectrally unmixed and composite fluorescence 

images of lungs of a mouse one day post intravenous injection with the always-on control probe (left, 

white arrows) and activatable ones (right, yellow arrows) before treatment (upper panel) or 30 min after 

dipping the lungs in 100% ethanol (lower panel).  
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with the simultaneous release of tricarbocyanine fluorophore, thereby providing a 

large enhancement in the NIR fluorescence. The probe was highly selective towards 

S
2-

 since it remained silent towards all other anions. Tang and coworkers developed a 

pH sensitive NIR fluorescent probe 8 by appending a proton sensitive terpyridine 

moiety to the tricarbocyanine core (Figure 1.5b). The probe responded to minor pH 

variations in the range 6.7 to 7.9 with a pKa of 7.1. The water soluble probe 8 was 

further explored  for  the real time  monitoring of cellular pH in  HL-7702 and HepG2 

 

Figure 1.7. a) Molecular structures of 10 and its thiol conjugate. b) Fluorescence response of 10 (20 

mM in 33% DMSO/HEPES buffer, pH 7.4) in presence of various amino acids. c) Fluorescence 

microscopic images of HeLa cells before (A) and after (B) treatment with 10 (10 µM) and their 

corresponding bright field images are represented by C and D respectively. 
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cells.
36

 Later, Urano et al., constructed a few pH activatable fluorescent probes for 

imaging acidic organelles in cancer cells (Figure 1.6). The molecules are initially 

non-fluorescent in the deprotonated form which becomes highly fluorescent upon 

protonation which occurs at the aniline nitrogen. Furthermore, the authors checked the 

clinical applicability of their probe for imaging endosomes in cancer cells by tagging 

it with cancer targeting monoclonal antibody, trastuzumab which causes its 

accumulation in the endosomal compartment with a light-up of the fluorescence 

signal.
37

 

A study by Kim et al., developed a Michael reaction based, coumarin-

malononitrile derivative 10 for the selective detection of thiols (Figure 1.7a).
38 

The 

coumarin group in the probe acts as the sensor moiety while the α, β-unsaturated 

malononitrile moiety served as the Michael acceptor, which is susceptible to attack by 

nucleophilic thiols. Addition of thiol to the double bond between the fluorophore and 

the malononitrile, caused an enhancement in the emission intensity at 475 nm. The 

probe displayed high selectivity towards biothiols (GSH, Cys, Hcy) when compared 

to other natural amino acids and was applied for investigating the cellular expression 

and detection of biothiols in HeLa cells (Figure 1.7b). Later, Han and colleagues 

have synthesized a NIR fluorescent probe (11) containing an organoselenium 

Figure 1.8. Sensing strategy of 11 towards peroxynitrite to afford its oxidized product. 
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functional group that responds to oxidation and reduction events under physiological 

conditions.
39

 The probe consisted of a cyanine dye as the fluorophore and 4-

(phenylselenyl)aniline, as the receptor unit for the redox reaction. The probe is non-

fluorescent as a result of PET between the fluorophore and the receptor, but the 

addition of peroxynitrite (ONOO) causes the oxidation of Se which prevents the PET, 

causing the fluorescence emission to be “turned on” (Figure 1.8). On the other hand, 

this reaction can be reversed in presence of reducing agents like GSH, thereby 

allowing it to serve as an efficient sensor for monitoring redox processes.   

1.3.2.3. Ratiometric Fluorescent Probes 

Fluorescence measurements based on the detection of single emission signal (turn-on 

or turn-off) tend to be influenced by certain factors such as dye concentration, 

excitation intensity, probe environment etc. These problems can be addressed by 

means of a ratiometric approach, which allows the measurement of emission 

 

Figure 1.9. a) Mechanism of action of probe 12 towards changes in pH. b) Proposed mechanism for 

the two photon fluorescence changes of 13 upon addition of Zn+2. 
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intensities at two wavelengths, such that the ratio of two peaks will be independent of 

the various environmental factors.
40

 Moreover, ratiometric probes nullify the 

variations resulting from factors such as non-homogeneous distribution or uneven 

loading of fluorophores inside the cells. Different kinds of sensing mechanisms have 

been used for the construction of ratiometric fluorescent probes such as ICT, FRET, 

excimer/exciplex formation, chemodosimetry, PET etc. 

A first example of a broad range pH sensor (12) constructed from a 

single molecular system was developed by Kim et al., by combining two fluorophores 

having different pKa values (Figure 1.9a).
41

 In this system, a fluorescein moiety that 

provides pH sensitivity under neutral to basic pH region is conjugated to a rhodamine 

dye that shows sensitivity in the acidic pH window. On increasing the pH from acidic 

to basic (3-10) regions, the probe 12 showed a ratiometric fluorescence response from 

red to green. This sharp ratiometric response over a wide pH window was utilized to 

visualize the various intracellular organelles with different pH values. Ajayaghosh 

and coworkers developed a donor-acceptor-donor (D-π-A-π-D) type ratiometric 

fluorescent probe (13) with a high two-photon absorption activity for the sensing of 

Zn
2+ 

(Figure 1.9b).
42

 Two photon excitation at 820 nm displayed a noticeable red 

shift in the emission maximum from 520 nm to 630 nm upon addition of Zn
2+

. 

Authors also demonstrated the suitability of the probe in monitoring free zinc ions in 

live cells and tissues. Hamachi’s group reported a FRET-based ratiometric probe for 

the detection of polyphosphate based on binding-induced modulation of FRET 

between coumarin and xanthene skeleton (Figure 1.10a). Upon binding with 

polyphosphates, the probe 14 underwent a decomplexation of Zn
2+

, which displayed a 

clear dual-emission signal change at 454/525 nm, while no apparent change was 

observed with monophosphates and phosphodiester species as well as various other 

anions. The probe was also utilized for real-time fluorescence monitoring of enzyme 

reactions and ratiometric visualization of ATP in live cells.
43
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Figure 1.10. a) Scheme representing the dual-emission sensing of ATP based on a decomplexation 

mechanism. b) Reaction mechanism of the naphthalimide probe 15 for the sensing of thiols. 

Zhu et al., constructed a naphthalimide derivative 15 for the ratiometric 

detection of thiols under physiological conditions (Figure 1.10b).
44

 The reaction of 

15 with thiol, triggers the cleavage of the disulfide-based carbamate protecting group 

present in the probe, resulting in a red-shift of 48 nm due to significant changes in 

internal charge transfer. Moreover, the probe was successfully applied for the 

bioimaging of thiols in living HeLa cells. In another study, Cho and colleagues 

reported a two-photon fluorescent chemodosimeter, 16 for the ratiometric sensing of  
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Figure 1.11. a) Detection strategy of probe 16 for the two photon fluorescence sensing of thiols. b) 

Ratiometric two photon microscopic images of rat hippocampal slices treated with 16 in the absence 

(top panel) and presence (bottom panel) of N-ethylmaleimide. 

mitochondrial thiols (Figure 1.11a).
45

 The probe comprised of 6-(benzo[d]thiazol-2-

yl)-2-(N,N-dimethylamino)naphthalene as the two photon active fluorophore, a 

disulfide group as the thiol-cleavage site, and a triphenyl phosphonium salt as the 

mitochondrial targeting group. The reaction of 16 with thiols caused the cleavage of 
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the disulphide bond, resulting in a ratiometric fluorescence response from blue to 

yellow emission, which can be attributed to the pronounced ICT effect. Considering 

the large two photon cross sectional area, the authors employed 16 for the successful 

visualization of mitochondrial thiol levels in live cells as well as in living tissues at 

depths of 90−190 μm (Figure 1.11b). 

1.3.3. SERS Imaging  

Surface enhanced Raman scattering, a promising spectroscopic technique has 

emerged as a complementary tool to fluorescence modality in bioimaging and 

therapeutics. This technique based on Raman effect accounts for the inelastic 

scattering of photons by the sample under excitation. The probability of such 

scattering is nearly 14 orders weaker than that of fluorescence, which limits its 

applications in the field of biology and medicine. However, when the molecules are in 

close proximity with nanoroughened metal surfaces, the Raman vibrational modes 

could be amplified by several orders of magnitude which forms the basis of SERS. 

The enhancement of Raman signals occurs primarily from the enhanced electric fields 

produced by the conducting electrons present on the metal surface which gives rise to 

collective oscillations referred to as surface plasmons. Besides this, signal 

enhancement also results from chemical means which involve charge transfer 

interactions between the metal and the reporter molecule. Because of the huge 

enhancements (10
6
-10

10
) offered by both these mechanisms, SERS allows detection of 

biomolecules down to single molecule level with high specificity and low background 

noise. 

SERS measurements can be performed either by directly acquiring the 

signals characteristic of the analyte under examination (label free detection) or 

through indirect method (label based detection) which uses spectral fingerprints of a 
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reporter molecule for analysis.
46

 Label free SERS employs metallic nanoparticles of 

different shapes and sizes which will provide maximum enhancements so as to afford 

a highly sensitive detection. This technique is of importance in the identification of 

analytes with molecular structures rich in heteroatoms, conjugated double bonds, 

aromatic rings and other functionalities. However, the complex biochemical 

environment of the target analytes poses great difficulty in the interpretation of SERS 

spectra which makes the direct detection of a particular biomarker of interest, a 

challenging task. 

On the other hand, label based detection using SERS nanotags offers 

sensitive detection even in complex chemical and biological environments. The SERS 

tags comprises of a) metal nanoparticle as the Raman substrate, b) a reporter molecule 

as the SERS label, c) a stabilizing material as the biocompatible surface coating and 

d) a targeting unit for target specific binding. Nanoparticles (NPs) of gold and silver 

are regarded as the classic SERS substrates owing to their inert nature, low toxicity, 

strong plasmonic absorption, ease in surface modification etc. Nowadays, a wide 

variety of metal substrates are being used for obtaining maximum enhancement 

efficiency which includes gold and silver spherical NPs, nanostars, nanoshells, hybrid 

NPs, nanorods, nanopyramids, nanoflowers, nanocubes, nanocages, nanorings and so 

on (Figure 1.12).
47

 Another key component required in the construction of SERS tags 

constitutes the Raman reporter which are mainly molecules containing nitrogen or 

sulphur functionalities that facilitates strong binding with the metal substrate. When 

the excitation wavelength matches with the optical absorption of the reporter 

molecule, additional enhancements occur by a phenomenon known as surface 

enhanced resonance Raman scattering which amplifies the signal by another 10
2
 to 

10
3
 folds. In order to provide strong adherence of Raman label to metal nanoparticles 

and to prevent leakage of the molecules, they will be subjected to surface coating with 
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some polymeric agents such as bovine serum albumin (BSA), polyethylene glycol 

(PEG), silica etc. The final  step  involved  in  the  construction of SERS tags involves 

 

Figure 1.12. Representative images of various nanostructures used for SERS analysis. 
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attachment with a targeting ligand such as peptides, small molecule ligands, aptamers 

or antibodies which provide specific recognition of the desired target. The as-

developed SERS tags offer broad avenues for analyzing biomolecules, proteins, 

viruses, bacteria, toxins, disease biomarkers, cells and many more. SERS based 

nanoplatforms are being increasingly employed in cell studies as they meet the 

desirable requirements of live cell imaging namely the use of low power lasers and 

high penetration capabilities which facilitates real time probing of biological events 

with high spatio-temporal resolution.
47

 

1.3.4. SERS Probes for Sensing and Imaging 

SERS has been utilized as a promising tool for the sensing of various biomolecules 

such as DNA, proteins and other small molecules which allow an in-depth 

understanding of various processes and its abnormalities occurring in a living 

organism. Moreover, the high specificity and sensitivity associated with this technique 

offers specific recognition of target cells, multiplexed detection of disease biomarkers 

and real time monitoring of therapeutic responses which strengthens its applicability 

in both clinical and translational research. 

In 2012, Robson and colleagues formulated an SERS based assay 

platform for the detection of mouse double minute (MDM2) protein, which has been 

found to play a major role in many cancers. In this study, authors used a peptide 

mimic of the tumor suppressing protein p53 which has been conjugated chemically on 

to the surface of silver nanoparticles. In the presence of MDM2 protein, the p53 

conjugated nanoparticles formed an assembly which caused an enhancement in the 

SERS intensity of the Raman reporter present on the nanoparticle surface.
48

 In another 

report by Wang et al., a SERS based immunoassay was developed for the detection of 

mucin protein, MUC4 in cancer patients.
49

 The results revealed a higher SERS signal 
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response from the sera of pancreatic cancer patients compared to that collected from 

healthy donors and those from patients with benign tumors. This assay has been 

proved to be successful in the identification of other cancer biomarkers as well. 

 

Figure 1.13. a) Scheme representing the design of gold nanopyramid based SERS probe for the 

monitoring of intracellular telomerase activity. b) Schematic illustration of tetraphenylethylene reporter 

labeled SERS tag for the detection of PSA in vitro.  

More recently, Xu et al., fabricated an SERS probe built on gold 

nanoparticles (AuNPs) that undergoes a DNA driven self-assembly to form Au 

nanopyramid, which has been utilized for the detection of intracellular telomerase 

activity.
50

 In the presence of the DNA and telomerase, the telomerase primer tethered 

with a Raman reporter gets extended, with the subsequent replacement of the inner 

DNA chain, thereby resulting in a decline in the SERS signal intensity (Figure 



24  Chapter 1 

  

1.13a). The sensor showed a linear response in the concentration range of 1×10
-14

 to 

5×10
-11

 IU with a detection limit down to 6.2×10
-15

 IU. Maiti and co-workers have 

developed a SERS nanoconstruct built on tetraphenylethylene based Raman label for 

the specific detection of prostate cancer.
51

 In the presence of PSA enzyme, the SERS 

tag equipped with a target specific PSA peptide sequence underwent a cleavage which 

was indicated by a turn-off Raman signal. Authors also demonstrated the specificity 

of their probe towards PSA in LNCaP cells against HeLa cells which showed 

relatively low expression of the enzyme (Figure 1.13b). 

 

Figure 1.14. SERS based sensing mechanism of palladacycle carbonylation for CO detection in vitro. 

Cao et al., reported a palladacycle based SERS probe for the 

intracellular monitoring of carbon monoxide.
52

 The sensing mechanism relies on the 

carbonylation of AuNP bound palladacycle reporters which results in the 

depalladation of the molecule thereby producing a carboxylic acid group with distinct 



 Optical Probes in Biomedicine                                                                                                                                                                                                   

 

 

SERS peaks. This approach has been successfully tested for the detection of carbon 

monoxide releasing molecules in vitro (Figure 1.14).   

 

Figure 1.15. Schematic illustration of bioconjugated plasmonic vesicles for SERS guided intracellular 

drug delivery. 

The unique advantages of SERS has also been utilized in the 

understanding of molecular level and cellular level changes occuring as a result of cell 

death phenomena in response to various therapeutic approaches. Song and co-workers 

demonstrated the design and construction of bioconjugated plasmonic vesicles 

assembled from SERS-labeled amphiphilic AuNPs for drug delivery applications.
53

 

The plasmonic vesicles in-built with a hollow cavity facilitated efficient loading and 

release of anticancer drugs along with the SERS guided “ON/OFF” sensing to 

monitor the drug delivery event (Figure 1.15). The as-developed SERS guided 

plasmonic nanoprobe stood as a potential platform for targeted therapy by combining 

the synergy of chemotherapy with PTT. In another report, Seo and co-workers 

fabricated a silica coated gold nanorod for single laser triggered PTT and PDT. The 

methylene blue molecules loaded in the nanoprobe served the role of a photosensitizer 
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while the nanorod was used for photothermal heating.
54

 An SERS assisted 

multifunctional theranostic platform was developed by Maiti et al., for synergistic 

photothermal chemotherapeutic action on matrix metalloproteinase (MMP) 

expressing cancer cells.
55 

Moreover, the probe afforded accurate monitoring of 

various biochemical and molecular level changes during different stages of therapy 

which highlighted the potential of SERS in the effective management of diseases 

(Figure 1.16).  

 

Figure 1.16. a) Schematic representation of the theranostic nanoprobe for SERS assisted 

photothermal chemotherapy and b) SERS spectral evaluation of cellular changes occurring during the 

course of treatment induced by the nanoconstruct. 

1.4. Therapeutic Approaches in Biomedicine 

Accurate diagnosis of a disease condition followed by a precise and effective 

therapeutic procedure is highly demanded for the proper management of diseases. 

There exists an assortment of different therapeutic strategies that have emerged to 

meet the increasing needs in the medical field to improve the quality of life of patients 

suffering from serious diseases such as cancer. Among the various therapeutic 
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modalities, PDT deserves special attention as it has become a good alternative to the 

conventional cancer treatment options due to its high specificity in imparting toxicity 

to the tumor cells against the normal healthy ones. In this section, various aspects of 

PDT and its importance in biomedical applications has been discussed. 

1.4.1. Photodynamic Therapy 

A therapeutic procedure which involves the generation of highly cytotoxic reactive 

oxygen species (ROS) upon light induced excitation of a photosensitizing agent is 

known as photodynamic therapy. PDT mainly comprises of four stages: the first stage 

involves the administration of photosensitizer (PS) into the body. In the second stage, 

the PS gets distributed in different sites which gets finally accumulated around the 

target tissues when allowed for a suitable period of incubation. The third stage 

involves the irradiation of PS at the target site using a light source which causes the 

generation of ROS. The as-formed reactive species react with various bio-analytes 

 

Figure 1.17. Schematic illustration of the PDT process involving the administration, distribution, 

localization and light activation of PS for relieving tumor. 

such as amino acids, proteins, lipids, nucleic acids etc. which in turn disrupts the 

normal cell functioning and induces cell death in stage 4 (Figure 1.17). PDT 
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possesses several advantages over traditional cancer therapies in terms of its 

minimally invasive nature, high target specificity, ability to cure patients with 

repeated dosages without imparting any resistance, fast healing properties, minimal 

side effects etc. Based on the type of photochemical reaction occurring during the 

therapeutic process, PDT can be classified into two types: Type I and Type II PDT. In 

the first pathway, called the type I mechanism, radical species are generated through 

either hydrogen abstraction or redox processes that occurs between a sensitizer in the 

excited state and the biomolecule. On the other hand, the type II mechanism involves 

the generation of singlet oxygen (
1
O2) via an energy transfer process from the 

sensitizer in the triplet excited state to oxygen molecule in the ground electronic state 

(Figure 1.18).
56,57

 

 

Figure 1.18. Schematic representation of the photochemical reaction pathways for type I and type II 

photodynamic therapy. 

1.4.1.1. Photosensitizers Used in Photodynamic Therapy 

By definition, photosensitizers are compounds that are capable of absorbing light of 

suitable wavelength and converting it into cytotoxic reactive species such as singlet 
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oxygen (
1
O2), hydroxyl radicals (OH

.
), superoxide anion radical (O2

-.
), hydrogen 

peroxide (H2O2) etc. For a PS to be used in biological treatment applications, it should  

 

Figure 1.19. Structures of some common photosensitizers. 

possess good photochemical reactivity, strong optical absorption, minimal dark 

toxicity, superior light toxicity, excellent cell permeability etc. The commonly used 

molecular PSs include organic dyes, porphyrins, phthalocyanines and transition metal 
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complexes. Porphyrins represent an active member of photosensitizers since they 

satisfy most of the criteria required for an ideal PS.  Hematoporphyrin (Hp)
58

 was the 

first porphyrin compound to be used as a PDT agent. Indeed, the chemical 

functionalization of Hp led to the discovery of a more potent PS which is being 

currently marketed as a PDT drug under the trade name Photofrin II® for the 

treatment of oesophageal cancer, cervical dysplasia, lung cancer and bladder cancer. 

Following the chemical modification on these first generation PSs, the biomedical 

field witnessed the development of a series of new porphyrinoid and non-

porphyrinoid PSs including protoporphyrins, metalloporphyrins, purpurins, 

porphycenes, hypericin, phthalocyanines, cyanines, phenothiazines, dipyromethenes, 

xanthenes and lot more (Figure 1.19).
59-61

 

Most of the research in PDT used organic molecules as photosensitizers 

but there are also few inorganic metal complexes that have shown great promise in 

efficient ROS generation. Atoms with higher atomic mass can facilitate intersystem 

crossing (ISC), which in turn enhance the photosensitizing efficiency. Therefore 

design of PSs with heavy atom substitution can give rise to efficient PDT agents. Due 

to the heavy atom effect of transition metals such as Ir, Ru, Pt etc., the complexes 

formed by these metals act as good PSs. Among these, Ir (III) complexes offer several  

 

Figure 1.20. Representative examples of some common classes of Ir (III) metal complexes used for 

PDT and imaging applications. 
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benefits when compared against the poor membrane permeability of Ru complexes 

and labile nature of Pt complexes. Moreover, the favourable features of high ROS 

generation efficacy, long lifetime, good photostability, high phosphorescence 

quantum yield, easy color tunability and large Stokes shift enable them as potential 

candidates in cancer diagnosis and therapy.
62

 Some of the common classes of Ir (III) 

complexes tested for imaging and PDT applications are given in Figure 1.20. 

1.4.2. Luminescent Photosensitizers for Imaging and Therapy 

In recent years, PDT assisted cancer treatment has gained significant attention owing 

to its improved therapeutic outcome with minimal side effects. Most of the PSs tend 

to be emissive which owes them with the additional advantage of luminescent 

imaging along with targeted therapy.
63,64

 Theranostics refers to an attractive 

combination of clubbing diagnosis and therapy into a single platform thereby realising 

maximum treatment cure with accurate diagnostic guidance. The optical signals from 

the PS molecule can be used as optical biopsy, which can discriminate tumor cells 

from normal ones, thereby avoiding sophisticated histological examination. 

Furthermore, the probe also enables the evaluation of treatment responses and also the 

fate of therapy, which may serve as useful dosimetric guide for real-time modification 

during therapy.
64

 

Yang et al., demonstrated the design and synthesis of a phosphorescent 

PS built on an Ir (III) metal complex (17) consisting of bipyridine and 2-

phenylpyridine as the ligands. The complex 17 exhibited a strong absorption band 

around 450 nm with a high molar absorption coefficient of the order of 2.4 x 10
4
      

M
-1

cm
-1

. The molecule also showed an orange-red phosphorescence at 620 nm with a 

quantum yield of ~3% in phosphate buffer. The singlet oxygen generation capability 

of 17 was evaluated through 1,3-diphenylisobenzofuran (DPBF) scavenging assay and 
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electron spin resonance (ESR) spectroscopy. Further, the photodynamic therapeutic 

effect of the complex was demonstrated in vivo using a 730 nm continuous wave laser 

(Figure 1.21).
65

 Draper and co-workers developed a Bodipy linked binuclear Ir (III) 

complex that exhibited high photosensitizing efficacy due to the presence of two 

metal centers.
66

 The singlet oxygen quantum yield of the molecule turned out to be 

74.9% with a high upconversion  quantum  efficiency  of  25.5%. The PDT activity of   

 

Figure 1.21. a) Molecular structure of compound 17. b) and c) represent the evaluation of singlet 

oxygen generation ability of 17 through DPBF scavenging assay and ESR spectroscopy respectively. 

d) Confocal luminescence images of HeLa cells treated with 17 for 2 h. 

the complex was investigated in HeLa cells that showed superior light toxicity and 

minimal dark toxicity. The cytotoxicity exerted by the complex caused the localized 

production of ROS which executed cell death in the apoptotic pathway. In a similar 



 Optical Probes in Biomedicine                                                                                                                                                                                                   

 

 

report, Palao et al., demonstrated biscyclometalated Ir (III) complexes with Bodipy as 

the ancillary ligand that have been linked to the metal complexes via its meso 

position. The molecules exhibited higher molar absorptivity with a moderate emission 

in the visible region. The molecules also served as effective photosensitizers upon 

irradiation using a visible light source. The in vitro therapeutic potential of the 

complexes investigated in HeLa cells highlighted their superior photo-toxicity along 

with poor dark toxicity, thereby enabling them as promising therapeutic candidates for 

cancer treatment applications.
67

  

 

Figure 1.22. a) Molecular structures of compounds 18-21. b) In vitro evaluation of therapeutic 

efficiency of complexes 18-21 (1 µM) through Annexin V-FITC flow cytometric analysis.  

Mao et al., reported the design and synthesis of four cyclometalated 

phosphorescent iridium (III) metal complexes (18-21) appended with benzimidazole 



34  Chapter 1 

  

unit for lysosome targeted photodynamic therapy (Figure 1.22).
68

 The complexes 

displayed pH dependent phosphorescence emission with significant localization in the 

lysosomal compartments of the cells. Among the four complexes, 21 showed 

maximum therapeutic efficacy which induced apoptosis through ROS generation, 

lysosomal damage and caspase activation. 

 

Figure 1.23. a) Molecular structure of compound 22. b) One photon and two photon microscopic 

imaging of HeLa cells administered with 22 and co-stained with lysotracker red. c) Represents the 

molecular structure of nucleus targeting probe 23 and d) real time visualization of nuclear staining 

ability of 23 upon administration with HeLa cells. T0 represents a short time interval (<30s) for the cells 

to enter the focal plane soon after the addition of 23.  

A water soluble two photon luminescent Ir (III) complex (22) was 

reported by Chao et al., for phosphorescence imaging assisted PDT. The probe 

showed excellent localization in the lysosomes due to the presence of morpholine 

moieties present in the bipyridine ligands. The favourable attributes of large Stokes 



 Optical Probes in Biomedicine                                                                                                                                                                                                   

 

 

shift, excellent two-photon activities and high photostability allowed 22 to track 

lysosomes during the apoptotic process (Figure 1.23a and 1.23b).
69

 Li and colleagues 

developed a cyclometalated Ir (III) metal complex (23) that showed a turn-on 

phosphorescence response for imaging nucleus of live cells (Figure 1.23c and 

1.23d).
70

 The complex upon internalization into the cell, gets specifically localized in  

 

Figure 1.24. a) Molecular structure of compound 24 and b) dose dependent cytotoxicity evaluation of 

24 in PC3 cells under dark and light conditions. c) and d) Molecular structures of mitochondria targeting 

probe, 25 and lysosome targeting probe, 26 respectively. 

the nuclear regions and then reacts with histidine/histidine containing proteins to 

produce a green emission. Moreover, the very low dark toxicity and rapid 

internalization kinetics promise the practical utility of 23 in biomedical applications. 



36  Chapter 1 

  

Ramaiah and co-workers synthesized a novel donor-acceptor type 

tetraphenylethylene dye, 24 for fluorescence imaging guided PDT applications 

(Figure 1.24a and 1.24b). The aggregation induced emission property of 24 allowed 

to probe the intracellular distribution of the molecule which was mainly confined in 

the cytoplasmic regions of the cell. Moreover, the singlet oxygen generation 

capability of 24 was utilized to kill the cancer cells specifically by shining laser at the 

target site. The therapeutic efficacy of the molecule was further evaluated in vivo 

which demonstrated the potential of 24 in cancer theranostic applications.
71

 Huang et 

al., demonstrated the design of two iridium (III) complexes, 25 and 26 for 

mitochondria and lysosome targeted PDT (Figure 1.24c and 1.24d). Both the 

Figure 1.25. a) Chemical structure of photosensitizer molecule, 27. b) In vivo fluorescence imaging of 

tumor bearing mice by 27 before and after light irradiation during the first three days after PDT.  

complexes displayed good phosphorescence quantum yield together with moderate 

singlet oxygen generation efficiency. The photocytotoxicity experiments carried out 

on HeLa cells showed that the mitochondria targeting complex, 25 exhibited a slower 

respiration rate, resulting in a higher ROS generation under hypoxia. This study 
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revealed the potential of mitochondria targeting photosensitizers for hypoxic cancer 

treatments.
72

 

Recently, Tang et al., reported the design and development of a dual 

functional PS (27) that can act as a PDT agent as well as a self-reporter for tracking 

the therapeutic events in real time (Figure 1.25).
73

 The molecule exhibited an 

exceptionally high singlet oxygen quantum yield of 98.6% in water which was 

equally reflected in the in vitro and in vivo conditions as well. Moreover, the molecule 

enabled the real time visualization of the treatment responses via the activation of its 

fluorescence signals upon binding with chromatin due to its strong affinity towards 

DNA. The molecule served as an excellent example for single molecule based 

theranostic approaches which open further avenues for the development of therapeutic 

agents with self-reporting characteristics. 

1.5. Objectives and Methodologies of the Present Investigation 

Inspired by the recent advancements in the design and development of synthetic 

molecular probes for sensing, imaging and therapeutic applications, the possibility of 

utilizing a few optically active (either luminescent or Raman active) molecules for 

diagnostic and therapeutic applications has been explored in the present thesis. The 

utility of small molecule based probes for cancer detection and treatment has been 

well studied and has been a topic of great interest in the present decade owing to the 

increased incidence of cancer related deaths worldwide. Therefore, we aimed to 

develop a few organic molecules for sensing and imaging of cancer specific 

biomarkers together with the development of a photosensitizer for optical imaging 

guided PDT applications. 

In the present work, the first objective was to develop a NIR squaraine 

dye which could sense thiols in the intracellular environmental conditions. With this 
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aim, an unsymmetrical squaraine dye, Sq was synthesized which was appended with 

alkylated aniline on one side and pyrrole styryl pyridine chromophore on the other 

side of the squaraine ring. From the literature background, it was envisaged that the 

presence of aniline unit would improve the overall reactivity of the molecule while 

the styryl unit will serve as a thiol activatable chromophore which may help in 

developing a ratiometric fluorescent probe for thiols. A systematic investigation of the 

various photophysical aspects was performed and subsequently the sensing ability of 

Sq was evaluated which showed that the molecule is capable of detecting thiols with 

very high sensitivity and selectivity. These observations enabled Sq for the 

quantitative sensing of intracellular thiols and also established the diagnostic potential 

of the probe in cancer detection and apoptotic evaluation.  

The next objective was to design a few molecular probes for 

simultaneous detection of multiple biomarkers in a single platform which could 

enable more accurate and precise diagnosis of the disease condition. For this purpose, 

three molecular probes (Coum-cathB, Rh110-cathB, RhB-cathB) with different 

emission and Raman spectral profile were synthesized that have been conjugated to a 

cathepsin B (cath B) specific peptide sequence for realising an “on-off” switching 

between fluorescence and SERS modalities. The bimodal probes containing gold 

nanoparticle tethered peptide dye conjugates were further functionalized with 

monoclonal antibody units to afford multiplexed detection of epidermal growth factor 

receptor (EGFR), cytokeratin-19 and napsin-A, the key biomarkers involved in the 

invasion and progression of lung cancer. The probes were further utilized for 

evaluation of the biomarker status in clinical patient specimens using fluorescence 

and SERS analyses. In addition to effective diagnosis, precise treatment and proper 

follow-up of therapeutic responses are essential for the efficient management of 

diseases. With this objective in mind, a photosensitizer molecule, Ir-Pyr built on an 

iridium complex containing 2-hydroxypyridine appended bipyridine ligand was 
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designed to meet the requirements of oxygen independent photodynamic therapy. The 

design strategy was such that the presence of 2-hydroxypyridine ligand will trap and 

release singlet oxygen by heat triggered cycloreversion of endoperoxides to afford a 

multifunctional photosensitizer for hypoxic tumors. A hybrid complex of Ir-Pyr with 

MnO2 nanosheets was prepared in order to realise a photothermally triggered release 

of the singlet oxygen payload for programmed cell death applications. Moreover, the 

tumor microenvironment responsiveness of MnO2 was utilized in a favourable manner 

to increase the local oxygen concentration via its degradation in presence of H2O2 to 

provide room for the second phase of photodynamic therapy. The detailed 

investigations performed in vitro and in vivo showed superior therapeutic performance 

of the probe anchored with promising imaging capabilities. Taken together, the 

present thesis deals with a systematic study on the design, synthesis and assessment of 

a few rationally designed small molecule based optical probes for diagnostic and 

therapeutic applications in cancer. 
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Chapter 2 

 

A Ratiometric Near-Infrared Fluorogenic Probe for the 

Real Time Monitoring of Intracellular Redox Status 

during Apoptosis  
 

 

2.1. Abstract 

Direct monitoring of apoptotic progression is a major step forward to the early 

detection of therapeutic efficacy and evaluation of disease condition. Herein, the 

regulatory role of glutathione (GSH) has been explored as a potential biomarker 

for tracking apoptosis. For this purpose, a near-infrared (NIR) squaraine dye was 

synthesized that is capable of sensing GSH in a ratiometric manner by switching 

its emission from NIR (690 nm) to visible region (560 nm). The favorable 

biocompatible attributes of the probe facilitated the real time monitoring of 

apoptotic process in line with the conventional apoptotic assay. Furthermore, the 

robust nature of the probe was utilized for the quantitative estimation of GSH 

during different stages of apoptosis. Through this study, an easy and reliable 

method of assaying apoptosis was developed, which can provide valuable insights 

in translational clinical research. 
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2.2. Introduction 

Apoptosis, a highly organized phenomenon of programmed cell death, plays an 

important role in embryonic development and tissue homeostasis in all organisms.
1
 

Abnormalities in cell death regulation can inhibit homeostasis and can lead to 

several deadly diseases such as cancer, neurodegenerative and autoimmune 

disorders.
2-5 

Therefore, tracking the advancement of apoptotic events is essential 

for the sensitive monitoring of therapeutic responses and evaluation of disease 

progression. A variety of strategies has been developed for screening the progress 

of treatment based on certain apoptotic phenotypes such as caspase activation,
6-10 

phosphatidylserine externalization
11,12 

and DNA fragmentation.
13-15 

More recently, 

the role of antioxidant defenses, particularly the intracellular glutathione (GSH), 

which is a thiol containing peptide, have been found to play a central role in 

apoptosis.
16-18 

Although apoptosis is a versatile cellular process which can be 

triggered by a variety of pathways, in a general sense, upon apoptotic induction, 

GSH, the primary contributor to intracellular redox state,
19 

shows a depletion, and 

promotes the generation of reactive oxygen species (ROS), which in turn account 

to the cell death machinery.
 
This implies that stimulation of apoptosis occurs as a 

direct consequence of GSH depletion and not directly from ROS induced cell 

damages.
20-22 

Although the actual mechanism in the modulation of apoptosis by 

GSH still remains unclear, it has been well established that GSH is an early 

hallmark in the apoptotic cascade.
23,24 

In contrast to other signaling events which 

occur during the execution phases or even later stages, exhaustion of GSH marks 

the beginning of the cell death phenomena 
17,21,25

 and can therefore serve as a 

promising means for assaying apoptosis right from the initiation step. Therefore, 

detection of thiol containing peptides, particularly GSH, is important in the study 

of intracellular redox state. 

Among numerous detection techniques available for thiol sensing, 

fluorescence assay forms one of the most powerful and convenient tools to 

visualize the complex biological processes due to its desirable features in terms of 
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simplicity, low cost and high sensitivity.
26-30 

Since the report of a thiol probe by 

Sippel came as one of the first examples of thiol sensing,
31

 there have been 

significant progress in this area of research. Taking advantage of the Michael 

 

Figure 2.1. a) Structure of chromenoquinoline fluorescent probe, 1. b) Transmission (A and C) and 

fluorescence (B and D) images of cells administered with 1 (25 μM) with (C, D) or without (A, B) 

pretreatment with N-phenylmaleimide (5 mM). c) Plausible mechanistic pathway of the reaction 

between 2 and Cys.  
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addition reactions of thiols, Kand et al., demonstrated the design of a 

chromenoquinoline based fluorescent sensor (1) for the detection of thiols in 

biological systems.
32

 The molecule, which was initially non-fluorescent underwent 

a ~223 fold enhancement in emission intensity upon addition of thiols. The probe 

exhibited a linear turn-on fluorescence response to biological thiols with a 

detection limit as low as 1.46 x 10
-8 

M. The authors have further utilized the probe  

 

Figure 2.2. a) Structure of probes 3 and 4. b) Fluorescence microscopic images of probe 3 in HeLa 

cells before and after treatment with H2O2. Cell images were acquired using an excitation 

wavelength of 635 nm and a band-path (655−755 nm) emission filter. c) In vivo fluorescence 

images of a mouse injected with probe 3 (50 µM) or N-methylmaleimide (NMM; 20 mM) via 

intravenous injection for 20 min. d) Ex vivo fluorescence images of tissues from a mouse 

intravenously injected with probe 3 (50 µM) or acetaminophen (APAP; 300 mg/kg in 200 µL of 

HEPES buffer solution).   
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for detecting endogenous thiol concentrations in MDA-MB 231 cells (Figure 

2.1a). A fluorescein based chemodosimeter probe (2) was developed for the 

selective detection of cysteine (Cys). The probe displayed a turn-on colorimetric as 

well as fluorimetric response upon addition of Cys which was attributed to the 

adduct formation between acrolyl moiety present in the probe with the Cys 

molecules.
33 

The presence of two acrolyl groups in the probe enabled dual addition 

cleavage processes between 2 and Cys which accounted for the selective 

discrimination of Cys over homocysteine (Hcy) (Figure 2.1b). 

In 2014, Yin et al., reported cyanine based fluorescent probes 3 and 

4 for the selective detection of GSH (Figure 2.2a). In the presence of GSH, the 

probe 3 underwent an activation of its fluorescence signal at 736 nm which was 

found to be reversed upon addition of N-methylmaleimide. Furthermore, the probe 

was utilized for the visualization of intracellular thiol concentrations in the absence 

and presence of H2O2 (Figure 2.2b). Moreover, the authors demonstrated the 

reversible emission response of 3 in vivo, which offers opportunities for real time 

tracking of thiol fluctuations in living systems (Figure 2.2c). Finally, the probe 

was used to evaluate GSH levels in mouse tissues such as liver, spleen, kidney, 

lungs etc. (Figure 2.2d) which suggest the potential of 3 as an effective candidate 

for probing cellular functions related to GSH.
34 

In another study, He and 

colleagues designed a coumarin based ratiometric probe (5) for specific detection 

of Cys.
35 

The probe was built on a coumarin-sulfonyl benzoxadiazole based FRET 

platform which undergoes a selective aromatic substitution–rearrangement in the 

presence of Cys that helped in distinguishing Cys from GSH and Hcy (Figure 2.3a 

and 2.3b). After successful demonstration in solution state conditions, the authors 

utilized the probe for ratiometric fluorescence imaging in live HeLa cells (Figure 

2.3c) and zebrafish upon the addition of varying Cys doses. Moreover, the probe 

enabled the visualization of Cys fluctuations in vivo, which served as a potential 

tool for elucidation of the role of cysteine in real time investigation of oxidative 

stress responses. 
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Figure 2.3. a) Reaction mechanism and b) sensing strategy involved in the selective detection of 

Cys. c) Confocal fluorescence images of probe 5 in zebrafish subjected to various treatments, (A) 5 

alone, (B) NEM + 5, (C and D) NEM + Cys+ 5.  
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Recently, the research group of Munoz reported a xanthene based 

fluorescent probe, 6 for sensing of biothiols under oxidative stress conditions 

(Figure 2.4a).
36  

The  sensing  mechanism  involves  the  thiolysis  of  the  sulfonyl 

 

Figure 2.4. a) Chemical structure of 6. b) Time dependent fluorescence changes of 6 towards 

GSH. c) Fluorescence microscopic images of photoreceptor-derived cell line (661 W), administered 

with probe and subjected to light mediated stress at different exposure times (0 min, 45 min, 60 

min, 90 min and 180 min).  
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group which causes an enhancement in the emission intensity at 520 nm (Figure 

2.4b). The dye enabled a rapid detection of intracellular thiol variations resulting 

from ROS and light mediated oxidative stress via single cell imaging (Figure 

2.4c). In another report, Yuan and co-workers designed and synthesized a thiol 

specific fluorescent probe (7) for endogenous imaging of biothiols in living mice. 

The probe containing a 2,4-dinitrobenzenesulfonate unit as the sensor moiety

 

Figure 2.5. a) Sensing strategy of probe 7 for sensing thiols. b) Fluorescence images of Bel 7702 

cells treated with probe 7 (5 µM) alone (first image) and probe 7 (5 µM) after treating with N-

ethylmaleimide (1 mM) (second image). c) In vivo fluorescence images (pseudo-color) of mice 

injected (ip) with different concentrations (0, 20, 40, or 160 nanomoles) of probe 7. 

displayed a 50 fold enhancement in the emission intensity at 716 nm in the 

presence of Cys (Figure 2.5a) at a physiological  pH  of 7.4 (PBS–CH3CN, 7:3). 

The ability of the sensor for NIR imaging of thiols was performed in vitro in Bel 

7702 cells (Figure 2.5b). Further, the authors have evaluated the suitability of the 

probe for in vivo imaging of endogenous thiol levels wherein the mice injected 

with different concentrations (0, 20, 40, or 160 nanomoles) of 7 presented an 
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increase in the NIR fluorescence signal in a dose-dependent manner (Figure 

2.5c).
37

 

Squaraine dyes are a well-established class of molecular probes with 

favorable optical properties of intense absorption and emission in the visible and 

near-infrared (NIR) regions.
38-43

 The reactivity of thiols to squaraines has been 

investigated extensively for various applications. These dyes possess an electron 

deficient center which is susceptible to attack by nucleophilic thiols that often 

results in the bleaching of the absorption as well as the fluorescence properties of 

the dye. On the basis of  this design  principle,  Manez and co-workers synthesized  

 

Figure 2.6. a) Chemical structure of the squaraine derivatives 8 and 9. b) Schematic illustration of 

the chemical activation of the weak NIR fluorophore 10 to an active fluorophore via addition of 

thiols.  

two squaraine dyes 8 and 9 for the detection of thiols (Figure 2.6a).
44

 In 

acetonitrile–water (2:8 v/v) system, both the molecules displayed an emission band 

centered at about 640 nm with a quantum yield of 0.1. However, in acetonitrile/pH 
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6 buffer (2:8 v/v, MES, 0.01 M), both the dyes underwent a remarkable bleaching 

of their absorption together with a complete quenching of their emission signals in 

the presence of Cys among other amino acids. 

In 2009, Ajayaghosh et al., reported a bispyrrole based π-extended 

NIR squaraine dye 10 for the fluorescent detection of biological thiols (Figure 

2.6b).
45

 In the presence of GSH and Cys, the π-conjugation of the probe 10 was 

broken that resulted in a quenching of its NIR emission (λex = 730 nm, λem = 802 

nm) while displaying a strong emission in the 595 nm region (λex = 410 nm), 

 

Figure 2.7. A) Schematic representation of the bimodal (fluorescence/photoacoustic) sensing 

strategy of aminothiols using 11. In vivo fluorescence (B) and photoacoustic (C) images of probe 

treated mouse under fasting (Set 1) and post-food (Set 2) conditions.  



 Fluorescence imaging of intracellular redox status                                                                                                                         

characteristic of the bispyrrole moiety. These emission changes enabled the 

detection of thiols in a ratiometric manner, which is more advantageous than the 

usually employed color bleaching or fluorescence quenching approaches. More 

recently, in 2016, the same group reported the design and synthesis of an 

unsymmetrical NIR squaraine dye (11) for fluorescence and photoacoustic bimodal 

imaging of biothiol variations in vitro and in vivo (Figure 2.7A).
46

 The strong NIR 

emission profile of 11 enabled it for deep tissue optical imaging which displayed a 

turn-off response in the presence of thiols. The authors further explored the in vitro 

and in vivo imaging potential of 11 and utilized it for investigating the effect of 

food uptake on aminothiol variations in mice models (Figure 2.7B and 2.7C). 

Though there are several reports on the use of squaraine dyes for 

thiol sensing applications, none of them is applicable for real time tracking of thiol 

variations in biological specimens. To address this issue, a ratiometric squaraine 

based fluorescent probe (Sq) has been designed for biothiols which has a great 

potential for quantification of thiol levels in vitro. The promising potential of Sq 

was further utilized for quantifying the GSH imbalance during various stages of 

apoptosis in in vitro models (Scheme 2.1). The application of Sq for real time 

monitoring of apoptosis via the quantification of intracellular GSH status as 

described in the present work is the first example of such kinds. 

2.3. Results and Discussion 

2.3.1. Synthesis Strategy  

Towards the synthesis of Sq, a multistep synthetic strategy was adopted which is 

shown in Schemes 2.2 to 2.4. N-methylpyrrole-2-carbaldehyde (12) on reaction 

with 4-methylpyridine (13) gave the corresponding pyrrole styryl derivative (14) in 

70% yield. The intermediate N, N-dibutylaniline (16) was prepared by the reaction 

of aniline (15) with butyl bromide in the presence of Na2CO3 under reflux 

conditions in 90% yield. The subsequent treatment of 16 with squaryl chloride in 
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dry benzene followed by hydrolysis in acetic acid/HCl gave the semisquaraine 

derivative (17) in 80% yield. The so-formed semi-squaraine upon reaction with the 

styryl derivative (14) in 1:1 n-butanol/benzene mixture under azeotropic conditions 

 

Scheme 2.1. Schematic illustration of ratiometric sensing of GSH during apoptosis using Sq dye.  

afforded the desired compound Sq in quantitative yield. All the intermediates and 

final compounds after purification were subjected to characterization by nuclear 

magnetic resonance spectroscopy (NMR) and high resolution mass spectrometry 

(HRMS).  

 

Scheme 2.2. Reagents and conditions: [i] NaH, dry DMF, 70 °C, 12 h. 
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Scheme 2.3. Reagents and conditions: [i] 1-bromobutane, Na2CO3, I2, n-butanol, 100 °C, 24 h; [ii] 
Squarylchloride, benzene, 80 °C , 6 h and CH3COOH, HCl, 100 °C, 3 h. 

 

 

Scheme 2.4. Reagents and conditions: [i] 1:1 n-butanol/benzene azeotropic mixture, 90 °C, 10 h.  

2.3.2. Photophysical Studies  

The photophysical properties of Sq were first examined in 20% 

acetonitrile/phosphate buffer (25 mM, pH 7.4). Sq exhibited an absorption 

maximum at 670 nm and an emission at 690 nm (ΦF = 0.07 with Nile blue in 

ethanol as reference, ΦR = 0.27). Upon interaction with biothiols, Sq displayed 

ratiometric changes in its absorption and emission characteristics. On addition of 

GSH, the absorption maximum at 670 nm decreased with the simultaneous 

formation of a new absorption band at 400 nm (Figure 2.8a). Similarly, titration of 

Sq with GSH resulted in the formation of a new emission band at 560 nm (ΦF = 

0.12 with Rhodamine 6G in ethanol as reference, ΦR = 0.95) with the concomitant 

quenching of the NIR emission at 690 nm (Figure 2.8b). The ratiometric sensing 

mechanism underlying the above changes in absorption and emission spectra is 

based on the chemical activation of the initially dormant fluorophore through a 

conjugation break via Michael addition reaction of thiol to the cyclobutene ring of 

the squaraine moiety. The chemical reaction of thiol towards Sq was confirmed by 

ESI mass spectrometry. The mass spectrum of Sq in presence of hexanethiol 

showed a peak at m/z 584.3312 corresponding to the mass of Sq-hexanethiol 

adduct (Figure 2.8c). 
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Figure 2.8. a) UV-Vis absorption and b) emission spectral changes of Sq with increasing 

concentrations of GSH (0-4 eq.). Inset: photographs showing the visual color (a) and fluorescence 

(b) changes of Sq in the absence (left) and in the presence (right) of GSH. Fluorescence changes 

were detected under UV illumination at 365 nm. c) High Resolution Mass Spectrum corresponding 

to Sq-hexanethiol adduct (m/z 584.3312) in 80% phosphate buffer, pH 7.4-CH3CN buffered solvent 

mixture. 
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2.3.3. Sensitivity and Selectivity Studies  

The detection response of the probe towards GSH has been studied over a wide 

range of concentration varying from 5.0 × 10
-7

 – 5.0 × 10
-4

 M as indicated in 

 

Figure 2.9. a) Fluorescence responses of Sq (6 M, 80% phosphate buffer, pH 7.4-CH3CN, ex @ 

400 nm) towards increasing GSH concentrations. Inset shows the linear relation of Sq towards 

incremental amounts of GSH. b) Linear plot showing the fluorescence intensity of Sq at 560 nm as 

a function of incremental concentrations of GSH, normalized between the minimum fluorescence 

intensity, recorded at zero eq. of GSH, and the maximum fluorescence intensity, recorded at [GSH] 

= 6 x 10-8 M. c) Fluorescence responses of Sq (2 M, 80% phosphate buffer, pH 7.4-CH3CN, ex 

@ 400 nm) toward various amino acids (AA), H2O2 and H2S. [AA] = 20 M, [H2O2] = 20 M, [H2S] = 

20 M,  [Cys] = 2 M, [Hcy] = 2 M, [GSH] = 2 M.    
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Figure 2.9a. The sensitivity of the probe was then investigated by the fluorescence 

response of Sq with increasing concentrations of GSH. A typical calibration plot 

showed a linear increase in the fluorescence intensity of Sq with GSH 

concentration with a correlation coefficient of 0.984, achieving a detection limit as 

low as 2 nM (Figure 2.9b). The selectivity of the probe was evaluated towards 

other biologically relevant amino acids, H2O2 and H2S (Figure 2.9c). It can be 

seen that only GSH, cysteine and homocysteine induced a fluorescence response 

while no such detectable signal was observed even with excess quantities (10 eq.) 

of other analytes. These results reveal the potential of Sq for measurement of 

intracellular redox state without interference from other biologically relevant 

analytes. 

2.3.4. Reversibility and Kinetic Studies  

The probe exhibited a reversible interaction with thiols as evident from the 

response of Sq with GSH and H2O2 (Figure 2.10a). Addition of H2O2 to Sq 

restored the NIR emission of the dye with simultaneous quenching of the 560 nm 

emission which could be repeated for several cycles (Figure 2.10b). This 

observation implies that addition of H2O2 to Sq-GSH adduct causes the oxidation 

of GSH to its oxidized form, glutathione disulphide (GSSG) which thereby 

releases the molecule free for further sensing of GSH. We then examined the 

response velocity of Sq towards GSH by monitoring the emission intensity at 560 

nm as a function of time under the pseudo first order conditions. The time course 

of fluorescence response of Sq in presence of GSH is shown in Figure 2.10c. It is 

noteworthy that the reaction was completed within 50 seconds (kobs = 7.0 × 10
-2

 s
-1

) 

implying the fast response of the probe towards GSH and thereby demonstrating 

its capability for real time detection of thiols in biological specimens (Figure 

2.10d). 
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2.3.5. Photostability and Cytocompatibility Studies  

Photostability of the probe is an important criterion for imaging application. 

Exposure of the molecule at 385 nm over a period of 15 minutes revealed that Sq 

is photostable (Figure 2.11a). Encouraged by the outstanding features of the 

probe, its suitability for evaluation of redox imbalance in biological systems was 

 

Figure 2.10. a) Fluorescence responses of Sq-GSH adduct in the presence and absence of H2O2. 

b) Fluorescence response of Sq at 560 nm with alternative addition of GSH and H2O2. c) Time 

dependent fluorescence enhancement profile of Sq (λem@ 560 nm) in presence of 100 eq. of GSH. 

d) Pseudo-first order kinetic plot of the reaction of Sq (2 M, 80% phosphate buffer, pH 7.4- 

CH3CN) towards GSH (100 eq.) at 560 nm (ex @ 400 nm). The best fitting gives the observed first-

order rate constant (kobs) to be 7.00 × 10-2 s-1. All experiments were performed using 2 µM Sq in 

20% acetonitrile/phosphate buffer (25 mM, pH 7.4). The emission spectra were obtained by 

excitation at 400 nm. 
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then investigated. Prior to cell tests, 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT) assay was performed to quantify the 

cytotoxicity of the probe (Figure 2.11b). In the MTT assay, HepG2 and 3T3L1 

cells were treated with varying concentrations of the probe (1 μM to 50 μM) for 24 

h. The results reveal that the probe possessed high cell viabilities among all the 

tested concentrations suggesting that the probe can be safely applied to culture 

cells under standard experimental conditions. Owing to the favourable 

biocompatible characteristics of Sq, the intracellular uptake and distribution of Sq 

in cancer cells was evaluated using fluorescence microscopy. Incubation of HepG2  

 

 

Figure 2.11. a) Time dependent fluorescence intensity of Sq at 690 nm in 80% phosphate buffer, 

pH 7.4-CH3CN upon excitation at 385 nm and 610 nm. b) Cytotoxicity evaluation using MTT assay 

with cancer (HepG2) and normal (3T3L1) cells treated with Sq dye (1 μΜ to 50 μM) for 24 h where 

doxorubicin (1 μΜ) was used as positive control. Data are the mean standard deviation (SD) of 

three independent experiments. c) Fluorescence microscopic images for intracellular localization of 

Sq in HepG2 cells treated with 10 μM Sq and imaged after counterstaining with Hoechst 33342. 
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cells with Sq produced significant green fluorescence in the extranuclear 

environment suggestive of the excellent membrane permeability and intracellular 

localization of the probe. Co-staining studies with Hoechst 33342 revealed that 

fluorescence signals from Sq is mainly localized in the cytosolic regions with 

much little or no fluorescence from the nuclei (Figure 2.11c). These results make 

Sq a suitable candidate for the estimation of cytoplasmic GSH concentrations 

inside the cells.  

2.3.6. In Vitro Response of Sq towards Biological Thiols  

The thiol specificity of the probe in cellular environment was demonstrated with 

HepG2 cells in the presence and absence of a GSH blocking agent, N-

ethylmaleimide (NEM) and GSH inducing agent α-lipoic acid (LPA). As shown in 

Figure 2.12a, the cells displayed strong green fluorescence and weak red 

fluorescence on incubation with Sq. When the cells were pretreated with LPA for 

24 h, a significant enhancement in the green fluorescence was observed with much 

less emission from the red channel (Figure 2.12b). Contrarily, cells pretreated 

with LPA followed by treatment with NEM generated weak green fluorescence 

and strong red emission (Figure 2.12c). Finally, cells pretreated with NEM alone 

produced a remarkable fluorescence in the red channel with much weaker signals 

from the green region (Figure 2.12d). The corresponding ratiometric pixel 

intensity ratios (G/R) obtained from the ratio images is shown in Figure 2.12B. 

The practical applicability of the probe was illustrated by evaluating 

its potential for visualizing endogenous thiols in live cells. Since there is a marked 

increase in the GSH levels in cancer cells when compared to normal cells,
15,19

 the 

first intention was to detect the thiol levels in a cancer and a normal cell which 

were chosen to be the HepG2 and 3T3L1 cells respectively. HepG2 cells incubated 

with Sq for 4 h exhibited a strong green emission and a weak red emission 

indicative of high levels of GSH in cancer cells (Figure 2.13A). Contrarily, 3T3L1 

cells showed a dramatic decrease in the fluorescence intensity in the green channel 

with a substantial amplification in the red channel well correlating with the 
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reduced levels of GSH in normal cells (Figure 2.13B). As shown in Figure 2.13b, 

the ratio of fluorescence pixel intensities at 560 and 690 nm (G/R) of Sq incubated 

with HepG2 and 3T3L1 cells were found to be 1.95 and 0.15 respectively, 

accounting for a 13 fold increase in the thiol level in HepG2 cells which 

demonstrates the successful discrimination of cancer cells from normal cells. 

Although cysteine and homocysteine have similar reactivities, their presence at 

relatively low concentrations inside the cells when compared to GSH levels, will 

not introduce much error in our measurements. Furthermore, Sq was exploited for 

 

Figure 2.12. A) Fluorescence images of Sq labeled HepG2 cells either untreated (a) or pre-treated 

with (b) LPA (500 μM for 24h), (c) LPA (500 μM for 24h) + NEM (200 μM for 30 min) and (d) NEM 

(200 μM for 30 min) before labeling with Sq. Scale bar corresponds to 30 μm. Green channel at 

540-580 nm and red channel at 640-700 nm. B) Average intensity ratios from ratio images of A. 
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the quantitative assessment of GSH in various living cells and compared those 

with a commercial GSH assay kit. Lysates from eight different cells with varying 

amounts of GSH were subjected to quantitative evaluation by monitoring the Sq 

emission at 560 nm and 690 nm. The GSH contents were then estimated from the 

 

Figure 2.13. a) Fluorescence imaging of (A) HepG2 and (B) 3T3L1 cells with Sq dye (10 μM). 

Green channel at 540−580 nm; red channel at 640−700 nm. Ratio images generated from 

green/red channel using Matlab software. Scale bar corresponds to 30 μm. b) Average intensity 

ratios from ratio images of A and B. c) Plot of intensity of Sq emission at 560 nm against known 

concentrations of GSH. Concentration of unknown GSH in a specific volume of the lysate sample 

was calculated from the standard plot. d) Quantification of intracellular thiol from cell lysates using 

Sq dye and commercial GSH assay kit. Data are the mean SD of three independent experiments.  

 

value of I560/I690 using a calibration graph (Figure 2.13c). Figure 2.13d shows a 

comparative plot of the GSH concentrations in different cell extracts using the 

probe and those obtained by the standard kit which reveals a substantially good 

agreement between the two results.   
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2.3.7. Apoptosis Monitoring via the Estimation of Intracellular 

GSH Status  

Depletion of GSH level is a common feature of the apoptotic signaling cascade and 

the degree of GSH reduction is directly related to the progression of apoptosis.
18,47

 

Thus it was reasonable to anticipate that the intracellular redox state, primarily 

controlled by GSH, could be used to assay apoptosis. To explore this possibility,

 

Figure 2.14. Real time fluorescence imaging of HepG2 cells with Sq dye (10 μM) after apoptotic 

induction with paclitaxel (10 μΜ) from 0 to 6 h. a) Green channel at 540−580 nm, b) red channel at 

640−700 nm and c) ratio images generated from green/red channel using Matlab software. Scale 

bar corresponds to 30 μm. d) Average intensity ratios obtained from ratio images of c. e) 

Quantification of intracellular GSH from apoptotic cell lysates using Sq dye. Data are the mean SD 

of three independent experiments. 
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we aimed to investigate the cellular redox changes during the different stages of 

apoptosis. HepG2 cells were induced to undergo apoptosis by a well-known 

anticancer drug, paclitaxel and ratiometric changes in the GSH levels of Sq labeled 

cells were recorded at 0, 2, 4 and 6 h respectively (Figure 2.14a-d). The high 

levels of GSH indicated by an intense green emission and a weak red emission 

during the 0
th

 h showed a noticeable drop in the green channel and a dramatic 

enhancement in the red channel at the 2
nd

 h, resulting in approximately 1.9 fold 

decline in the emission ratio. The emission ratio further exhibited a drop by 1.98 

fold during the 4
th

 h resulting in a significant enhancement in the red channel and a 

noticeable decrease in the green channel. At the 6
th

 h, no significant changes in the 

red or green emission was observed and the ratio of emission intensities reached

 

Figure 2.15. a) Fluorescence micrographs showing ROS generation in HepG2 cells untreated (A) 

and after administration with Paclitaxel (10 μΜ) (B) from 0 to 6 h. Scale bar corresponds to 50 µm. 

b) Average fluorescence intensity of dichlorofluorescein from untreated and paclitaxel administered 

HepG2 cells from 0-6 h measured using a fluorescence plate reader. Data represent mean 

standard deviation of three independent experiments. c) Fluorescence micrographs of apoptotic 

progression in HepG2 cells after administration with Paclitaxel (10 μΜ) from 0 to 6 h using acridine 

orange–ethidium bromide dual staining assay. Scale bar corresponds to 30 µm. d) Quantification of 

intracellular thiol from cell lysates during apoptosis using commercially available GSH assay kit. 

Data are the mean SD of three independent experiments. 
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more or less the same value as that observed in the 4
th

 h. These results underpin the 

fact that GSH extrusion occurs at the onset of apoptosis, declines at a faster rate 

during the initial stages and attains a stable level, causing an increase in the level 

of reactive oxygen species and thereby facilitating efficient cell death. To reaffirm 

this point, the ROS generation in cells was investigated using 2’, 7’-

dichlorofluorescein diacetate (DCFDA) assay for the same time intervals and 

found that GSH depletion causes an obvious increase in the level of ROS as shown 

in Figure 2.15a and 2.15b. These changes in the GSH levels were found to be well 

correlating with the apoptotic progression as evidenced by the conventional 

apoptotic assay using acridine orange-ethidium bromide staining (Figure 2.15c). 

In order to gain a quantitative picture of the apoptotic process, we further 

monitored the emission responses of Sq towards apoptosis induced HepG2cell 

lysates during different intervals between 0-8 h (Figure 2.14e). At the onset, 

HepG2 cells possessed high levels of GSH amounting to about 5.30 ± 0.1 mM 

which decreased to 2.26 ± 0.2 mM after two hours. In another two hour, it dropped 

down to 1.26 ± 0.2 mM and the GSH level during the 6
th

 and 8
th

 h turned out to be 

1.02 ± 0.3 mM and 0.96 ± 0.15 mM respectively. These results were also validated 

by the commercial GSH assay kit, reaffirming the reliability of the probe in 

estimating the intracellular GSH changes during apoptosis (Figure 2.15d). 

Collectively, these results imply the immense potential of Sq for the ratiometric 

detection of apoptosis on both qualitative and quantitative grounds. 

2.4. Conclusion 

In conclusion, a squaraine based fluorescent sensor has been successfully 

developed for the quantitative ratiometric fluorescence imaging of GSH, leading to 

the visualization of the redox process during apoptosis. The favourable attributes 

of high biocompatibility, excellent membrane permeability and fast response 

inspired us to utilize the Sq dye for detecting the intracellular GSH concentrations 

in live cells and cell extracts. The probe afforded a promising strategy for 

discriminating cancer cells from normal cells via the investigation of cellular redox 
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status. Further applicability of the probe was elucidated by developing an easy and 

reliable method for the on-demand apoptotic progression assay in real-time by 

probing the role of GSH during various time spans of apoptosis on both semi-

quantitative and quantitative grounds. These results open up a new non-invasive 

pathway for diagnosing apoptosis which is of prime importance in drug discovery 

and the effective follow-up of treatment responses.  

2.5. Experimental Section 

2.5.1. Materials and Methods 

All chemical reagents, unless otherwise specified, were purchased from Sigma-

Aldrich Co. All solvents were of reagent grade and were purchased from local 

companies. All solvents were dried and distilled prior to use by following standard 

procedures. 
1
H NMR spectra were recorded on a Bruker 500 MHz FT-NMR 

(model: Advance-DPX 300) spectrometer at 25 °C. The chemical shift (δ) data and 

coupling constant (J) values were given in parts per million (ppm) and Hertz (Hz), 

respectively, unless otherwise mentioned. High-resolution mass spectra (HRMS) 

were recorded on a Thermo Scientific Exactive ESI-MS spectrophotometer.  

2.5.2. Description of Experimental Techniques 

2.5.2.1. UV/Vis Absorption and Emission Spectral Measurements 

Electronic UV/Vis absorption spectra were recorded on a Shimadzu UV–2600 

spectrophotometer and emission spectra were recorded on a SPEX–Fluorolog FL–

1039 spectrofluorimeter with a 1 cm quartz cuvette. All experiments were carried 

out at 298 K. 

2.5.2.2. Cell Culture 

The human cancer cell lines HepG2 (hepatocellular carcinoma), H69AR 

(multidrug resistant lung cancer), HeLa (cervical cancer), MCF-7 (breast cancer), 
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and A549 (lung adenocarcinoma) were obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA). A375 (malignant melanoma) and H9C2 

(murine myoblast) cells were obtained from National Centre for Cell Science 

(NCCS, Pune, India). The fibroblast-like murine pre-adipocyte cell line 3T3L1 was 

gifted from Regional Cancer Centre (Thiruvananthapuram, India). Cells were 

maintained in DMEM with 10% FBS and under an atmosphere of 5% CO2 at        

37 ºC. Cells were cultured in glass bottom, 96-well black plates for imaging 

experiment 2 days prior to conduction of experiments. 

2.5.2.3. Evaluation of Cytotoxicity using MTT Assay 

The cell growth inhibition potential of Sq was measured against HepG2 and 3T3LI 

cells with the MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium) assay 

as described previously.
48 

Cytotoxicity was evaluated with cancer and normal cells 

treated with Sq dye (1 μΜ to 50 μM) for 24 h where doxorubicin (1 μΜ) was used 

as positive control. MTT assay is based on the cleavage of a tetrazolium salt by 

mitochondrial dehydrogenases in viable cells. Quantities of 100 μL of the cell 

suspension of 5 x 10
3
 cells/well were seeded in a 96-well plate and 100 μL of Sq at 

various concentrations and a positive control (doxorubicin) was similarly added to 

the appropriate wells. The plates were then incubated for 24 h in a CO2 incubator at 

37 °C. After incubation, 20 μL MTT (5 mg/mL) was added to each well and 

incubation was continued for an additional 2 h. The insoluble formazan crystals 

formed were solubilised by the addition of 100 μL MTT lysis buffer (SDS and 

dimethyl formamide) followed by an incubation of 4 h and the absorbance was 

measured at 570 nm using a microplate spectrophotometer (BioTek, Power Wave 

XS). The proliferation rate was calculated as:  

Proliferation [%] = Asample / Acontrol x 100 

Inhibition [%] = 100 - % Proliferation  
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2.5.2.4. Fluorescence Imaging of Cells using Sq 

GSH detection in HepG2 and 3T3L1 cells was performed by fluorescence 

microscopic technique. For fluorescence imaging, the culture medium was 

removed and the cells were washed with phosphate buffered saline (PBS pH 7.4) 

twice. 10 µM Sq was added and the adherent cells were washed with PBS three 

times to remove the excess probe from the medium. In order to reduce GSH 

concentration in HepG2 cells, the cells were pretreated with N-ethylmaleimide 

(200 µM) for 30 min, followed by incubation with Sq (10 µM) for 30 min and 

finally washed twice with PBS prior to imaging. To increase the concentration of 

GSH, the cells were pretreated with α-lipoic acid (500 µM) for a period of 24 h 

followed by treating with Sq (10 µM) which were then washed twice with PBS 

before imaging. Fluorescence imaging experiments were performed under an 

inverted fluorescence microscope using a green and red filter (Olympus 1X51, 

Singapore). The fluorescence was collected in the ranges of 540-580 nm (green) 

(λex@480 nm) and 640−700 nm (red) (λex@620 nm) respectively. Image 

processing was performed with Progress software and analysis was performed with 

Image J and Matlab 14 software, and the ratio of intensities was calculated. All 

data were expressed as mean ± standard deviation. 

2.5.2.5. Subcellular Co-localization Imaging 

For nuclear staining, HepG2 cells were treated with Hoechst 33342 in PBS (pH 

7.4), 15 min prior to imaging. The cells were also co-stained with 10 μM Sq in 

80% PBS (pH 7.4)/CH3CN for 30 min and fluorescent images were acquired as 

described above. Images were collected in the ranges of 440-480 nm (blue) for 

Hoechst 33342 and 540-580 nm (green) for Sq.   

2.5.2.6. Quantification of GSH from Cell Lysates 

Estimation of the intracellular GSH was performed with the cell lysates of cancer 

and normal cells. Cell lysates were prepared as described elsewhere,
48

 with 
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modifications. Briefly, cells were plated onto 12-well plates (1 x 10
5
 cells/well) on 

a 5% CO2 incubator at 37 ºC. When the cells became confluent, they were 

trypsinized and washed with ice cold PBS (pH 7.4) thrice and lysed with PBS 

containing 1% Triton-X with rigorous vortexing. The supernatant was collected by 

centrifugation at 10,000 rpm for 5 min and the concentration of GSH in the cell 

lysates was measured with a fluorimeter at an excitation wavelength of 400 nm and 

an emission wavelength of 560 nm after adding Sq. The same has been performed 

by a commercial GSH assay kit (ApoGSH Glutathione detection kit, Biovision, 

USA) which utilizes a non-fluorescent dye, monochlorobimane, which upon 

interaction with thiols form a fluorescent adduct (λem = 461 nm) and  is capable of 

detecting GSH ranging from micromolar to millimolar level. Cell lysates were 

prepared following the same procedure for the estimation of GSH during time 

lapsed stages of apoptosis also. 

2.5.2.7. Detection of Intracellular ROS by DCFDA Assay 

DCFDA assay is a fluorometric microplate assay used for the detection of 

oxidative stress by detecting oxidation of 2',7'-dichlorofluorescin diacetate 

(DCFDA) into the highly fluorescent compound 2',7'-dichlorofluorescein (DCF) 

due to the presence of reactive oxygen species. HepG2 cells (1 x 10
5
 ) were seeded 

onto 96-well plate and cultured overnight. Cells were then washed and treated with 

10 μΜ paclitaxel. After giving a cell wash, cells were incubated with 10 μΜ 

DCFDA reagent. Subsequently, cells were washed twice and fluorescence imaging 

experiments were carried out under an inverted fluorescence microscope. Images 

were collected in the range of 500-540 nm region under an excitation wavelength 

of 485 nm.  

2.5.2.8. Acridine Orange-Ethidium Bromide Staining for Apoptosis 

Evaluation of apoptosis after administration of Paclitaxel (10 μΜ) from 0 to 6 h 

using acridine orange–ethidium bromide staining was performed as described 

previously.
49

 Cells were observed under an inverted fluorescence microscope using 
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a FITC filter (Olympus 1X51, Singapore) to view apoptotic or non-apoptotic cells. 

Apoptotic cells will change the color from green to yellow/red, which is associated 

with other apoptotic features such as the presence of apoptotic bodies, damaged 

cell membrane, and nuclear condensation. 

2.5.2.9. Fluorescence Imaging of HepG2 Cells during Apoptosis 

using Sq  

The culture medium was removed and the cells were washed with PBS (pH 7.4) 

twice prior to fluorescence imaging. Apoptosis was induced in HepG2 cells by 

administration of 10 µM paclitaxel followed by incubation with 10 µM Sq. The 

adherent cells were washed three times with PBS (pH 7.4) to remove excess 

probes from the medium and fluorescence microscopic images were acquired 

during different time intervals in a similar manner as described above. 

2.5.3. Synthesis and Characterization  

Synthesis of (E)-4-2-(1-methyl-1H-pyrrol-2-yl)vinyl)pyridine (14) 

To a solution of sodium hydride (1.08 g, 45 mmol) in dry DMF (20 mL), 4-

methylpyridine (2.79 g, 30 mmol) was added dropwise followed by stirring at     

60 °C under argon atmosphere. After 2 h, a solution of N-methylpyrrole-2-

carbaldehyde (3.27 g, 30 mmol) in 10 mL DMF was added dropwise and the 

reaction mixture was refluxed for 8 h. The reaction mixture was then cooled and 

poured into crushed ice. The yellow precipitate formed was then filtered and 

finally dried. Yield: 70%; mp. 132 °C; 
1
H NMR (500 MHz, CDCl3, TMS)  

(ppm): 8.51 (d, 2H, Ar-H), 7.26 (d, 2H, Ar-H), 7.16 (d, J = 16 Hz, 1H, vinylic-H), 

6.74 (d, J = 16 Hz, 1H, vinylic-H), 6.67 (d, 1H, Ar-H), 6.56 (d, 1H, Ar-H), 6.16 (d, 

1H, Ar-H), 3.71 (s, 3H); 
13

C NMR (125 MHz, CDCl3)  (ppm): 149.78, 145.48, 

130.90, 125.06, 123.30, 122.24, 121.31, 120.28, 108.84, 34.23. HRMS calculated 

for C12H12N2 (M
+
): 184.10, found: 185.10.   
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Preparation of N, N-dibutylaniline (16) 

To a solution of aniline (5.58 g, 60 mmol) and sodium carbonate (19.08 g, 180 

mmol) in dry butanol (80 mL) under argon atmosphere, butylbromide (20.55 g, 

150 mmol) and iodine (200 mg) were added. After refluxing for 24 h, the reaction 

mixture was cooled and the solvent was removed by reduced pressure. The residue 

obtained was suspended in water and extracted with dichloromethane. The organic 

layer was separated, washed with brine, dried over anhydrous Na2SO4 and 

concentrated to give a crude product which was further purified by column 

chromatography over silica gel (100-200 mesh) using 5% ethyl acetate/hexane to 

give the desired product as a light yellow colored liquid. Yield: 90%; 
1
H NMR 

(500 MHz, CDCl3, TMS)  (ppm): 7.22 (t, 2H, Ar-H), 6.65 (d, 2H, Ar-H), 6.59 (d, 

1H, Ar-H), 3.36 (t, 4H), 1.57 (m, 4H), 1.36 (m, 4H), 0.95 (t, 6H); 
13

C NMR (125 

MHz, CDCl3)  (ppm): 149.80, 129.61, 121.94, 114.32, 53.46, 30.12, 20.39, 13.82; 

HRMS calculated for C14H23N (M
+
): 205.34, found: 205.45. 

Preparation of 3-N,N-(dibutylamino)phenyl,4-hydroxy-3-

cyclobutene-1,2-dione (17)  

Squaryl chloride (2 g, 13.2 mmol) and N, N-dibutyl aniline derivative (4.2 g, 13.24 

mmol) were dissolved in 50 mL dry benzene and refluxed for 6 h. The reaction 

mixture was cooled and poured into ice water (500 mL). The two layers were 

separated. The organic layer was washed with water (250 mL), dried and 

evaporated under vacuum. The residue was dissolved in a mixture of acetic acid 

(20 mL), hydrochloric acid (1 mL) and water (20 mL). This mixture was refluxed 

for 2 h, and cooled to room temperature. After cooling to room temperature, the 

solid product (17) was isolated by filtration, washed with ether and dried. Yield: 

80%; mp. 225-228 °C; 
1
H NMR (500 MHz, CDCl3, TMS)  (ppm): 7.83-7.86 (d, 

2H, Ar-H), 6.73-6.75 (d, 2H, Ar-H), 3.38 (t, 4H), 1.28-1.49 (m, 8 H), 0.91 (t, 6 H); 

13
C NMR (125 MHz, CDCl3)  (ppm): 194.10, 173.55, 128.42, 113.01, 40.11, 

29.01, 20.02, 14.20; HRMS calculated for C18H23NO3 (M
+
): 301.38, found: 301.72. 
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Synthesis of Squaraine Dye, Sq 

Squaraine dye, Sq was synthesized by the condensation reaction of (E)-4-2-(1-

methyl-1H-pyrrol-2-yl)vinyl)pyridine (14) (184 mg, 1 mmol) with the semi-

squaraine derivative of N,N-dibutyl aniline, 17 (301 mg, 1 mmol) in 1:1 n-

butanol/benzene mixture (80 mL) under azeotropic conditions (Scheme 2.4). After 

refluxing for 10 h, the reaction mixture obtained was cooled followed by the 

removal of the solvents. The crude product was thus precipitated from petroleum 

ether, filtered and redissolved in CHCl3. The crude product obtained was purified 

by column chromatography over silica gel (100-200 mesh) using 3% 

methanol/dichloromethane. Yield 40%; 
1
H NMR (500 MHz, CDCl3, TMS)  

(ppm): 8.60 (d, 2H, Ar-H), 8.33 (d, 2H, Ar-H), 7.82 (d, 1H, Ar- H), 7.36 (d, 2H, 

Ar-H), 7.25 (d, J = 15.5 Hz, 1H, vinylic-H), 7.12 (d, 1H, J = 16 Hz, vinylic-H), 

6.91 (d, 1H, Ar-H), 6.72 (d, 2H, Ar-H), 4.34 (s, 3H), 3.45 (t, 4H), 1.65 (t, 8H), 0.99 

(t, 6H); 
13

C NMR (125 MHz, CDCl3)  (ppm): 184.29, 174.27, 164.89, 153.78, 

150.32, 144.58, 143.47, 133.35, 131.25, 123.70, 120.86, 119.73, 119.19, 114.24, 

113.65, 112.72, 112.64, 51.32, 34.23, 29.69, 29.63, 20.22, 13.85; HRMS 

calculated for C30H33N3O2 (M
+
): 467.26, found: 468.26.     
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Chapter 3 

 

   Enzyme Responsive Fluorescence-SERS Bimodal Probes 

for Multiplex Detection of Lung Cancer Biomarkers 

 

 

3.1. Abstract 

Comprehensive profiling of multiple protein targets plays a critical role in the 

deeper understanding of specific disease conditions associated with high 

heterogeneity and complexity. Herein, the design and fabrication of smart 

programmable nanoarchitectures, which could integrate clinically relevant 

diagnostic modalities for the multiplexed detection of most prevalent panel of 

disease biomarkers present in lung cancer is presented. The multiplex nanoprobes 

were prepared by attaching dual-functional Raman active fluorogens onto 

spherical gold nanoparticles through a peptide linker, Phe-Lys-Cys (FKC) which 

is engineered with a cathepsin B (cathB) enzyme cleavage site. Presence of the 

cathB induces the scission of FKC upon homing into the cancer cells, resulting in 

the release of the initially latent fluorophores with a concomitant quenching of the 

surface enhanced Raman signal intensity, thereby realizing an ‘on-off’ switching 
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between the fluorescence and Raman modalities. The enzyme triggered switchable 

nanoprobes were utilized for the simultaneous detection of pathologically relevant 

lung cancer targets by tethering with specific antibody units. The multiplex-

targeted multi-color coded detection capability of the antitags was successfully 

developed as a valid protein screening methodology which can address the unmet 

challenges in the conventional clinical scenario for the precise and early 

diagnosis of lung cancer.  

3.2. Introduction 

The emergence of nanotechnology and nanoarchitectonics has paved way for the 

creation of smart functional materials that possess wide ranging applications in 

biology and medicine.
1
 In this scenario, development of intelligent nanomaterials 

that serve as stimuli-responsive molecular devices to achieve specific biological 

functions remains as a long standing goal in biomedicine.
2,3

 The ability to probe 

multiple protein targets in cell and tissue environment plays a decisive role in the 

accurate understanding of the function and regulation of many cellular events and 

in the profiling of heterogeneous disease states such as cancer. Recent research has 

shown that no single targeting motif is sufficient to provide adequate information 

required to fully characterize or identify a specific disease condition.
4,5

 Thus, the 

development of highly sensitive techniques that can simultaneously recognize 

multiple biomarkers is of great relevance for the early diagnosis and management 

of diseases.
6-9

 Lung cancer, one of the most leading causes of death worldwide is 

characterized by the upregulation of many proteins which makes its prognosis and 

diagnosis a challenging task. The currently available clinical methods which 

mainly rely on morphological changes, often fail to screen the early progress of the 

disease thereby leading to false positive and false negative results. In the present 

work, a highly sensitive screening method has been demonstrated for the mutiplex 

detection of lung cancer biomarkers which can address the limitations associated 

with the currently employed clinical techniques with great accuracy, which may 

help early detection and treatment. 
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In recent years, considerable efforts have been put forward towards 

the development of multiplexing diagnostic platforms in view of their unique 

advantages in terms of high-throughput screening capacity, improved working 

efficacy and overall cost effectiveness.
10-12

 Although a number of techniques such 

as mass spectrometry and microarray based assays have been adopted for 

facilitating multiplexed analysis, most of them fail to provide a rapid, highly 

sensitive and accurate detection response.
13,14

 In an effort to address these 

limitations, fluorescence and SERS techniques have transpired as frontline 

biosensing approaches, offering broad range analyte detection with high sensitivity 

and specificity.
15-23

 Fluorescence based assays have gained significant attention 

due to its ability to analyze complex biological events with high spatial and 

temporal resolution.
24-28

  

SERS platforms have recently appeared as a promising diagnostic 

tool for bioimaging applications with the advantages of high spectral specificity, 

excellent contrast and unique multiplexing potential.
29,30

 The multiplexing ability 

of SERS encoded probes relies greatly on the narrow peakwidths and utilization of 

a single laser excitation line which confer distinct fingerprint spectral signatures 

and allows the identification of closely related targets in a complex biochemical 

environment.
31-33

 Although SERS tags offer superior multiplexing capacity with 

single-cell sensitivity, it poses relatively low temporal resolution due to the slow 

imaging speed, thereby hindering the fast recognition of a large number of target 

biomarkers within a limited time frame.
34 

Combination of these two techniques can 

integrate the advantages of both fluorescence and SERS, which can fill the gaps 

that may be created by the independent use of any one of these methodologies. 

Although conceptually impressive, these bimodal probes are still at a stage of 

infancy. The probes reported so far made use of silica nanoparticles to 

accommodate the fluorescent dyes and the Raman reporters, where the silica 

coating acts as a spacer to prevent the interference from each other. For instance, 

Yu et al., reported the design of multifunctional fluorescent SERS probes 
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comprising of silver nanoparticle modified silica spheres embedded with a 

fluorescent dye and Raman reporter for multiplexed detection applications (Figure 

3.1).
35 

The nanoparticles after modification with specific antibodies were utilized  

 

Figure 3.1. Schematic representation of the synthesis of silver nanoparticle modified silica spheres 

for bimodal imaging guided multiplexed detection applications.  

for the detection of apoptosis through bimodal imaging channels which offered a 

simple, effective and reliable approach for the investigation of cellular events. 

Later, in 2009, the same group employed the same system for the simultaneous 

detection of CD34, Sca-1, and SP-C, the three proteins expressed in the 

bronchialveolar stem cells of murine lungs.
36 

In 2012, Wang and co-workers demonstrated the design and 

fabrication of a core-shell nanoarchitecture composed of silver 

nanoparticle/silica/titania (Ag@SiO2@mTiO2) hybrid for fluorescence/SERS 
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bimodal imaging guided drug delivery (Figure 3.2a and 3.2b).
37

 The dye label, 4-

mercaptopyridine present inside the nanoparticle served the role of Raman reporter 

which was separated from the fluorescent label, flavin mononucleotide through a 

silica shell. The mesoporous titania layer over the nanoparticle offered excellent 

loading of a chemotherapeutic agent (doxorubicin), thereby providing it with 

imaging and therapeutic properties. The in vitro cytotoxicity studies on cancer 

cells revealed a comparable or even better therapeutic performance by the 

nanoconstruct when compared against the free drug, attributed to the increased 

cellular accumulation of the probe (Figure 3.2c). This study presented the utility

 

Figure 3.2. a) Schematic illustration of the preparation of drug loaded Ag@SiO2@mTiO2 core-shell 

nanoprobe. b) TEM image of Ag@SiO2@mTiO2 nanoparticles. c) Cytotoxic evaluation of DOX 

loaded Ag@SiO2@mTiO2 and free DOX on MCF7 cells.  

of a multifunctional nanosystem for rapid and multiplexed sensing assisted cancer 

therapy. Another study by Lee and colleagues utilized silica encapsulated gold 

nanoparticles for multiplexed imaging of cancer cells (Figure 3.3a and 3.3b).
34
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The gold nanoparticles were labeled with Raman reporters and organic 

fluorophores separated by a 20 nm silica shell to account for interference free 

SERS and fluorescence imaging. The nanoprobes were subsequently labeled with 

anti-CD24 and anti-CD44 antibodies to afford target specific imaging of cancer 

biomarkers in breast cancer cells (Figure 3.3c). Similarly, there have been a few 

other reports demonstrating the potential of fluorescence and SERS bimodal 

detection for disease screening applications.
38,39

 However, a major challenge in 

multiplexed detection based on these dual modal probes stems from the complexity 

of fabrication especially in controlling the distance between the fluorophore and 

metal substrates and also in tuning the thickness of the silica spacer without 

 

Figure 3.3. a) Schematic representation of cancer biomarker detection using silica encapsulated 

gold nanoprobes. b) Scheme showing the synthesis of the nanoprobe. c) Duplex imaging of CD24 

and CD44 antigens in MDA-MB 231 cells using fluorescence and SERS modalities.   

compromising the efficacy of any one of them. There is a preferential need to 

develop smart and intelligent nanoplatforms which could conveniently integrate 
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these complementary imaging modalities in an orthogonal fashion. To explore the 

complete potential of fluorescence-SERS guided multiplexing probe development, 

a design strategy has been adopted for fabricating programmable nanoparticles that 

feature an “on-off” switching transition between fluorescence and SERS. The 

framework of the nanosystem comprises of dual responsive Raman active 

fluorophores attached to the surface of gold nanospheres through a strategically 

positioned peptide (Phe-Lys-Cys; FKC) sequence which is recognized as a specific 

substrate for cathepsin B (cathB), a key protease involved in cancer invasion and 

progression.
40

 The tripeptide linker is engineered to be cleaved by the enzymatic 

action of cathB, at the acidic pH in the tumor microenvironment. This pH-sensitive 

enzymatic cleavage at the tumor site facilitates the activation of the initially 

dormant fluorophores through a break in the conjugation which increases the 

distance of the dyes from the gold nanoparticle (AuNP) surface thereby causing 

the arresting of SERS activity via the suppression of strong chemical enhancement 

induced by the nanoroughened metal substrate. The anticipated mode of action of 

fluorescence-SERS encoded nanoparticle probes (FSENPs) was utilized for the 

detection of defined protein targets after decorating with specific monoclonal 

antibody recognition units. The unique fingerprinting SERS peaks at 837, 354 and 

617 cm
-1

 and the emission peaks at 450, 520 and 580 nm of the three probes were 

employed for the simultaneous detection of multiple biomarkers with high 

sensitivity and specificity. Moreover, as a major step towards the clinical 

applicability of the probe, a precise profiling of the disease biomarkers in clinical 

patient specimens has been demonstrated. To the best of our knowledge, no study 

has been reported thus far to demonstrate the enzyme triggered “on-off” biosensing 

approach for the detection of multiple protein targets using SERS and fluorescence 

based bimodal strategies. Schematic illustration of the fabrication and mechanism 

of action of FSENPs for the multiplexed detection guided multicolor imaging of 

protein biomarkers is shown in Figure 3.4. 
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Figure 3.4. Schematic illustration of enzyme triggered switching of antibody functionalized FSENPs 

for the multiplexed detection of lung cancer biomarkers. 

3.3. Results and Discussion 

3.3.1. Design and Fabrication of FSENPs 

Multimodal nanodimensional FSENPs were fabricated by the labeling of 

fluorogenic Raman reporter dyes onto the surface of gold nanospheres through a 

tripeptide sequence. The dyes were chosen to be 7-hydroxy-3-carboxycoumarin, 

rhodamine 110 and rhodamine B which possessed unique multiplexing spectral 

signatures in both fluorescence and SERS modalities. A cathB peptide substrate 

with the representative amino acid sequence Phe-Lys-Cys (FKC) was synthesized 

by means of the solid phase peptide synthesis (Scheme 3.1), which was  

conjugated to the carboxy terminal of the respective dyes using carbodiimide 

chemistry to afford dye tagged peptide substrates; Coum-cathB, Rh110-cathB and 
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RhB-cathB (Scheme 3.2). The compounds were cleaved from the resin bed under 

acidic conditions which were subjected to characterization by NMR and HRMS 

spectral analyses. UV-Vis absorption spectra of Coum-cathB, Rh110-cathB and 

RhB-cathB showed absorption bands centered at about 360, 495 and 550 nm with 

the corresponding emission peaks positioned at 450, 520 and 580 nm respectively 

(Figure 3.5a and 3.5b). The presence of non-overlapping emission bands clearly 

revealed the potential of the probes for multiplexing applications.  The capability 

of the molecules for multiplexed Raman fingerprinting was then evaluated through 

SERS analysis which was performed by functionalization with AuNPs of size 

around 40 nm (Figure 3.5c). A shift in the plasmonic absorption band from 530 to 

532 nm (Figure 3.6a-c) indicates the formation of the dye conjugated 

 

Scheme 3.1. Reagents and conditions: i) 20% piperidine in DMF, ii) Fmoc-Cys(STr)-OH, HBTU, 

DIPEA, iii) 20% piperidine in DMF, Fmoc-Lys(Boc)-OH, HBTU, DIPEA, iv) Fmoc-Phe-OH, HBTU, 

DIPEA. 

nanotags which were also validated by TEM and DLS analysis showing a clear 

retention of the spherical morphology of the nanoparticles with high 

monodispersity (Figure 3.6d-f). On an average, the number of Coum-cathB, 
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Rh110-cathB and RhB-cathB molecules attached per AuNP was estimated to be 

1.46 x 10
3
,  1.57 x 10

3
  and 1.52 x 10

3  
respectively,  as  quantified  by  absorption 

 

Scheme 3.2. Reagents and conditions: i) 20% piperidine in DMF, ii) DIC, HOBt, 7-

hydroxycoumarin-3-carboxylic acid, iii) DIC, HOBt, rhodamine 110, iv) DIC, HOBt, rhodamine B, v) 

95% TFA, 2.5% TIS, 2.5% H2O. 
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spectral measurements. As shown in Figure 3.5d, the strong chemisorption offered 

by Au-S bond between the gold particle and Cys terminus produced intense SERS 

signals with distinct multiplexing peaks at 837, 354 and 617 cm
-1

 which accounts 

to the C-H str. C-C str. and C-C-C bending vibrations of Coum-cathB, Rh110-

 

Figure 3.5. a) UV-Vis absorption spectrum of 10 µM solutions of Coum-cathB, Rh110-cathB and 

RhB-cathB in PBS buffer (25 mM, pH 7.4). b) Fluorescence spectra of 10 µM solutions of Coum-

cathB, Rh110-cathB and RhB-cathB in PBS (25 mM, pH 7.4). The emission spectra were obtained 

by exciting Coum-cathB, Rh110-cathB and RhB-cathB at 360, 475 and 520 nm respectively. c) UV-

Vis absorption spectrum of spherical gold nanoparticles. Inset shows the TEM image of the gold 

nanospheres. d) SERS spectral analysis of 10 µM solutions of Coum-cathB, Rh110-cathB and 

RhB-cathB in PBS (25 mM, pH 7.4) SERS spectra were obtained by excitation using a 633 nm 

laser. 

cathB and RhB-cathB respectively. Moreover, the Raman peaks located at 1130, 

1410 and 1275 cm
-1

 corresponding to C-O-C sym. str., C-C aliphatic str. and 
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aromatic C-H bending vibrations respectively for the three nanotags served as 

spatially distinct fingerprints, making them promising candidates for an ideal 

multiplexing analysis. 

 

Figure 3.6. UV-Vis absorption spectra and DLS analysis of Coum-cathB@AuNP (a,d), Rh110-

cathB@AuNP (b,e) and RhB-cathB@AuNP (c,f). Insets in (d-f) represent the TEM images of Coum-

cathB@AuNP, Rh110-cathB@AuNP and RhB-cathB@AuNP respectively. 

3.3.2. Photophysical Evaluation of FSENPs 

To demonstrate the utility of enzyme triggered „on-off‟ signaling property of the 

probes, time dependent fluorescence and SERS experiments were performed in the 

presence of cathB enzyme (60 ng/mL) by mimicking the intracellular enzymatic 

conditions. CathB is a lysosomal protease, which has been upregulated in many 

cancers and has great implications in the early stage invasion and progression of 

glioma, melanoma, colon cancer, lung cancer and lot more.
40-46

 Thus, an optimal 

pH of 5.5, which is close to the pH of the lysosomal regions,
47

 was chosen as the 

key parameter for this study. The enzymatic cleavage studies were examined in 

acetate buffer (25 mM sodium acetate, 1 mM EDTA; pH 5.5) at 37 ºC to mimic the 

physiological conditions. In the absence of the enzyme, the probes represent a state 
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of SERS signal “on” and fluorescence signal “off” as a result of the closer 

proximity between AuNP and dye molecules, which render them with high signal 

amplification in the Raman channel and negligible activity in the fluorescence

 

Figure 3.7. a) Schematic illustration showing the switching of SERS and fluorescence properties of 

FSENPs upon administration with cathB enzyme. SERS quenching and fluorescence activation 

studies of AuNP functionalized Coum-cathB (b, e), Rh110-cathB (c, f) and RhB-cathB (d, g) upon 

addition of cathB enzyme (60 ng/mL) in acetate buffer (pH 5.5, 37 ºC). Fluorescence images of 

Coum-cathB@AuNP (h), Rh110-cathB@AuNP (i) and RhB-cathB@AuNP (j) in the absence (upper 

panel) and in the presence (lower panel) of the enzyme recorded using IVIS animal imaging 

system. Fluorescence spectra and images were recorded by excitation at 360, 475 and 530 nm for 

Coum-cathB@AuNP, Rh110-cathB@AuNP and RhB-cathB@AuNP respectively. SERS spectra 

were acquired by excitation at 633 nm. 
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channel. However, incubation of the nanoparticles (Coum-cathB@AuNP, Rh110- 

cathB@AuNP and RhB-cathB@AuNP) with cathB enzyme triggered the 

switching of the optical signals; the probes got switched to the state of SERS 

signal “off” and fluorescence signal “on” (Figure 3.7a). From Figure 3.7, it is 

clear that the SERS signals showed a gradual reduction in their intensity (Figure 

3.7b-d) with a subsequent amplification of the emission signals (Figure 3.7e-j) 

upon increasing time for all the three probes. These observations can be clearly 

correlated with the aforementioned design concept where the enzyme trigger will 

cause the cleavage of cathB peptide substrate present in the probes resulting in an 

increased separation of the dye molecules from the AuNP surface which facilitates 

the quenching of the Raman signals with the simultaneous activation of the 

initially dormant fluorophores. The limit of detection (LOD) of cathB enzyme was 

determined through both SERS as well as fluorescence modalities (Figure 3.8) 

wherein SERS showed a better sensitivity for cathB with values 

 

Figure 3.8. a) SERS and fluorescence based analysis of limit of detection of cathB enzyme by 

Coum-cathB@AuNP (a,d),  Rh110-cathB@AuNP (b,e), and RhB-cathB@AuNP (c,f). 

reaching up to 38.2, 12.4 and 36.8 pM for Coum-cathB@AuNP, Rh110-

cathB@AuNP and RhB-cathB@AuNP respectively while fluorescence 
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experiments revealed LOD values in the range of 1710, 1320 and 1470 pM for the 

enzyme by the probe molecules, Coum-cathB@AuNP, Rh110-cathB@AuNP and 

RhB-cathB@ AuNP respectively. In a control experiment, the Raman active dye 

molecules (without the peptide linker) were mixed directly with AuNPs and found 

that the SERS intensity as well as the fluorescence quenching intensity is less in 

comparison to those obtained from the probes containing the peptide substrate, 

 

Figure 3.9. SERS and fluorescence analysis of Coum-cathB@AuNP and Coum@AuNP (a,d), 

Rh110-cathB@AuNP and Rh110@AuNP (b,e) and RhB-cathB@AuNP and RhB@AuNP (c,f) in the 

absence and presence of cathB enzyme (60 ng/mL) in PBS (pH 7.4, 37 ºC). Data constitute the 

mean ± SD of three independent experiments. 

which can be attributed to the strong chemisorption offered by the cysteine unit of 

the peptide moiety. Furthermore, treatment of the physically mixed nanoparticles 

with cathB enzyme could neither activate the fluorescence nor quench the Raman 

signals, i.e. fluorescence was always switched “off” and SERS was always 

switched “on” in contrast to the on-off switching property exhibited by our probes 

(Figure 3.9).  In order to establish the role of pH in this cleavage mechanism, the 

experiments have been carried out under normal physiological (pH 7.4) conditions. 

Expectantly, neither the SERS nor the fluorescence properties showed any 
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significant change in their intensity profiles as evident from Figure 3.10. These 

studies apparently suggest that the pH sensitive peptide linker serves as a superior 

substrate for the simultaneous dual-signal switching of fluorescence and SERS 

activities. 

 

Figure 3.10. a) SERS and b) emission spectra of Coum-cathB@AuNP (λex @ 360 nm and λem @ 

450 nm), Rh110-cathB@AuNP (λex @ 475 nm and λem @ 520 nm) and RhB-cathB@AuNP (λex @ 

520 nm and λem @ 580 nm) in the presence of cathB enzyme (60 ng/mL) in PBS (pH 7.4, 37 oC). 

SERS spectral analysis was performed by excitation using a 633 nm laser. Data constitute the 

mean ± SD of three independent experiments. 

Considering the structural similarity of proteins, the effects of other 

proteins and enzymes on the optical responses of the probes were investigated to 

assess their selective nature. The results from SERS spectral evaluation indicated 

that only cathB could induce a quenching of their signals while no such noticeable 

signal intensity change was observed with other competing species (Figure 3.11a-

c). Similar trends were observed with fluorescence experiments (Figure 3.11d-f) 

where the probes exhibited an enhancement in the emission intensities only upon 

treatment with cathB while remaining silent towards all other tested analytes. 

These features warrant that the probes can be programmed to get activated upon 

their autonomous homing to the tumor environment where cathB enzymes are 

mostly located, without posing any interference from other biologically relevant 

species.  
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Figure 3.11. SERS and fluorescence responses of Coum-cathB@AuNP (λex @ 360nm and λem @ 

450 nm) (a, d), Rh110-cathB@AuNP (λex @ 475 nm and λem @ 520 nm) (b, e) and RhB-

cathB@AuNP (λex @ 520nm and λem @ 580 nm) (c, f) towards various proteins and enzymes. 

SERS spectra were recorded by excitation at 633 nm. Data indicate the mean ± SD of four 

independent experiments. 

After gaining a clear picture of the enzyme driven switching of the 

probes in aqueous solution, the same was validated in living cancer cells by 

complementary Raman and fluorescence imaging modalities. Human lung 

adenocarcinoma (A549) cells were incubated with each of the probes and single-

cell SERS imaging was performed in a time dependent manner. At the initial time 

point of 15 min, all the three probes showed intense Raman signals indicative of 

their effective internalization which was visualized by false color SERS imaging 

and spectral signaling from the cells. Upon increasing time, the SERS signals 

witnessed a gradual decline in their intensities which finally got turned off after 

120 min as  evident  from  the real-time  SERS imaging experiments (Figure 3.12a 
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Figure 3.12. a) Fluorescence microscopic images of Coum-cathB@AuNP (A), Rh110-

cathB@AuNP (B) and RhB-cathB@AuNP (C) in A549 cells from 30 to 120 min. Scale bar 20 µm. 

Insets in A, B and C represent the confocal SERS images of A549 cells treated with Coum-

cathB@AuNP, Rh110-cathB@AuNP and RhB-cathB@AuNP respectively for the same time 

interval. Scale bar 10 µm. Time-dependent b) SERS and c) fluorescence intensity profiling from the 

cells at different time points. d) Fluorescence micrographs for the intracellular localization of Rh110-

cathB@AuNP and RhB-cathB@AuNP with lysotracker green/red. Green channel at 510-550 nm 

and red channel at 580-620 nm. In the scatter plot, r and R represent Pearson’s correlation 

coefficient and Mander’s overlap coefficient respectively. Scale bar 20 µm. Data represent the 

mean ± SD of three independent experiments. 

inset and 3.12b). Fluorescence imaging experiments performed in line with the 

SERS studies under the same conditions initially conceived the dyes in passive 

state as apparent from the absence of any significant fluorescence signals from the 

blue, green or red channels. Upon increased accumulation in the cancer cells, these 

activatable nanoprobes presented amplification in their emission signals which got 

saturated after 120 min (Figure 3.12a and 3.12c). To facilitate this „on-off‟ 
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switching mechanism, it is necessary that the probes be present at the site where 

cathB enzymes are located. To this end, the intracellular localization of the probes 

was investigated by costaining with lysotracker which specifically stains the 

lysosome. As shown in Figure 3.12d, the green and red fluorescence coming 

respectively from Rh110-cathB and RhB-cathB overlapped mainly with that of 

Lysotracker, indicating the localization of the probes in the lysosomal 

compartment of the cells where cathB enzymes are preferentially recruited. These 

observations underpin the fact that the enzymatic recognition-driven cleavage of 

the peptide sequence occurs in the lysosomes and this scission process is 

responsible for the quenching of the signals in the Raman channel and activation of 

the signals in the fluorescence channel. 

3.3.3. Formulation of Antitag Nanoprobes of FSENPs for 

Multiplexed Recognition of Lung Cancer Biomarkers 

Owing to the favorable switching property and excellent multiplexing 

characteristics of the as-designed probes, it was envisaged that the present strategy 

may facilitate the development of switchable bimodal nanoprobes for the point-of-

care diagnosis of clinically relevant disease biomarkers. Towards achieving this 

goal, the three different types of FSENPs were conjugated with three monoclonal 

antibody units to afford antitag nanoprobes: Coum-cathB@anti-Nap, Rh110-

cathB@anti-CK and RhB-cathB@anti-EGFR that are specific towards epidermal 

growth factor receptor (EGFR), cytokeratin-19 (CK) and napsin-A (Nap). EGFR is 

a transmembrane glycoprotein involved in the pathogenesis of tumor malignancies 

while CK and Nap serve as differentiating markers for the various subtypes of lung 

cancer such as adenocarcinoma and non-small cell lung carcinoma.
48-50

 UV-Vis 

spectral analysis of the as-formed constructs showed the appearance of an 

additional protein absorption peak at 260 nm with a slight shift in the plasmonic 

absorption of nanoparticles which confirmed the successful conjugation of the 

antibody elements (Figure 3.13 a-c). Subsequently, an MTT assay was performed 

to examine the cytotoxicity of the dye-peptide conjugates as shown in Figure 3.13 
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Figure 3.13. UV-Vis absorption spectra of Coum-cathB@anti-Nap (a), Rh110-cathB@anti-CK (b) 

and RhB-cathB@anti-EGFR (c) in PBS (25 mM, pH 7.4). Cytotoxicity evaluation using MTT assay 

with A549 cells treated with d) Coum-cathB, e) Rh110-cathB and f) RhB-cathB for 24 h. Data 

represent the mean ± SD of three independent experiments. 

d-f. Although the molecules alone exhibited a dose dependent toxicity, the 

nanotags containing 10 µM of the dye molecules were found to be safe for 

application in cultured cells under standard conditions (Figure 3.14). Next, the 

sensitivity of the probes for specific detection of single proteins was investigated 

 

Figure 3.14. Cytotoxicity evaluation using MTT assay with A549 cells treated with the constructs for 

24 h. Data represent the mean ± SD of three independent experiments. 
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by the separate administration of each antitag under in vitro conditions. SERS 

measurements from A549 cells incubated with RhB-cathB@anti-EGFR showed 

 

Figure 3.15. a) Confocal SERS and b) fluorescence microscopic images of RhB-cathB@anti-EGFR 

and Rh110-cathB@anti-CK in A549 and WI38 cells. SERS images of RhB-cathB@anti-EGFR and 

Rh110-cathB@anti-CK were obtained by imaging at 617 and 354 cm-1 respectively. Scale bar 10 

µm. Fluorescence images were collected from the blue channel at 440-480 nm, green channel at 

510-550 nm and red channel at 580-620 nm. Scale bar 10 µm. c) Semi-quantitative evaluation of 

EGFR, CK and Nap in A549 and WI-38 cells as obtained by SERS analysis. Statistically significant 

differences at *** p < 0.001; ns, not significant in comparison with the control. AFM images of A549 

(d) and WI-38 (e) cells after treatment with RhB-cathB@anti-EGFR. Insets represent the magnified 

image of the labeled portion of the cell surface. Data are the mean ± SD of three independent 

experiments. 
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prominent Raman fingerprints indicating the abundance of EGFR proteins while 

the WI-38 cells incubated with the same, revealed very low expression of EGFR as 

evident from the lack of any noticeable Raman signals (Figure 3.15a). Similarly, 

incubation of A549 and WI-38 cells with Rh110-cathB@anti-CK witnessed high 

expressions of CK protein in the cancer cells with very minimal expression coming  

 

Figure 3.16. a) Confocal SERS and b) fluorescence microscopic images of Coum-cathB@anti-Nap 

in A549 and WI38 cells. SERS images of Coum-cathB@anti-Nap obtained by imaging at 837 cm-1. 

Scale bar 10 µm. Fluorescence images were collected from the probe at 440-480 nm. Scale bar 10 

µm. c), e) and g) represent the respective SERS signals of RhB-cathB@anti-EGFR, Rh110-

cathB@anti-CK and Coum-cathB@anti-Nap obtained from A549 cells. The SERS signals acquired 

from WI-38 cells treated with RhB-cathB@anti-EGFR, Rh110-cathB@anti-CK and Coum-

cathB@anti-Nap are shown in d), f) and h) respectively. 
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from the normal ones (Figure 3.15a). However, Coum-cathB@anti-Nap displayed 

weak signal intensity in both cancer and normal cells suggestive of the low 

expression of Nap in these cell lines (Figure 3.16a). The Raman spectral signals 

obtained from the cells in each case is shown in Figure 3.16c-h. Furthermore, 

fluorescence recovery facilitated by the enzyme mediated scission process enabled 

the precise visualization of disease biomarkers in the emission channel as well. 

From the fluorescence microscopic images shown in Figure 3.15b and 3.16b, it is 

clear that A549 cells displayed strong emission in the red and green channels with 

much less fluorescence from the blue channel, which accounts for the high levels  

 

Figure 3.17. a) Western blot analysis showing the expression status of EGFR, CK and Nap in A549 

and WI-38 cells and quantitation of protein bands normalized with β-actin as estimated using 

ImageJ software. b) Estimation of EGFR, CK-19 and Nap levels in A549 and WI38 cells as 

measured by fluorescence analysis. Data are the mean ± SD of three independent experiments. 

Immunocytochemical staining of A549 (c) and WI-38 (d) cells for the recognition of EGFR (A and 

D), CK (B and E) and Nap (C and F). Counterstaining was performed with haematoxylin. Scale bar 

20 µm. 

of EGFR and CK proteins and low levels of Nap. However, WI-38 cells treated 

with the probes did not produce any noticeable emission in the blue, green or red 

channels, confirming the low expression of these biomarkers in normal cells. The 

expression levels of these biomarkers in A549 and WI-38 cells were also validated 
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through Western blot analysis by using antibodies directed against EGFR, CK and 

Nap (Figure 3.17a). The results were in agreement with our experimental analysis 

which showed high expressions of EGFR and CK and low levels of Nap in the 

cancer cells against the normal ones. The expression status of the three biomarkers 

were further confirmed by immunocytochemistry technique where positive brown 

staining was observed with EGFR (Figure 3.17A) and CK (Figure 3.17B) but not 

with Nap (Figure 3.17C), in the case of A549 cells while none of them were 

stained positive in WI-38 cells (Figure 3.17D-F). Semi-quantitative evaluation of 

the biomarkers through SERS and fluorescence measurements revealed ≈ 15, 8 and 

1.2 fold increase in the respective EGFR, CK and Nap levels in the A549 cells 

when compared to the normal WI-38 cells (Figure 3.15c and 3.17b). Furthermore, 

the target specificity of RhB-cathB@anti-EGFR in cancer cells was evaluated 

through atomic force microscopy (AFM) experiments (Figure 3.15d and 3.15e). 

Inset in Figure 3.15d clearly shows the presence of nanoparticles on the surface of 

A549 cells which affords the specific binding of nanotags to the EGFR protein 

overexpressed on the cell surface. In contrast, there was hardly any particle in the 

WI38 cells treated with the probe, suggesting the selectivity and specificity of the 

nanotags towards lung cancer cells (Figure 3.15e). 

On account of the excellent specificity offered by the antitags for the 

detection of the target biomarkers, the next focus was directed towards evaluating 

the efficacy of mixed nanotags for the specific detection of their respective protein 

entities. In this experiment, SERS spectral evaluation and fluorescence imaging 

were performed after treating A549 and WI-38 cells with a combination of two 

antitags each. Following incubation and washing process, the measured SERS 

spectra acquired from the A549 cells treated with a mixture of RhB-cathB@anti-

EGFR and Rh110-cathB@anti-CK revealed distinct fingerprint signatures 

corresponding to each Raman tag (Figure 3.18a). While treatment of the cells with 

a combination of  RhB-cathB@anti-EGFR  and  Coum-cathB@anti-Nap produced  
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Figure 3.18. SERS spectral analysis of A549 cells incubated with a mixture of RhB-cathB@anti-

EGFR and Rh110-cathB@anti-CK (a), RhB-cathB@anti-EGFR and Coum-cathB@anti-Nap (b) and 

Rh110-cathB@anti-CK and Coum-cathB@anti-Nap (c) respectively. d) Fluorescence microscopic 

imaging of A549 cells treated with a combination of two antitags each. Fluorescence images 

acquired from the blue channel at 440-480 nm, green channel at 510-550 nm and red channel at 

580-620 nm. Scale bar 20 µm.  

signals characteristic of the Raman label tagged with anti-EGFR antibody together 

with weak signals arising from the latter (Figure 3.18b). Similarly, administration 

of the cells with a mixture of Rh110-cathB@anti-CK and Coum-cathB@anti-Nap 

accounted mainly for the prevalence of cytokeratin-19 in the cells (Figure 3.18c). 

These results were further visualized by fluorescence imaging experiments, 

confirming the potential of the probes for interference-free multiplexing 

applications (Figure 3.18d and 3.19).  
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Figure 3.19. Fluorescence microscopic analysis of WI38 cells treated with a mixture of two antitags 

each. Blue channel at 440-480 nm, green channel at 510-550 nm and red channel at 580-620 nm. 

Scale bar 10 µm. 

In a final evaluation, a cocktail of all the three nanotags were 

administered to the cancer cells (Figure 3.20a). It is interesting to note that SERS 

(Figure 3.20A and 3.22a) and fluorescence imaging studies (Figure 3.20B) 

showed the specific recognition of the tags to their respective protein codes 

without any cross-talk between cocktail antitags, emphasizing the suitability of the 

assay for profiling the right protein from a pool of other structurally and 

functionally similar biomolecules in a complex biological setting. The same 

experiment has been repeated with the normal WI-38 cells which produced weak 

signals as indicated in Figure 3.21 and 3.22b. These results demonstrate the utility 

of  the probes  for  differential diagnosis of  biomarker status in cancer and normal  
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Figure 3.20. a) Schematic illustration of the multiplexing detection of the biomarkers in lung cancer 

cells by the cocktail probe. b) Confocal SERS (A) and fluorescence (B) microscopic analysis of 

EGFR, CK and Nap in A549 cells after treatment with the cocktail probe. Scale bar 10 µm. SERS 

images acquired by imaging RhB-cathB@anti-EGFR, Rh110-cathB@anti-CK and Coum-

cathB@anti-Nap at 617, 354 and 837 cm-1 respectively. c) ICPMS analysis of gold content in A549 

and WI38 cells incubated with the cocktail probe (*** p < 0.001). Representative bright field 

microscopic images of sputum specimens collected from a cancer patient (d) and a normal healthy 

person (e). Scale bar 10 µm. f) Evaluation of EGFR, CK and Nap levels in sputum specimens 

treated with the probe by SERS analysis. Data represent the mean ± SD of three independent 

experiments. 

cells. These observations were further supported by inductively coupled plasma 

mass spectrometry (ICP-MS) analysis, wherein the A549 cells administered with 
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the cocktail showed significantly (p < 0.001) higher gold content of 421.13 ± 21 

ppm against the very low concentration of 45.70 ± 5 ppm in the normal cell line, 

indicating the target specific accumulation of our probe in cancer cells (Figure 

3.20c). 

 

Figure 3.21. a) SERS and b) fluorescence microscopic analysis of WI38 cells treated with the 

cocktail probe. SERS images collected at 617, 354 and 837 cm-1 for RhB-cathB@anti-EGFR, 

Rh110-cathB@anti-CK and Coum-cathB@anti-Nap respectively. Blue channel at 440-480 nm, 

green channel at 510-550 nm and red channel at 580-620 nm. Scale bar 10 µm. 

3.3.4. Validation of Antitag Cocktail Nanoprobe as a Clinical 

Screening Tag towards Point-of-care Diagnosis of Lung Cancer 

Biomarkers 

As a major step forward, the real potential of the multiplex antitag cocktail probe 

was investigated in the clinical scenario via the detection of target proteins from 

the sputum samples of lung cancer patients. Most of the currently available 

methods such as virtual bronchoscopy, chest X-rays, spiral computed tomography 

are not promising candidates for the early detection of lung cancer. The role of 

sputum cytology for early diagnosis is being evaluated as it is a noninvasive and 

easy procedure to screen but the conventional method often rely on morphological 
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changes alone which may sometimes lead to false positive results.
51-54 

Towards 

developing a validated screening method for lung cancer, the present strategy was 

explored to assess the biomarker levels by administration of the antitag cocktail to 

the sputum samples. Prior to the experiment, the samples were made free of mucus  

 

Figure 3.22. a) SERS spectra obtained from A549 cells treated with the cocktail probe. i), ii), iii) 

and iv) represent the spectra extracted from the respective points shown in Figure 3.20A. b) 

Representative SERS spectra obtained from the labeled points of the WI-38 cells shown in Figure 

3.21a.  

by continuous rounds of washing with alcoholic solution of dithiothreitol (DTT). 

The microscopic cytological evaluation of sputum specimen obtained from a 

cancer patient and a healthy person is represented in Figure 3.20d and 3.20e 

respectively. SERS analysis of the samples from patients diagnosed with lung 

adenocarcinoma showed noticeably higher expressions of EGFR, CK and Nap as 

evident from the unique spectral fingerprints of the cocktail probe (Figure 3.20f). 

On the other hand, the cocktail probe presented negligible signals in the samples 

collected from normal healthy persons, thereby validating the specificity of the 

probes as promising tools for cancer detection and diagnosis. However, the 

treatment of the samples with the cocktail probe didn‟t elicit any significant 

fluorescence response. The loss of fluorescence property can be attributed to the 

loss of cathB enzyme  activity which  might have  happened  during  the fixation of   
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Figure 3.23. Evaluation of EGFR, CK and Nap in sputum specimens treated with cathepsin B 

enzyme after incubation with the cocktail probe as measured by fluorescence analysis (λex : 360 nm 

and λem : 450 nm for Coum-cathB@anti-Nap; λex : 475 nm and λem : 520 nm for Rh110-cathB@anti-

CK; λex : 520 nm and λem : 580 nm for RhB-cathB@anti-EGFR. 

the sputum specimens with alcohol, which in turn prevented the cleavage of the 

dye from gold surface, thereby arresting the fluorescence recovery of the latent 

fluorophores. In an effort to restore the fluorescence property, the sputum samples 

treated with the probe were administered with external cathB enzyme. As 

expected, the fluorescence of the bound tags got switched on via the enzyme 

cleavage process which also allowed the clear discrimination of cancer patients 

from normal ones (Figure 3.23). This proof-of-concept strategy is believed to 

provide a blueprint for the diagnosis and differential staging of lung cancer into 

various histological subtypes based on the differential expression of the antigens, 

which may provide huge impacts in future clinical practices. 

3.4. Conclusion 

In conclusion, enzyme driven fluorescence-SERS encoded nanoparticle probes 

capable of sensitive and specific profiling of disease targets through multimodal 

approach were developed as an efficient biomarker detection protocol. The 

interplay of cathB enzyme with the newly developed nanoprobe facilitated the 

accurate and simultaneous detection of multiple targets through fluorescence and 

SERS modalities via an „on-off‟ switching mechanism. The highly efficient 
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bimodal approach achieved specific recognition of single as well as multiple 

biomarkers in a complex biological setting through multi-color image guided 

spectral tracking. Semi-quantitative evaluation of biomarkers through both the 

modalities revealed ≈ 15, 8 and 1.2 fold increase in the respective EGFR, CK and 

Nap levels in the cancer cells against the normal ones. Furthermore, the as-

described platform provides accurate multiplexing of target antigens in the 

pathologically tested patient specimens which offer new avenues for the 

development of a clinical screening tag for point-of-care diagnosis and 

personalized treatment applications. In view of the huge impact made by 

nanotechnology in cancer detection and management, these smartly engineered 

nanostructures are expected to serve as a promising platform for high throughput 

screening assisted early diagnosis of diseases. 

3.5. Experimental Section 

3.5.1. Materials and Methods 

All chemicals, unless otherwise mentioned, were purchased from Sigma-Aldrich 

Co. All antibodies were purchased from Santa Cruz Biotechnology, Inc. The 

solvents used were of reagent grade and were purchased from local companies. 
1
H 

NMR spectra were recorded on a Bruker 500 MHz FT-NMR (model: Advance-

DPX 300) spectrometer at 25 ºC. The chemical shift (δ) data and coupling constant 

(J) values were represented in parts per million (ppm) and Hertz (Hz), respectively. 

High-resolution mass spectra (HRMS) were recorded on a Thermo Scientific 

Exactive ESI-MS spectrophotometer. TEM imaging was performed on a FEI 

(TECNAI G
2
 30 S–TWIN) microscope with an accelerating voltage of 100 kV and 

without staining. The samples were prepared by drop casting over a carbon coated 

copper grid. Experimental procedures for the absorption and fluorescence spectral 

measurements and in vitro cytotoxicity assay are described in the previous chapter.  
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3.5.2. Description of Experimental Techniques 

3.5.2.1. SERS Spectral Measurements 

SERS experiments were carried out using a WI-Tec Raman microscope (WI-Tec, 

Inc., Germany) containing 600 g/mm grating and Peltier cooled CCD detector unit. 

The samples were excited using a 633 nm laser with 7 mW power and the Stoke 

shifted Raman spectra were collected in the region of 300-1800 cm
-1

 with a 

resolution of 1 cm
-1

 and an integration time of 1 sec and 10 accumulations. Prior to 

each measurement, calibration was done with a silicon standard (Raman peak at 

520 cm
-1

). Data processing was carried out using WI-Tec Project Plus (v2.1) 

software package. 

3.5.2.2. Preparation of Antibody Tagged FSENPs for the 

Multiplexed Recognition of Lung Cancer Biomarkers  

Three Raman active fluorophores (7-hydroxy-coumarin-3-carboxylic acid, 

rhodamine 110 and rhodamine B) were covalently conjugated to the amine 

terminal of the tripeptide, Phe-Lys-Cys which were then incubated with gold 

nanoparticles of size 40 nm to obtain multifunctional FSENPs in 1:9 (v/v) ratio. 

The as-obtained nanoprobes were PEGylated and functionalized with three 

antibodies (anti-EGFR, anti-CK and anti-Nap) to furnish Coum-cathB@anti-Nap, 

Rh110-cathB@anti-CK and RhB-cathB@anti-EGFR.  

3.5.2.3. SERS Imaging of Cells  

SERS detection of A549 and WI-38 cells were performed using confocal Raman 

microscopy. For SERS imaging, cells were cultured in 4-well chamber slides 

which were incubated with the constructs containing 10 µM concentrations of the 

dye molecules for 90 minutes and washed with PBS (pH 7.4) twice to remove the 

excess probes from the medium. SERS imaging experiments were performed using 

WI-Tec Raman microscope (WI-Tec, Inc., Germany). The images were acquired 
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on a 50 x 50 µm mapping area along the X and Y directions with 150 x 150 points 

per line and an integration time of 0.05 s. 

3.5.2.4. Fluorescence Imaging of Cells 

Fluorescence detection of the probes in A549 and WI-38 cells were performed 

using fluorescence microscopic technique as detailed in Chapter 2. The 

fluorescence was collected in the ranges of 440-480 nm (blue), 510-550 nm 

(green) (λex@ 480 nm) and 580−620 nm (red) (λex@ 560 nm) respectively. Image 

processing was performed with Progress software and analysis was carried out 

using Image J software (version 1.48, NIH, USA).  

3.5.2.5. Subcellular Co-localization Imaging 

For labeling of lysosomes, A549 and WI-38 cells were treated with Lysotracker 

Red/Lysotracker Green in PBS (pH 7.4), 30 min prior to imaging. The cells were 

also co-stained with the probes in PBS (pH 7.4) for 60 min and fluorescence 

images were acquired as described in Chapter 2. Images were collected in the 

ranges of 510-550 nm (green) for Lysotracker Green and 580-620 nm (red) for 

Lysotracker Red. Image processing and analyses were performed with the 

softwares, Progress, Image J (version 1.48, NIH, USA) and MATLAB 8.3 ( 

MATLAB R2014a, MA, USA). The extent of co-localization was calculated using 

Pearson´s correlation coefficient (r) and Manders overlap coefficients (R). The 

Pearson´s correlation and Manders overlap coefficients (r and R, respectively) are 

defined as follows: 
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where S1i and S2i represent signal intensity of pixels in channel 1 and channel 2 

respectively; S1mean and S2mean denote the average intensities of their respective 
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channels. r is invariant to background and intensity scales, and thus serves as a 

robust estimator for co-localization. All data were expressed as mean ± standard 

deviation. 

3.5.2.6. Statistical Analysis  

The data were expressed as the mean ± standard deviation (SD) of the three 

replicates and analyzed using Graph Pad PRISM software version 5.0 (San Diego, 

USA). One-way analysis of variance was used for the repeated measurements and 

the differences were considered to be statistically significant if p < 0.05. Images 

were analyzed using Image J and MATLAB R 2014a software using custom made 

algorithms. 

3.5.2.7. Western Blot Analysis  

Proteins were extracted from A549 and WI-38 cells (2 x10
6
) using RIPA buffer 

(Thermo Scientific, Rockford, IL, USA). The concentration of proteins was then 

estimated using Coomassie Plus Protein Assay reagent and bovine serum albumin 

(BSA) standards. Proteins were separated by 10% SDS-PAGE and subsequently 

transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, 

USA). The transferred membranes were blocked with 5% skim milk and incubated 

with the specific primary antibodies. Horseradish peroxidase (HRP) conjugated 

secondary antibody was used for all primary antibodies which were detected by the 

chemiluminescent ECL substrate (Bio-Rad, USA). The resulting bands were then 

quantified using Image J software and normalized with beta-actin. 

3.5.2.8. Immunocytochemical Staining of A549 and WI-38 Cells 

using anti-EGFR, anti-CK and anti-Nap Antibodies 

Cells were fixed in absolute alcohol, which were then kept in methanol and 

subsequently in 70% ethanol. Then the cells were dipped in distilled water for 5 

min and finally in sodium deoxycholate. After 15 min, cells were washed with 

distilled water which were then subjected to treatment with antigen retrieval 
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solution made of trisodium citrate. After blocking the peroxidase activity, cells 

were incubated with primary antibodies overnight. Next day, primary block has 

been added which was then incubated with novolink polymer after the washing 

process. Staining was done by the addition of 3,3´–diaminobenzidine chromogen 

followed by washing with distilled water. Counterstaining was performed with 

haematoxylin and the slides were then dehydrated with 50%, 95% and 100% 

ethanol and finally with xylene. In the final step, permanent mounting of the slides 

were performed using DPX. 

3.5.2.9. Atomic Force Microscopy Imaging Experiments  

Adherent cancer cells (A549) and normal cells (WI-38) were grown overnight on 

12 mm circular glass coverslips with 10% DMEM on 24-well culture plates for a 

period of 24 h. Cells were then incubated with RhB-cathB@anti-EGFR for 2 h. 

The cells in the cover slips were washed well with ice cold PBS thrice and fixed 

with 4% paraformaldehyde and were carefully taken out for imaging. Gold 

nanoparticles were subjected to AFM experiments by drop casting the solution on 

freshly cut mica surface after thorough drying under vacuum. AFM images were 

recorded under ambient conditions using a NTEGRA (NT-MDT) microscope 

operating with a tapping mode regime. Micro-fabricated TiN cantilever tips 

(NSG10) with a resonance frequency of 299 kHz and a spring constant of 20-80 

Nm
-1

 was used. AFM section analysis was done offline. 

3.5.2.10. ICP-MS Measurements for Nanoparticle Internalization 

in Cells 

For ICP-MS analysis in A549 and WI-38 cells, the cells were first seeded in 12-

well plates (1 x 10
5
 cells/well), which were then incubated with the probe for a 

period of 24 h. Prior to analysis, cells were washed with PBS thrice to wash off the 

unbound probe molecules. Cells were then trypsinized and lysed with PBS 

containing 1% Triton-X with vigorous vortexing. The cell lysate was then 

subjected to digestion in a microwave reactor (Anton Paar, Multiwave 3000) by 
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mixing the sample with aquaregia in 1:2 v/v ratio. The samples were held at zero 

ramp time at a power of 400 W for 25 min, which was then retained at 5 ramp and 

500 W power for 30 min. After cooling, the sample vials were opened and the 

samples were diluted to 100 mL with Type 1 water (Thermo Scientific, Barnstead, 

Smart 2 pure). The vials were closed and shaken vigorously to complete the 

dissolution which was finally subjected to ICP-MS analysis using Thermo 

Scientific iCAP Qc spectrometer. 

3.5.2.11. Processing of sputum specimens 

Fresh sputum samples were treated with 0.2% DTT in 60% ethanol. After 

vortexing for 30 min at room temperature, the samples were subjected to 

centrifugation (600g, 5 min). Cell pellet was re-suspended with equal volume of 

alcoholic solution of DTT and the same process was repeated until the samples 

were free of mucus. The samples were treated with the cocktail probe for 60 min 

and then washed with PBS four times to remove the unbound tags. Following the 

washing process, the samples were subjected to analysis. 

3.5.3. Synthesis and Characterization  

Synthesis of Phe-Lys-Cys (FKC) cathB Peptide Sequence (4) 

The synthesis of the cathB sequence, FKC was performed using solid phase 

peptide synthesis with rink amide resin as the solid support. Firstly, the resin was 

swelled in dry dichloromethane (DCM) which was then washed with N,N-dimethyl 

formamide (DMF) (3 × 3 mL) and the Fmoc protection group was removed by 

treating with piperidine in DMF (20%, 2 × 5 mL, 2 × 25 min). After washing with 

DMF (3 × 3 mL), Fmoc-Cys(STr)-COOH (165 mg, 0.426 mmol) was charged to 

the resin bed after activating with 2-(1H-benzotriazo-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU, 161 mg, 0.426 mmol) and 

diisopropyl ethylamine (DIPEA) (2 or 3 drops). The reaction was continued for 12 

h under mechanical shaker and the progress of the reaction was monitored by 

Kaiser test. After completion of the coupling reaction, the resin was washed with 
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DMF (3 × 3 mL) and Fmoc group was deprotected by treatment with 20% 

piperidine in DMF as in the same manner. The reaction cycle was continued in a 

similar manner with Fmoc-Lys-(Boc)-OH (260 mg, 0.426 mmol) and Fmoc-Phe-

OH (195 mg, 0.426 mmol) amino acids were charged to the resin to yield resin 

bound peptide.  

General Procedure for the Syntheses of Coum-cathB, Rh110-cathB and 

RhB-cathB 

After subjecting the peptide bound resin (4) (0.01 mmol) to Fmoc deprotection 

using 20% piperidine in DMF (2 × 5 mL, 2 × 25 min), a solution of N, N’-

diisopropylcarbodiimide (DIC, 0.03 mmol) was added and stirred for 20 minutes. 

Then a solution of hydroxybenzotriazole (HOBt, 0.03 mmol) in dry DCM was 

added together with 0.03 mmol of dye (7-hydroxycoumarin-3-carboxylic acid/ 

rhodamine 110/ rhodamine B) and the mixture was stirred for about 16-20 h at 

room temperature. After completion of the reaction, the resin containing the dye 

conjugated peptides were washed with DMF followed by DCM (3 × 5 mL) to 

remove the unbound dyes. Finally the dye labeled peptides were cleaved from the 

resin bed by treatment with 95% trifluoroacetic acid (TFA), 2.5% triisopropyl 

silane (TIS) and 2.5% water (cleavage cocktail for rinkamide resin) to afford 

Coum-cathB, Rh110-cathB and RhB-cathB. The resulting residues were 

concentrated and finally precipitated in diethylether to obtain the products in pure 

form. 

Coum-cathB: 
1
H NMR (500 MHz, CD3COCD3, TMS):  8.792 (s, 1H), 7.890 (s, 

1H), 7.544 (d, 1H), 7.23-7.01 (m, 6H), 6.83 (s, 1H), 6.7 (s, 1H), 4.76-4.37 (m, 3H), 

3.63-3.54 (m, 4H), 3.27 (dd, J1=15 Hz, J2 = 10 Hz, 3H), 1.84-1.79 (m, 1H), 1.66-

1.57 (m, 3H), 1.31 (bs, 1H) ppm. HRMS calculated for C28H33N5O7S (M + Na): 

606.21, found: 606.20. 

Rh110-cathB: 
1
H NMR (500 MHz, CD3COCD3, TMS):  7.85 (s, 2H), 7.50-7.36 

(m, 2H), 7.27-7.08 (m, 3H), 6.90 (s, 1H), 6.86-6.81 (m, 4H), 6.34-6.24 (m, 2H), 
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6.15 (s, 1H), 4.56-4.39 (m, 2H), 4.06-3.81 (m, 3H), 3.63 (s, 2H), 3.31-3.26 (m, 

3H), 2.98-2.97 (m, 2H), 2.76 (bs, 1H), 2.08-2.02 (m, 1H), 1.43 (bs, 2H), 1.23-1.07 

(m, 4H), 0.98 (t, 1H),  ppm. HRMS calculated for C38H41N7O5S (M
+
): 707.29, 

found: 708.29. 

RhB-cathB: 
1
H NMR (500 MHz, CD3COCD3, TMS): 7.86 (s, 2H), 7.45-7.37 (m, 

2H), 7.26-7.11 (m, 7H), 6.96-6.78 (m, 3H), 6.40-6.24 (d, 3H), 5.94-5.74 (m, 1H), 

5.19 (s, 1H), 4.57-4.48 (m, 2H), 4.11-3.90 (m, 3H), 3.64 (t, 2H), 3.27 (dd, J1=15 

Hz, J2 = 10 Hz 3H), 3.17-2.69 (m, 6H), 2.07-2.04 (m, 1H), 1.82-1.57 (m, 6H), 1.16 

(s, 2H), 1.07-1.01 (m, 1H), 0.98 (t, 6H) ppm. HRMS calculated for C46H58N7O5S 

(M+Na): 843.42, found: 842.40. 

Synthesis of Gold Nanoparticles 

Synthesis of gold nanoparticles of size 40 nm was achieved by citrate reduction 

method described by Turkevich and his co-workers.
55 

In a typical synthesis, water 

was heated to boiling to which 100 µL of chloroauric acid solution (250 mM) was 

added. After stirring for 10 minutes, an aqueous solution of sodium citrate (100 

mM) was added resulting in the color change from yellow to dark purple to red 

within 5 min. The solution was then cooled to room temperature under stirring at 

600 rpm. The as-formed gold nanoparticles were characterized by UV-Vis 

spectrophotometry and TEM analysis.  

PEGylation and Antibody Conjugation of Dye Labeled Gold 

Nanoparticles 

The dye tagged peptides were incubated with gold nanoparticles for a period of 15 

minutes which was then treated with HS-PEG-COOH. After shaking for 15 min, 

the as-obtained dye nanoparticle conjugate was incubated with PEG-SH to provide 

high surface coverage and stability for the nanoparticle. After 3 h, free PEG 

molecules were removed by continuous rounds of washing and centrifugation 

(8000 rpm, 20 min) and the pellet was dispersed in PBS for antibody conjugation. 
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The carboxyl groups of the PEGylated nanoparticles were activated by addition of 

N-(3-(dimethylamino)-propyl)-N’-ethylcarbodiimide (EDC, 25 mM) and N-

hydroxysuccinimide (NHS, 25 mM). After 30 min, excess reagents were removed 

by centrifugation (8000 rpm, 20 min) and the nanotags were re-suspended in PBS 

which were subsequently reacted with antibodies for 2 h. After keeping the tags 

overnight at 4 ºC, the unbound antibodies were removed by 4 rounds of 

centrifugation (10,000 rpm, 5 min) to afford the antibody conjugated tags.  
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    Chapter 4 

 

A Singlet Oxygen Photogenerator for Tumor Specific 

Luminescence Imaging and Intracellular Oxygen 

Independent Multiphase Photodynamic Therapy 
 

 

4.1. Abstract 

Hypoxia, as featured by low oxygen concentrations severely attenuates the 

treatment outcome of photodynamic therapy (PDT), which puts it beyond the reach 

of a successful therapeutic procedure in clinical scenario. More troublesome, the 

photosensitization process further worsens the situation by diminishing the 

available intracellular oxygen reserves, which makes PDT a self-limiting strategy. 

To address this issue, a new strategy for cutting off the intracellular oxygen 

consumption has been reported by developing a redox activatable singlet oxygen 

(
1
O2) self-enriched photogenerator (Ir-Pyr-EPO@MnO2-FA) for sequential 

1
O2 

generation to overcome hypoxia induced resistance to PDT. Upon target specific 

accumulation into the cancer cells followed by near infrared light irradiation, the 
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photothermal effect generated by MnO2 nanosheets will facilitate the rapid 

thermal cycloreversion of the attached Ir-Pyr-EPO which in turn release cytotoxic 

1
O2 to pave way for the first phase of photodynamic therapy. Additionally, the 

redox responsive features (high H2O2 and low pH) of tumor environment causes an 

activation of the luminescence properties of Ir-Pyr by the reduction of MnO2, 

thereby enabling it for self-guided therapeutic applications. Taking advantage of 

the reduction properties of MnO2, the so-produced molecular oxygen gets slowly 

released into the tumor area which provides room for the second stage of PDT by 

photosensitization using a 532 nm laser. Benefiting from the intracellular oxygen 

independent multi-phase 
1
O2 generation properties, the probe displayed excellent 

therapeutic efficacy in vitro and in vivo by conquering the Achilles Heel of 

photodynamic therapy, offering opportunities for the development of next 

generation cancer phototherapeutics. 

4.2. Introduction 

Photodynamic therapy (PDT), a minimally invasive treatment protocol has gained 

tremendous attention in precision medicine owing to its excellent therapeutic 

potential which in some cases has shown to be effective over the conventional 

treatment options such as chemotherapy, radiotherapy and surgery.
1-4

 However, 

PDT has not yet been realized as a frontline therapeutic approach besides a few 

peripheral clinical applications. The limited applicability is not related to the 

availability of efficient photosensitizers or delivery vehicles instead the problem 

has been identified at the core of the photodynamic process. Most tumors including 

the metastatic ones develop a region of low oxygen concentrations (hypoxia) 

which hampers the production of reactive oxygen species and thereby restrains the 

PDT process.
5-8

 Moreover, PDT itself, by utilizing the intracellular oxygen 

reserves, leads to severe hypoxia, thereby making the situation more complex. 

These inevitable hurdles severely affects the therapeutic outcome of the PDT 

agents in many solid tumors characterized by poor oxygen availability.
9-11

 

Therefore, attention has been paid more towards this direction to afford a 
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sustainable photodynamic therapy. The direct delivery of molecular oxygen (O2) 

by various oxygen carriers such as hemoglobin, perfluorocarbons etc. has been 

viewed as an effective strategy towards conquering the limits imposed by hypoxia. 

For instance, Luo et al., reported the fabrication of artificial red blood cells which 

consisted of a photosensitizer molecule, indocyanine green and an oxygen carrier, 

hemoglobin held in a biomimetic polymer system. The close proximity between 

the photosensitizer and the oxygen carrier, held in the nanosystem via hydrophobic 

and electrostatic interactions enabled self-generation of oxygen for effective 

production of ROS during the PDT process.
 
Additionally, the as-generated ROS 

caused the oxidation of hemoglobin in the ferrous state to the cytotoxic ferric 

 

Figure 4.1. a) Schematic representation of artificial blood cells encased photosensitizer system for 

tumor-boosted PDT. b) Evaluation of ROS generation efficacy of O2 loaded perfluorocarbon 

nanodroplets through DCFDA assay. c) Flow cytometry analysis of ROS generation in cells 

subjected to various treatments detected using DCFDA assay.  
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ferric form, which accounted for a synergistic effect on the destruction of tumor 

cells. Furthermore, the nanoprobe enabled the precise monitoring of therapeutic 

responses via its inherent fluorescence and photoacoustic properties, thereby 

forming an effective theranostic nanoformulation for cancer management (Figure 

4.1).
12  

In an alternate strategy, Cheng and coworkers demonstrated the use 

of O2 loaded perfluorocarbon (PFC) nanodroplets for self-powered PDT wherein 

the high loading capacity of perfluorocarbons enabled a more improved and 

enhanced therapeutic outcome.
13

 The NIR photosensitizer held inside the 

nanoprobe caused the sensitization of the molecular oxygen released from the 

nanodroplet upon excitation using 808 nm laser, thereby offering a targeted 

therapeutic application. Recently, Song and colleagues demonstrated the 

fabrication of a human serum albumin stabilized PFC nanodroplet for ultrasound 

(US) treatment modulated photodynamic therapy.
14 

After intravenous injection of 

the nanodroplet into 4T1 tumor-bearing mice, the mice were exposed to pure O2 

followed by ultrasound treatment for 30 min. During this procedure, the 

nanodroplet adsorbs the O2 into the lungs, takes it to the tumor through the blood 

stream, and subsequently releases it within the tumor region for an enhanced PDT 

and radiotherapy (RT) (Figure 4.2). Indeed, these strategies have shown success in 

overcoming hypoxia, however, the re-oxygenation process can serve the cancer 

cells with an oxygen-rich environment, thereby boosting their proliferative 

capacity, which can counterbalance the positive treatment response facilitated by 

the therapeutic process.
15

 To resolve this issue, efforts were directed towards 

conceptualizing the direct transportation of singlet oxygen (
1
O2) itself, instead of 

molecular oxygen, which will directly perform its action on the cancer cells 

without any intracellular oxygen consumption. Although the approach seems to be 

impressive, there are severe concerns associated with the very short lifetime of 

singlet oxygen, making its delivery a challenging task.
16

 To this end, aromatic 

endoperoxides, which act as chemical sources of singlet oxygen, constitute a 
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perfect fit, owing to their potential to in situ generate the payload when 

demanded.
17-20

 Endoperoxides of polycyclic aromatic hydrocarbons like 

naphthalene, anthracene and a few other organic molecules like 2-hydroxypyridine  

 

Figure 4.2. a) Schematic illustration of the working action of perfluorocarbon nanoemulsion for 

ultrasound modulated tumor-specific delivery of oxygen for enhanced PDT and RT. b) Tumor 

reduction studies of mice after various treatments. c) Average tumor weights of different mice 

groups subjected to various treatments as shown in (b). 

(2-pyridone) have shown to be successful in generating singlet oxygen upon 

induction with a thermal trigger.
18

 In 2016, Kolemen et al., reported the synthesis 

of a thiol terminated water-soluble 9,10-disubstituted anthracene (1) for realizing 

remote controlled release of singlet oxygen for hypoxic cancer therapy (Figure 

4.3).
21

 The molecule 1 was further functionalized with NIR absorbing gold 
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nanorods (AuNR) through a poly ethylene glycol linkage to afford the nanoprobe 

(EPT1). Upon light irradiation of a solution containing the probe molecule, 

methylene blue and molecular oxygen, singlet oxygen generation took place via 

the photosensitization of O2 by methylene blue which in turn got trapped in the 

anthracene units to form the endoperoxide. The endoperoxide-AuNR hybrid was 

then administrated to HeLa cells which after internalization underwent a thermal 

cycloreversion to release 
1
O2 upon irradiation with an 830 nm laser. The 

therapeutic performance of the probe was investigated in vitro which showed 

effective killing of cancer cells by the chemical generation of singlet oxygen from 

the probe molecule. 

 

Figure 4.3. Schematic representation of the synthesis of gold nanorod functionalized EPT1 for the 

remote controlled release of singlet oxygen in cancer cells.  
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Turan and coworkers attempted a fractional PDT treatment by 

employing a BODIPY based photosensitizer (3).
22 

The dye molecule was tethered 

with 2-pyridone such that upon light irradiation, it traps the 
1
O2 that is generated 

by the photosensitization of molecular oxygen to form the corresponding 

endoperoxide (4). In the in vitro conditions, the molecule, 3 generates 
1
O2 in the 

presence of laser while in its absence, the endoperoxide (4) releases the trapped 

1
O2, as a result of the thermal cycloreversion to regenerate 3. Thus, the proposed 

strategy could perform PDT both in the light and dark phases of the cycle, which 

greatly improved the therapeutic efficacy over the traditional PDT process (Figure 

4.4).  

 

Figure 4.4. Scheme showing the generation of singlet oxygen upon irradiation of 3 with a 650 nm 

light source, and subsequent thermal cycloreversion of 4 in the dark to regenerate 3. 
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Recently, Lv et al., demonstrated the design and fabrication of a 

multifunctional polymeric carrier containing a photosensitizer (Iridium (III) 

complex) and a 
1
O2 scavenging moiety (naphthalene) for intracellular oxygen 

independent photodynamic therapy (Figure 4.5).
23

 The release of 
1
O2 was 

facilitated by the photothermal heating ability of NIR absorbing AuNRs which 

offered a localized therapy combining both photothermal and oxidative damages. 

 

Figure 4.5. a) Schematic representation of the dual therapeutic effects combining both thermal-

triggered oxidative damage and photothermal damage. b) Time dependent absorbance changes of 

different constructs upon exposure to 808 nm light irradiation (0.88 W/cm2). (c) Time dependent 

absorbance changes of the mixture of probe and DPBF in DMSO under 808 nm laser irradiation 

(0.88 W/cm2). After that, AuNR was added and the change in absorbance recorded as a function of 

time under the same laser condition. Fluorescence microscopic images of HeLa cells subjected to 

(d) DCFDA and (e) Annexin V flow cytometry assay under different conditions.  

Considering the high singlet oxygen generation capability of iridium 

based cyclometalated complexes
24-26 

and the reliability of 2-pyridone derivatives in 

regenerating trapped singlet oxygen in good yields,
18,27-29

 a rational design has 

been adopted to synthesize an iridium based photosensitizer complex (Ir-Pyr) 

containing 2-pyridone tethered ligand to meet the requirements of intracellular 

oxygen independent photodynamic therapy. The working principle of the probe is 
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displayed in Scheme 4.1. Upon light excitation of Ir-Pyr in cuvette condition, the 

molecule generates singlet oxygen which will be trapped in its pyridone units to 

afford the endoperoxide (Ir-Pyr-EPO) which can undergo thermal cycloreversion 

to yield 
1
O2 with the regeneration of Ir-Pyr. In order to realize a remote controlled 

heating application, MnO2 nanosheets was chosen as the photothermal agent which 

will facilitate PDT via the release of 
1
O2 from the endoperoxide upon irradiation 

with NIR light at the target site. Furthermore, the tumor microenvironment (TME) 

responsiveness of MnO2 can be utilized in a favorable manner to increase the local 

oxygen concentration via its degradation by H2O2, which in turn provides room for 

the  second  phase  of  photodynamic  therapy.  To  the  best  of  our  knowledge,  

 

Scheme 4.1. Schematic illustration of working action of the probe for intracellular oxygen 

independent PDT applications. 
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this could be the first report ever to demonstrate a full-fledged multi-stage PDT 

process without any intracellular oxygen demand to offer a meaningful therapeutic 

procedure in hypoxic tumors. 

4.3. Results and Discussion 

4.3.1. Synthesis of Ir-Pyr  

The synthesis of the target compound Ir-Pyr was initiated with the preparation of 

the bipyridine ligand 7, which was proceeded through a two-step synthetic strategy 

as shown in Scheme 4.2. The cyclometalated intermediate (Ir (III) dimer), 9 was 

prepared as shown in Scheme 4.3. The reaction of the dimer with the ligand 

molecule 7 in a mixture of dichloromethane/ethanol (1:3 v/v) under reflux 

conditions under Argon atmosphere followed by anion exchange using NH4PF6 

afforded the product (Scheme 4.4). The purification of Ir-Pyr was carried out 

using silica gel column chromatography which was finally subjected to 

precipitation in dichloromethane/hexane mixture to obtain the product in 39% 

yield.  

 

Scheme 4.2. Reagents and conditions: [i] 48% HBr, H2SO4; [ii] 2-hydroxypyridine, K2CO3, 18-

crown-6, KI, CH3CN, 50 ºC. 



 Singlet oxygen photogenerator for oxygen independent PDT                                                                                                                         

 

Scheme 4.3. Reagents and conditions: [i] 2-ethoxyethanol/water (8:2), reflux, 24 h. 

 

Scheme 4.4. Reagents and conditions: [i] Na2CO3, DCM/ethanol (1:3), Argon, 60 ºC, 12 h and 

NH4PF6.  

4.3.2. Photophysical Studies  

The photophysical characteristics of Ir-Pyr were first examined through UV-Vis 

absorption and emission spectral analyses which showed a metal to ligand charge 

transfer (MLCT) band in the 460-515 nm region with a corresponding emission 

centered at 630 nm (Figure 4.6). The singlet oxygen generation capability of the 

molecule was then investigated using a singlet oxygen scavenging dye, 1, 3-

diphenylisobenzofuran. As expected, Ir-Pyr caused the photo-sensitization of 

ground state molecular oxygen to form singlet oxygen, which in turn gets 

scavenged by DPBF resulting in a decline in its absorption as well as emission 

profiles (Figure 4.7b and 4.7c). Having  seen  an  excellent 
1
O2  generation by the 
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Figure 4.6. UV-Vis absorption spectrum and luminescence spectrum of Ir-Pyr (10 µM, acetonitrile). 

probe molecule, it was equally important to demonstrate that the generated singlet 

oxygen gets trapped in the pyridone units of the complex to act as a reservoir for 

the on-demand release of 
1
O2. For this study, the solution containing Ir-Pyr was 

irradiated for a period of 15 minutes (to ensure maximum 
1
O2 generation and 

trapping) towards which DPBF was added and monitored its temperature 

dependent absorbance changes while heating the solution from 30 to 60 ºC. The 

results revealed the release of trapped singlet oxygen via the thermal 

decomposition of endoperoxide which was indicated by a decrease in the 

absorbance of the DPBF peak as shown in Figure 4.7d and 4.7e. It is important to 

note that the absorbance measurements carried out with DPBF alone (in the 

absence of Ir-Pyr) under similar experimental condition did not show any 

significant change which rules out the probability of any experimental error arising 

from the photoirradiation of DPBF (Figure 4.7e). The singlet oxygen quantum 

yield (Φ) of Ir-Pyr was found to be 0.71 when compared against the reference 

(Ru(bpy)3Cl2) which has a Φ value of 0.57.
30

 However, owing to the 
1
O2 trapping 

nature of Ir-Pyr, it is necessary to block the pyridone sites with 
1
O2 by preparing 

the endoperoxide (Ir-Pyr-EPO) prior to the experiment to account for the accurate 

amount of singlet oxygen generation by the complex. Thus, the Φ value 

determined with the endoperoxide turned out to be 0.79 which highlights the 

superior photosensitizing ability of the probe (Figure 4.8a). Moreover, the direct  
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Figure 4.7. a) Schematic representation showing the photo-generation and heat triggered release 

of 1O2 by Ir-Pyr. b) UV-Vis absorption and c) fluorescence spectral changes of DPBF in the 

presence of Ir-Pyr upon irradiation with light from 0 to 120 s. d) Absorption changes of DPBF in the 

presence of pre-photo irradiated Ir-Pyr upon heating from 30 to 60 ºC. e) Decrease in absorbance 

of DPBF at 414 nm recorded as a function of temperature.  
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monitoring of 
1
O2 was also carried out by recording its emission at 1275 nm 

(Figure 4.8b) wherein a dramatic increase in the luminescence signal was 

Figure 4.8. a) Determination of singlet oxygen generation efficiency of Ir-Pyr and Ir-Pyr-EPO using 

[Ru(bpy)3]Cl2 as the standard. b) Direct monitoring of 1O2 generation potential of Ir-Pyr and Ir-Pyr-

EPO, detected by recording the emission at 1275 nm. 

observed upon heating the endoperoxide, Ir-Pyr-EPO which further supports the 

1
O2 trapping and thermal triggered releasing properties of Ir-Pyr (Figure 4.7a). 

Meanwhile, the photo (Figure 4.9a and 4.9b) and thermal (Figure 4.9c and 4.9d) 

stabilities of the complex were also evaluated which showed that the complex is 

stable over the detected time and temperature range, thereby ensuring its eligibility 

for bioimaging applications also. 

The next aim was to design and synthesize a suitable photothermal 

agent that can induce a thermal trigger to activate the decomposition of Ir-Pyr-

EPO to produce singlet oxygen at the target site. Towards this, MnO2 nanosheets 

with a size range of 150-200 nm was synthesized via a redox reaction between 

potassium permanganate (KMnO4) and sodium dodecyl sulphate (SDS) following 

a facile nanochemical protocol. The TEM analysis revealed a two-dimensional 

sheet like morphology with an average lateral dimension below 200 nm (Figure 

4.10a). UV-Vis absorption spectral analysis of MnO2 showed a broad absorption 
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Figure 4.9. a) UV-Vis absorption and b) emission spectral analysis of Ir-Pyr upon irradiation with 

532 nm laser source (0.5 W/cm2). c) UV-Vis absorption and d) emission spectral analysis of Ir-Pyr 

upon heating from 30 to 60 ºC. 

spanning from the UV to NIR regions (Figure 4.10b) which endows it with NIR 

laser activatable photothermal property (Figure 4.10c). Furthermore, detailed 

investigation was performed using Raman spectral analysis which showed the 

presence of two peaks at 570 and 650 cm
-1 

attributable to the Mn-O stretching 

vibrations (Figure 4.10d). The as-prepared MnO2 nanosheets was then 

electrostatically attached to the positively charged Ir-Pyr to afford Ir-Pyr@MnO2 

(Figure 4.11a). Due to large overlap between the absorption spectrum of MnO2 

and emission spectrum of Ir-Pyr, the luminescence intensity of Ir-Pyr was 

quenched considerably leading to a ‘turn-off’ of the emission signal as indicated in 

Figure 4.11b. These observations further support the formation of the 

photosensitizer-MnO2   hybrid   complex,   which   can   perform   the   therapeutic  
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Figure 4.10. a) TEM image and b) UV-Vis absorption spectrum of MnO2 nanosheets. c) 

Temperature changes of different concentrations of MnO2 nanosheets upon irradiation with 808 nm 

laser (0.5 W/cm2). d) Raman spectral analysis of MnO2 nanosheets.  

processes accurately in an oxygen independent mode to produce enhanced 

treatment outcome with minimal side effects.  

Besides the photothermal properties, MnO2 nanosheets endows with 

a TME responsive degradation property that facilitates the reduction of MnO2 to 

Mn
+2 

by H2O2
31,32

 at acidic pH with the production of molecular oxygen, which 

paves way for the second phase of intracellular oxygen independent PDT. To test 

this, the absorbance changes of MnO2 nanosheets were recorded with increasing 

concentrations of H2O2 at pH 7.4 and pH 5.5. The results indicated that under the 

acidic pH condition, MnO2 undergoes a much faster reduction when compared to  
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Figure 4.11. a) UV-Vis absorption spectra of various constructs. b) Emission spectral changes of 

Ir-Pyr in presence of increasing concentrations of MnO2 nanosheets. Absorbance changes of MnO2 

nanosheets in the presence of increasing concentrations of H2O2 (0-1 mM) at pH 5.5 (c) and pH 7.4 

(d).  

the normal physiological pH as evident from Figure 4.11c and 4.11d. The 

degradation property of MnO2 nanosheets was further confirmed through Raman 

spectral analysis which showed a sharp decline in the Mn-O stretching peaks with 

increasing concentrations of H2O2 (Figure 4.12a). Furthermore, this tumor specific 

degradation caused the restoration of luminescence activity of Ir-Pyr which can be 

realized for probing the localization of the nanomaterial both in vitro and in vivo 

(Figure 4.12b). 
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Figure 4.12. a) Raman spectra of MnO2 nanosheets and b) luminescence recovery of Ir-Pyr in the 

presence of increasing concentrations of H2O2 at pH 5.5. 

 

In order to establish the multi-phase 
1
O2 generation capability of the 

probe, a crucial experiment was carried out wherein an aqueous solution of the 

hybrid material, Ir-Pyr@MnO2 was irradiated with 532 nm light to form the 

endoperoxide prior to the addition of DPBF. The solution was then subjected to 

irradiation with 808 nm laser which caused a huge decrease in the emission 

intensity of DPBF resulting from the heat triggered cycloreversion process to 

produce singlet oxygen (Figure 4.13a). At this point, H2O2 was added to the above 

solution to induce reduction of MnO2 nanosheets which was subsequently 

followed by light irradiation. The results showed a drastic decline in the DPBF 

fluorescence, accounting for the second phase of PDT resulting from the 

photosensitizing activity of the hybrid complex on the molecular oxygen produced 

via the reduction of MnO2 nanosheets. Thereafter, irradiation with 808 nm laser 

triggered a further reduction in the DPBF signal which can be attributed to the 

thermal release of trapped 
1
O2 from Ir-Pyr-EPO (Figure 4.13a). It is interesting 

to note that the whole process can be repeated again following a similar procedure 

(Figure 4.13b), thereby highlighting the potential of the probe for high 

performance sequential PDT in hypoxic tumors. 
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Figure 4.13. Emission spectral changes of DPBF in the presence of Ir-Pyr@MnO2 subjected to 

various treatments for one cycle (a) and two cycles (b). 

4.3.3. In vitro Imaging Studies  

Next, the suitability of the nanomaterial as a remote controlled source of 
1
O2 was 

investigated under in vitro conditions. Prior to the cell experiments, the surface of 

MnO2 nanosheets was modified with folic acid functionalized BSA to facilitate 

 

Figure 4.14. a) Cytotoxic evaluation on HeLa cells treated with various concentrations of Ir-Pyr-

EPO@MnO2-FA (0.1 to 100 µg/mL) determined using MTT assay. b) Microscopic images of the 

intracellular oxygen probe, [Ru(dpp)3]Cl2 stained HeLa cells after treatment with MnO2 nanosheets 

for 12 h under A) normoxic and B) hypoxic conditions. Scale bar corresponds to 30 μm. 

target specificity that has been further attached to the photosensitizer Ir-Pyr to 

afford Ir-Pyr@MnO2-FA. The cell viability experiments performed with Ir-Pyr-

EPO@MnO2-FA on folate receptor overexpressing HeLa cells indicated that the 



146                                                                                                                           Chapter 4                                                                                                                     

nanomaterial is safe to be administered in a range of concentrations from 0.1 to 50 

µg/mL (Figure 4.14a). It has been reported that hypoxic cancer cells produce high 

concentrations of endogenous acidic H2O2
33,34

 which may aid in an enhanced 

reduction of MnO2 present in the probe to generate molecular oxygen for efficient 

ROS generation. To test this hypothesis, a hypoxic variant of HeLa cells was 

prepared which was subsequently incubated with MnO2 nanosheets. After the 

administration of MnO2 for 12 h, the intracellular oxygen levels were monitored by 

staining with a commercial luminescent oxygen probe, [Ru(dpp)3]Cl2 (dpp, 4,7-

diphenyl-1,10-phenanthroline) which shows a quenching of its emission with

 

Figure 4.15. a) Microscopic images of the intracellular oxygen probe, [Ru(dpp)3]Cl2 stained HeLa 

cells after treatment with MnO2 nanosheets for 12 h. Scale bar corresponds to 100 μm. b) and c) 

represent the cellular uptake studies of Ir-Pyr@MnO2-FA at different time points in monolayer cells 

(scale bar 30 μm) and spheroids (scale bar 100 μm) respectively. d) SERS spectral evaluation of 

material administrated HeLa cells at different time points. 
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increase in oxygen concentrations. The microscopic images shown in Figure 

4.14b revealed a remarkable reduction in the red emission of [Ru(dpp)3]Cl2 in the 

cells maintained under hypoxic conditions (Figure 4.14B) when compared against 

the normoxic ones (Figure 4.14A), thereby establishing the presence of 

overexpressed H2O2 in hypoxic tumors and the massive oxygen production from 

the probe for improved therapeutic efficacy. Excitingly, a similar trend was 

observed with the multicellular tumor spheroids of HeLa cells which also supports 

the tumor specific oxygenation process by intracellular H2O2 (Figure 4.15a). 

Furthermore, the oxygenation process happened as a result of the reduction of 

MnO2 to Mn
+2

 was accompanied by a gradual light up of the luminescent signals 

of Ir-Pyr present in Ir-Pyr@MnO2-FA which allowed for a precise tracking of 

the intracellular location of the probe. It is quite evident from Figure 4.15b that 

the cells which are initially non-luminescent gradually underwent a time dependent 

increase in the red emission signals which finally got saturated at about 12 h. 

These observations were clearly followed in the luminescent microscopic imaging 

performed with HeLa spheroids as well (Figure 4.15c), suggesting the tumor 

specific activatable imaging potential of the nanomaterial. Moreover, the 

internalization event was monitored through surface enhanced Raman scattering 

technique which was performed by the addition of spherical gold nanoparticles 

(~40 nm size) to the nanomaterial treated cells by probing the signals at 1037 cm
-1

 

 

Figure 4.16. In vitro SERS imaging of nanomaterial incubated HeLa cells at different time points. 
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(C-H bending) and 1308 cm
-1

 (C-N stretching), which are the peaks characteristic 

of Ir-Pyr. A careful examination of the spectra revealed a time dependent 

enhancement in the signal intensity with a corresponding increase in the brightness 

of the images that further supported the detachment of Ir-Pyr from the MnO2 

nanosheet surface, thereby enabling it for self-guided therapeutic applications 

(Figure 4.15d and 4.16). 

4.3.4. In vitro Therapeutic Studies  

The evaluation of the in vitro therapeutic performance of the probe was initiated 

with singlet oxygen sensor green (SOSG) assay that accounts for the singlet 

oxygen generation potential of a molecule by producing a green emission. The 

endoperoxide of Ir-Pyr@MnO2-FA was prepared in the laboratory settings by

 

Figure 4.17. a) Evaluation of 1O2 generation efficacy of Ir-Pyr-EPO@MnO2-FA on HeLa spheroids 

using SOSG assay. Scale bar represents 100 μm. b) In vitro cytotoxicity assay of various 

constructs with and without laser irradiation on HeLa cells. c) Apoptotic evaluation of Ir-Pyr-EPO 

@MnO2-FA on HeLa cells (scale bar 30 μm) and spheroids (scale bar 100 μm) using acridine 

orange-ethidium bromide dual staining. 
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irradiation with 532 nm laser (0.2 W/cm
2
) for a period of 15 minutes. The as-

formed endoperoxide complex (Ir-Pyr-EPO@MnO2-FA) was then incubated 

with HeLa spheroids for 4 h followed by irradiation using an 808 nm laser (0.5 

W/cm
2
). These spheroids were then imaged for visualizing the 

1
O2 generation 

capability of the probe by staining with SOSG. The fluorescence microscopic 

images revealed a strong green fluorescence in the 808 nm laser treated spheroids 

against the untreated as well as the Ir-Pyr treated ones (Figure 4.17a). These 

observations clearly suggest the execution of the first phase of intracellular oxygen 

independent PDT by photothermally triggered cycloreversion of the endoperoxide 

to regenerate Ir-Pyr@MnO2-FA with the production of 
1
O2. In order to account 

for the second phase of PDT, the spheroids were incubated with the material for 12 

h which was then subjected to irradiation with 532 nm laser. The results indicated 

that the spheroids incubated with Ir-Pyr-EPO@MnO2-FA followed by 532 nm 

laser irradiation produced a significantly enhanced green emission against the Ir-

Pyr and laser free conditions (Figure 4.17a). Taken together, these results unveil 

the nanomaterial to be a self-replenished source of 
1
O2 for facilitating multi-stage 

photodynamic therapy without any intracellular oxygen demand. The cytotoxic 

potential of various constructs was then evaluated using MTT assay in a series of 

cell lines wherein Ir-Pyr-EPO@MnO2-FA after irradiation with both 808 and 532 

nm lasers imparted much higher toxicity in monolayer HeLa cells and multicellular 

HeLa spheroids when compared with the other counterparts (Figure 4.17b and 

4.18a), owing to the combined therapeutic effects facilitated by the multi-stage 

 

Figure 4.18. In vitro cell viability assay of various constructs with and without laser irradiation on a) 

HeLa spheroids, b) A549 and c) WI38 cells. 
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PDT process along with the photothermal effects. On the contrary, the material 

was found to be relatively non-toxic to the folate receptor (FR) negative A549 

(Figure 4.18b) and WI-38 (Figure 4.18c) cell lines which can be attributed to the 

folate specific recognition of the probe. The therapeutic action of the 

nanoconstruct   was   further   validated   through   various   apoptotic   assays. In  

 

Figure 4.19. In vitro evaluation of apoptosis on HeLa cells and spheroids using APOP assay (a) 

and Annexin V FITC flow cytometric assay (b). Scale bar for HeLa cells and spheroids in Figure (a) 

corresponds to 30 μm and 100 μm respectively. 
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comparison with the control cells, cells incubated with Ir-Pyr-EPO@MnO2-FA 

followed by dual laser irradiation showed pronounced indications of apoptosis as 

apparent from the very large population of orange/red stained cells when estimated 

using live/dead assay (Figure 4.17c). To further visualize the apoptotic induction 

in a non-fluorescent platform, APOPercentage assay was performed which also 

shed light into the superior therapeutic performance of the probe, as clear from the 

much higher population of apoptotic cells stained by pink color (Figure 4.19a). 

Furthermore, the cell death mechanism imparted by the nanoprobe was subjected 

to detailed investigation using Annexin V-FITC assay wherein HeLa cells as well 

as spheroids were administered with Ir-Pyr-EPO@MnO2-FA under different 

laser conditions and subsequently labeled with propidium iodide and Annexin V. 

The results showed that Ir-Pyr-EPO@MnO2-FA with dual laser administration 

caused remarkably higher apoptosis in both cell and spheroid models when 

compared against the respective controls (Figure 4.19b). 

4.3.5. In vivo Imaging and Therapy 

Encouraged by the promising imaging and therapeutic attributes of Ir-Pyr-

EPO@MnO2-FA under in vitro conditions, the in vivo targeted theranostic 

potential of the probe was evaluated by intra-peritoneal (ip) injection into FR 

positive DLA solid tumor bearing syngeneic mice. The in vivo imaging ability of 

the nanomaterial was first investigated through luminescence imaging at different 

time points. The intrinsic tumor niche responsive nature of the probe enabled a 

turn-on optical imaging response via a gradual amplification in the red emission at 

the target site. From Figure 4.20a, it is quite evident that the probe displayed very 

weak signal intensity in the initial time periods which underwent a noticeable 

light-up at 8
th

 h that got further increased at 12 h finally attaining a saturation at 

about 16 h. Moreover, various organs were subjected to ex vivo imaging analysis 

wherein more accumulation was observed in the tumor site along with some 

signals in the liver and kidney regions while other organs such as brain, heart and 

lungs excluded the presence of Ir-Pyr-EPO@MnO2-FA (Figure 4.21a). The 
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tumor homing potential of the nanoconstruct was further visualized in the SERS 

platform on tumor bearing nude mice model by using a hand held Raman 

spectrometer (λex:785 nm), wherein we could observe the marked presence of the 

peaks at 1037 and 1308 cm
-1

 while no detectable signal was obtained from other 

anatomical locations (Figure 4.20b). Having seen an excellent tumor specific 

localization of the material, the next intention was to investigate its efficacy in 

treating solid tumors. In this study, DLA tumor bearing mice were randomly

 

Figure 4.20. a) In vivo luminescence images of DLA tumor bearing mice at various time periods. 

Inset circles represent the tumor area. b) In vivo SERS detection of material administered tumor 

bearing mice (Legends 1 and 2 in the figure represent the tumor region and ventral area 

respectively). c) Tumor volume reduction studies after various treatments. d) Kaplan Meier survival 

analysis of mice groups administered with different agents. e) H&E examination of different organs 

subjected to various treatments.  
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divided into six groups (n = 12) viz. saline as control, saline + laser,  Ir-Pyr-

EPO@MnO2-FA alone, Ir-Pyr-EPO@MnO2-FA with 808 nm laser, Ir-Pyr-

EPO@MnO2-FA with 532 nm laser and Ir-Pyr-EPO@MnO2-FA with combined 

808 and 532 nm lasers. Following the material administration, 808 and 532 nm 

laser irradiation were performed at the 4
th

 and 12
th

 h respectively and the treatment 

responses were subsequently subjected to monitoring using various experiments. 

After various therapeutic strategies, tumor reduction studies revealed a significant 

decline in the tumor volumes of mice injected with the nanoconstruct after dual 

laser (808 + 532 nm) and single laser (808/532 nm) administration (Figure 4.20c) 

accompanied with increased survival benefits when compared against the ones 

injected with saline and Ir-Pyr-EPO@MnO2-FA alone (Figure 4.20d). Detailed 

examination of body weight changes, hematological parameters, biochemical 

factors, and major pathological changes with various organs revealed a relatively 

safer therapeutic procedure without eliciting any significant damage to other major 

organs (Tables 4.1-4.8). After 32 days, all the animals were sacrificed and the 

tumors were snipped out wherein a clear reduction in the size of the tumor was 

observed with the mice subjected to Ir-Pyr-EPO@MnO2-FA with dual laser 

treatments (Figure 4.21b). Finally, the hematoxylin & eosin (H&E) 

 

Figure 4.21. a) Ex vivo luminescence images of DLA tumor bearing mice before (left) and after 

administration with Ir-Pyr-EPO@MnO2-FA (right). b) Photographs depicting the reduction in tumor 

size of mice after various therapeutic strategies. 
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staining performed on various organs of the euthanized animals showed severe 

signs of damage to the tumor tissues extracted from the material + laser (808 + 532 

nm) treated animals while offering a safer side to all other major organs, indicating 

the suitability of Ir-Pyr-EPO@MnO2-FA as an effective therapeutic tool for 

cancer theranostics (Figure 4.20e and Tables 4.4-4.8). 

 

 

Treatment groups 

Average 

weight at  

day 0 (mg) 

Average 

weight at  

day 10 (mg) 

   Average         

weight at  

day 20 (mg) 

 Average  

 weight at  

 day 30 (mg) 

Vehicle control 25.0 ± 1.6 2 25.2 ± 0.920.9   25.4 ± 0.6± 0.6 

  

  25.9 ± 0.42025.9± 

0.4 

Control + laser 
25.2 ± 0.1 2 25.3 ± 0.820.9   25.2 ± 0.6± 0.6 

  

25.4 ± 1.22025.9± 

0.4 

Ir-Pyr-EPO@MnO2-FA 
24.9 ± 0.3 2 25.2 ± 0.520.9   25.0 ± 1.0± 0.6 

  

25.2 ± 0.52025.9± 

0.4 

Ir-Pyr-EPO@MnO2-FA 

+ 808 nm laser 
25.5 ± 0.9 2 24.9 ± 0.420.9   25.1 ± 0.4± 0.6 

  

24.6 ±0.42025.9± 

0.4 

Ir-Pyr-EPO@MnO2-FA 

+ 532 nm laser 
25.6 ± 0.6 2 24.7 ± 0.420.9   24.5 ± 0.4± 0.6 

  

24.7 ±0.92025.9± 

0.4 

Ir-Pyr-EPO@MnO2-FA 

+ 808 + 532 nm laser 
25.0 ± 1.0 2 24.8 ± 0.420.9   24.7 ± 0.8± 0.6 

  

24.3 ±0.92025.9± 

0.4 

 

Table 4.1. Change in body weight after various treatments in BALB/c mice. The data is presented 

as the mean ± SD value of three replicates. 
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Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2

-FA + 808 

nm laser 

Ir-Pyr-

EPO@MnO2

-FA + 532 

nm laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Haematology 
 

 2 0.9   0.6 
  

9± 0.4 

 

Hb (gm %) 12.2 2 12.5.9      11 0.6       11.29± 0.4 10 11.9 

TC (/cmm)  

4800 5200 4800     4850± 0.6 

 

       5100.9± 

0.4 

 

4690 

DC(%) Poly 40 
41 47  44 0.6 

 

          45.9± 0.4 

57 

Lymph 59 
58 2 50.9    55 ± 0.6 

 

          44.9± 0.4 

40 

Eosin 1 1 3         1 1 3 

Mono Nil Nil Nil        Nil Nil Nil 

Baso Nil Nil Nil        Nil Nil Nil 

ESR (mm/hr) 5 4 6         4 5 6 

Platelets 

(/cmm) 

 

950000 930000 870000 840000 900000 

 

880000 

 

Table 4.2. Estimation of various haematological parameters of mice after treatment with Ir-Pyr-

EPO@MnO2-FA.  Data represent the mean ± SD value of three replicates. 
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Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2

-FA + 808 

nm laser 

Ir-Pyr-

EPO@MnO2

-FA + 532 

nm laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Biochemistry 
 

 2 0.9   0.6 
  

9± 0.4 

 

RBS (mg %) 110 2 111 109 0.6       103± 0.4 112 108 

B. Urea 

(mg%) 

 

34 36 41      39± 0.6           43.9± 0.4 

 

45 

S. Creatinine 

(mg%) 

 

1.1 0.9 1.4  0.86 

 

          1.5.9± 

0.4 

 

2 

SGOT (IU/L) 31 30         41    40± 0.6           44.9± 0.4 45 

SGPT (IU/L) 28 32 42         33 40 39 

S. Cholesterol 

(mg/dl) 

166 180 164        155 185 177 

Triglyceride 

(mg/dl) 

152 149 140        141 132 130 

Bilirubin 

Total (mg%) 

 

0.8      0.8 1.3         0.9 0.9 

 

1 

Bilirubin 

Direct (mg%) 

 

0.01 
 

   0.01 

 

      0.01 

 

       0.01 

 

        0.02 

 

         0.01 

Total Protein 

(g/dl)  

 

7.9 7.2 7.8 7 6.8 

 

6.7 

Albumin 

(g/dl) 

 

3.4 3.5 3.2 3.6 3.1 

 

3 

Globulin 

(g/dl) 

 

4 3.1 3 3.4 2.9 

 

2.8 

 

Table 4.3. Estimation of various biochemical parameters of mice after treatment with Ir-Pyr-

EPO@MnO2-FA.  Data represent the mean ± SD value of three replicates. 
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HEART 

 

Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2-

FA + 808 nm 

laser 

Ir-Pyr-

EPO@MnO2-

FA + 532 nm 

laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Interfibrillar 

haemorrhage 

 

- 

 

- 

 

- 

 

- 
+ 

9± 0.4 

 

- 

Disruption of 

cardiac 

muscle 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

Infiltration of 

lymphocytes 

- - - + + ++ 

Hydropic 

degeneration 

- - - - - - 

Disruption of 

cardiac 

muscle 

banding 

pattern 

 

 

- 

 

 

- 

 

 

- 

 

 

- 

 

 

- 

 

 

- 

Focal 

myolysis 

- - + 

 

- - + 

 
Endothelial 

cell 

hyperplasia 

of cardiac 

blood vessels 

 

 

- 

 

 

+ 

 

 

- 

 

 

- 

 

 

- 

 

 

+ 

Edema of 

arterial blood 

vessels 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

- 

 

Table 4.4. Evaluation of major pathological changes of heart of mice after various treatments with 

Ir-Pyr-EPO@MnO2-FA through H&E staining analysis. The legends, [-] represents absence, [+] 

represents mild changes, [++] represents moderate changes and [+++] represents severe changes. 

Data represent the mean ± SD value of three replicates. 
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LIVER 

 

Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2-

FA + 808 nm 

laser 

Ir-Pyr-

EPO@MnO2-

FA + 532 nm 

laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Dilation of 

sinusoidal 

spaces 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

Infiltration of 

lymphocytes 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

Infiltration of 

histocytes 

 

- 

 

- 

 

+ 

 

+ 

 

- 

 

- 

Bi-nucleation - - - - + + 

Condensation 

of nuclei 

 

     - 

 

     - 

 

      - 

 

+ 

 

         - 

 

        + 

Nuclear 

enlargement 

- - - - + + 

Cellular 

edema 

- - - + ++ ++ 

Kupffer cell 

proliferation 

- - - - + + 

Bile duct 

proliferation 

- - - - - - 

Multi-

nucleation 

- - - - ++ + 

 

Table 4.5. Evaluation of major pathological changes of liver of mice after various treatments with Ir-

Pyr-EPO@MnO2-FA through H&E staining analysis. The legends, [-] represents absence, [+] 

represents mild changes, [++] represents moderate changes and [+++] represents severe changes. 

Data represent the mean ± SD value of three replicates. 
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KIDNEY 

 

Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2-

FA + 808 nm 

laser 

Ir-Pyr-

EPO@MnO2-

FA + 532 nm 

laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Degenerative 

changes in 

tubules 

 

- 

 

- 

 

- 

 

- 

 

+ 

 

+ 

Enlargement 

of glomerulus 

- - - + + ++ 

Shortening of 

capsular 

space 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

Enlarged 

nuclei in 

tubules 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

Chromatin 

condensation 

of glomerulus 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

Hydrophic 

degeneration 

- - ++ + + + 

Focal 

infiltration of 

inflammatory 

cells 

 

 

- 

 

 

- 

 

 

- 

 

 

++ 

 

 

++ 

 

 

++ 

Tubular 

necrosis 

- - - - + + 

 

Table 4.6. Evaluation of major pathological changes of kidney of mice after various treatments with 

Ir-Pyr-EPO@MnO2-FA through H&E staining analysis. The legends, [-] represents absence, [+] 

represents mild changes, [++] represents moderate changes and [+++] represents severe changes. 

Data represent the mean ± SD value of three replicates. 
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LUNGS 

 

Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@ 

MnO2-FA  

Ir-Pyr-

EPO@MnO2-

FA + 808 nm 

laser 

Ir-Pyr-

EPO@MnO2-

FA + 532 nm 

laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Necrosis 
 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

Alveolar 

fibrosis 

 

- 

 

- 

 

+ 

 

+ 

 

- 

 

- 

 

Edema 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

+ 

Peribranchial 

lymphocyte 

infiltration 

 

- 

 

- 

 

+ 

 

- 

 

- 

 

- 

 

Metaplasia 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

Emphysema - - - - + - 

 

Bronchial cell 

hyperplasia 

 

 

- 

 

 

- 

 

 

- 

 

 

+ 

 

 

+ 

 

 

++ 

 

Table 4.7. Evaluation of major pathological changes of lungs of mice after various treatments with 

Ir-Pyr-EPO@MnO2-FA through H&E staining analysis. The legends, [-] represents absence, [+] 

represents mild changes, [++] represents moderate changes and [+++] represents severe changes. 

Data represent the mean ± SD value of three replicates. 
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SPLEEN 

 

Control 

 

Control 

+ laser 

 

Ir-Pyr-

EPO@M

nO2-FA  

Ir-Pyr-

EPO@MnO2-

FA + 808 nm 

laser 

Ir-Pyr-

EPO@MnO2-

FA + 532 nm 

laser 

Ir-Pyr-

EPO@MnO2

-FA + 808 + 

532 nm laser 

Congestion of 

spleen 

 

- 

 

- 

 

+ 

 

+ 

 

- 

 

+ 

Degenerative 

changes 

- - - - + - 

Presence of 

macrophages 

 

- 

 

- 

 

+ 

 

+ 

 

++ 

 

++ 

Lymphoid 

necrosis 

- - - - + - 

Apoptotic 

bodies 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

Lymphocyte 

hyperplasia 

 

- 

 

- 

 

- 

 

+ 

 

+ 

 

++ 

Tingible body 

macrophages 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

Eosinophil 

infiltration 

 

- 

 

- 

 

+ 

 

+ 

 

+ 

 

++ 

Fatty 

infiltration 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

Pigmentosis - - - - - - 

 

Table 4.8. Evaluation of major pathological changes of spleen of mice after various treatments with 

Ir-Pyr-EPO@MnO2-FA through H&E staining analysis. The legends, [-] represents absence, [+] 

represents mild changes, [++] represents moderate changes and [+++] represents severe changes. 

Data represent the mean ± SD value of three replicates. 
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4.4. Conclusion 

In conclusion, we have successfully demonstrated that the limitation of PDT with 

hypoxic tumors could be surmounted by sequential singlet oxygen photogeneration 

using Ir-Pyr-EPO@MnO2-FA. Due to the 
1
O2 self-enriching characteristics 

together with tumor microenvironment responsive oxygen generation features, the 

probe afforded a multi-stage photodynamic therapy to generate intracellular 

oxygen independent cytotoxic singlet oxygen species. Meanwhile, the 

luminescence recovery of the photosensitizer facilitated by the stimuli responsive 

reduction of MnO2 allowed the probe to be a theranostic platform for the accurate 

diagnosis and positioned treatment of hypoxic tumors via oxygen irrelevant 

PDT/PTT under the guidance of luminescence imaging. The in vitro and in vivo 

results demonstrated the execution of the first phase of PDT via the thermal 

cycloreversion process while getting prepared for the next round of singlet oxygen 

generation by the photosensitization of the molecular oxygen produced by the 

TME mediated reduction of MnO2. Considering the fact that hypoxia and PDT 

mediated hypoxia are the major issues hampering the wider applicability of PDT, 

the work presented here lead to a paradigm change in cancer treatment and might 

offer great benefits for future clinical translations. 

4.5. Experimental Section 

4.5.1. Materials and Methods 

All chemical reagents, unless otherwise specified, were purchased from Sigma-

Aldrich Co. All solvents used were of reagent grade and were purchased from 

local companies. The solvents were dried and distilled prior to use by following 

standard procedures. NMR spectra were recorded on a Bruker 500 MHz FT-NMR 

(model: Advance-DPX 300) spectrometer at 25 °C. The chemical shift (δ) data and 

coupling constant (J) values were given in parts per million (ppm) and Hertz (Hz), 

respectively, unless otherwise mentioned. High-resolution mass spectra (HRMS) 
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were recorded on a Thermo Scientific Exactive ESI-MS spectrophotometer. 

Experimental procedures for the absorption, emission and SERS spectral 

measurements are described in Chapters 2 and 3.  

4.5.2. Description of Experimental Techniques 

4.5.2.1. Determination of Singlet Oxygen Generation using DPBF 

Assay 

Singlet oxygen generated from the probe was evaluated by monitoring the 

quenching of absorbance of DPBF, a widely used 
1
O2 scavenging agent. A 10 µM 

solution of the probe was dissolved in acetonitrile and subsequently mixed with 

DPBF and subjected to light irradiation using a 532 nm laser (0.2 W/cm
2
). The 

decrease in absorbance of DPBF at 410 nm was monitored at predetermined time 

intervals. Singlet oxygen generation efficiency was determined from a plot of 

change in absorbance (ΔA) versus irradiation time. 

4.5.2.2. Investigation of Photothermal Efficacy of MnO2 

Nanosheets 

The photothermal efficacy of MnO2 nanosheets was evaluated by taking various 

concentrations of the material (6.25, 12.5, 25, 50, 100 µg/mL) and subjected to 

irradiation with an 808 nm laser at a power density of 0.5 W/cm
2
 for 10 minutes. 

4.5.2.3. Cell Culture 

Human cancer cell lines HeLa (cervical cancer) and A549 (lung adenocarcinoma) 

were obtained from American Type Culture Collection (Manassas, USA). Human 

lung fibroblast cell line, WI-38 was kindly gifted form Indian Institute of Chemical 

Biology (IICB) Kolkata, India. Spheroids of HeLa cells were developed with the 

transfer of cells into ultra-low attachment cell culture flasks. Cells were maintained 

in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum 

(FBS) and 5% CO2 at 37 °C, while the resistant cell lines were maintained in the 



164                                                                                                                           Chapter 4                                                                                                                     

media with the desired drug concentration. Hypoxic variant of HeLa cells were 

produced by incubation with cobalt chloride (CoCl2), which  has the advantage to 

be inexpensive and fast. HeLa cells were seeded into 96 well plate and after 6 h, 

media was removed and replaced with fresh medium containing CoCl2 (100 μM ) 

for 24 h. 

4.5.2.4. Cytotoxicity Evaluation using MTT Assay 

The cytotoxicity was evaluated for a period of 24 h using various constructs viz Ir-

Pyr, MnO2 nanosheets and Ir-Pyr-EPO@MnO2-FA. The cell growth inhibitory 

potential of HeLa, A54 and WI38 cells was measured using the MTT assay as 

described in Chapter 2. MTT assay for the spheroids was carried out with slight 

modification to the standard protocol. Spheroids (6-8 days) were maintained in the 

96 well plates and subjected to different treatments for 24 - 48 h.  Later, 20 µL of 

MTT solution was added into each well and incubated for 4 h. The content of each 

well containing the spheroids was transferred to a new, flat-bottom 96-well plate 

before the plate was centrifuged at 1,000 × g for 5 min. Then, 150 µL of media 

was aspirated from each well, followed by the addition of 100 µL of DMSO. 

Finally, absorbance was recorded at 570 nm (BioTek, PowerWave XS, USA). 

4.5.2.5. In Vitro Oxygen Generation Studies  

To check whether the MnO2 nanosheets alone, without laser trigger could alleviate 

hypoxia, normoxic and hypoxic HeLa monolayer and spheroids were treated with 

the nanosheets for a peroid of 12 h. Later, a commercial hypoxia detecion probe 

(Ru(dpp)3Cl2) (100 μM) was  incubated with the cells for 10 minutes. Spheroids 

were counter stained with Hoechst and imaged under an inverted fluorescence 

microscope with a PI filter and Dapi filter (Olympus 1X51, Singapore). 

4.5.2.6. Detection of Intracellular Singlet Oxygen Generation  

The generation of singlet oxygen in vitro was determined with SOSG. Spheroids 

were incubated with the probe for 4 h  and later subjected to laser (808 nm, 0.5 
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W/cm
2
) irradiation. SOSG (10 μM) was added and observed under an FITC filter. 

The generation of singlet oxygen in the second phase was also determined in a 

similar manner after treating the spheroids with the material for a peroid of 12 h 

followed by irradiation with 532 nm laser (0.2 W/cm
2
). 

4.5.2.7. Apoptosis Evaluation 

To gather information about the mechanistic action, various apoptosis assays were 

performed on cells and spheroids. Acridine orange-ethidium bromide dual staining 

effectively differentiates viable and non-viable cells which was carried out as per 

the procedure described in Chapter 2. Cells and spheroids were observed under a 

FITC filter. In order to access information about the early stages of the execution 

of apoptosis, FITC-Annexin V staining (BD Pharmingen no. 556547, BD 

Biosciences, San Jose, CA) was also performed by flow cytometry, using kit-

specified instructions on a FACS Jazz flow cytometer (BD Biosciences, San Jose, 

CA), and the data were analyzed with the FACSDIVA software. Early-onset of 

programmed cell death was further confirmed using APOPercentage dye 

(Biocolor, Belfast, Northern Ireland) as per the manufacturer's instructions. 

4.5.2.8. In Vivo Experiments 

Animal experiments were performed according to the CPCSEA (Committee for 

the Purpose of Control and Supervision of Experiments on Animals) guidelines 

and were approved by the Institutional Animal Ethics Committee (IAEC). The 

murine transplantable lymphoma cell line DLA, was maintained in the peritoneal 

cavity of mice by ip transplantation of 1x10
6
 cells per mouse. Tumor reduction 

experiments were initially performed with DLA solid tumor-bearing BALB/c 

mice. The experiments were performed as described before.
35,36 

When the tumor 

diameters reached 100-200 mm
3
, the mice were randomly divided into six groups, 

and administerd with (1) saline, (2) saline + laser (808 nm + 532 nm laser), (3) Ir-

Pyr-EPO@MnO2-FA without laser, (4) Ir-Pyr-EPO@MnO2-FA + 808 nm laser, 

(5) Ir-Pyr-EPO@MnO2-FA + 532 nm laser, (6) Ir-Pyr-EPO@MnO2-FA +808 
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nm + 532 nm laser. The injections were performed on days 8, 12, 16 and 20 (once 

per day). Initially animals were administered with the constructs (ip) and later the 

tumors were irradiated by NIR light for 5 min at the power dose of 0.5 W/cm
2
 at 

4
th

 h with an 808 nm laser and subsequent irradiation with 532 nm laser (0.2 

W/cm
2
, 5 min) at the 12

th
 h. The tumor volume was measured on every three days 

interval up to day 32. Changes in body weight were also recorded. On day 32, the 

mice were sacrificed, and the tumors as well as the major organs were harvested 

and sectioned for H&E staining. The mean survival time (MST) and the percentage 

of increase in life span (% ILS) were calculated as previously reported. Finally, the 

survival analysis was made using Kaplan−Meier survival analysis (IBM Inc., New 

York, USA). Whole-body luminescence imaging was performed using a Perkin 

Elmer (Waltham, MA, USA) IVIS instrument. In order to quantify the organ wise 

biodistribution, the animals were sacrificed, and the organs were examined for the 

luminescence intensity. 

4.5.2.9. Synthesis of MnO2 Nanosheets 

MnO2 nanosheets were synthesized as per previously reported procedure.
37

 Briefly, 

5 mL of sodium dodecyl sulfate (0.1 M) and 0.25 mL of H2SO4 were added to 

44.25 mL of distilled water and heated at 95 °C for a period of 15 min. To this 

solution, 0.5 mL of KMnO4 (0.05 M) was added dropwise and kept for another 60 

min. The as-formed MnO2 nanosheets were then purified by washing with Milli Q 

water by continuous rounds of centrifugation at 10,000 rpm (10 min). The surface 

of MnO2 nanosheets was modified with bovine serum albumin (BSA) by 

incubation with 5 mg/mL BSA solution for 24 h and purified by centrifugation 

(10,000 rpm, 10 min). The BSA stabilized MnO2 nanosheets were subjected to 

characterization by UV-Vis spectrophotometry, Raman spectroscopy and TEM 

analysis.  
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4.5.2.10. Synthesis of MnO2-FA Nanosheets 

Towards the preparation of FA functionalized MnO2, we have covalently 

conjugated FA to BSA using EDC-NHS chemistry as reported elsewhere.
38

 The as 

formed BSA-FA conjugates were purified by dialysis (molecular weight cut-off : 

8000) for 2 days using PBS and 2 days with distilled water to remove the 

unreacted reactants and excess byproducts. The SDS stabilized MnO2 nanosheets 

(2 mg/mL) synthesized using the above procedure were then incubated with BSA-

FA (1.5 mg/mL) at room temperature for 24 h to afford MnO2-FA which was 

purified by repeated washing with distilled water. 

4.5.2.11. Preparation of Ir-Pyr@MnO2 and Ir-Pyr@MnO2-FA Hybrid 

The preparation of Ir-Pyr@MnO2 was performed by mixing MnO2 nanosheets 

with Ir-Pyr by sonication for 15 min at room temperature which will cause the 

electrostatic attachment of negatively charged MnO2 with positively charged Ir-

Pyr. For the preparation of Ir-Pyr@MnO2-FA, FA functionalized MnO2 (MnO2-

FA) nanosheets were added to the Ir-Pyr solution instead of bare MnO2 sheets and 

followed the same procedure as described above. 

4.5.2.12. Preparation of Ir-Pyr-EPO  

The preparation of Ir-Pyr-EPO was done by dissolving Ir-Pyr in oxygenated 

acetonitrile solution and then subjected it to light irradiation under a 532 nm laser 

source (0.2 W/cm
2
) for 15 minutes. The as-generated endoperoxide adduct was 

used as such or kept at -20 ºC until further use. 

4.5.3. Synthesis and Characterization  

Synthesis of 4,4'-bis(bromomethyl)-2, 2'-bipyridine (6) 

900 mg (4.16 mmol) of 5 was dissolved in a mixture of 48% aqueous HBr (5 mL) 

and conc. H2SO4 (2 mL) and the reaction was kept at 90 ºC under Argon 
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atmosphere for 12 h. After cooling to room temerature, 10 mL of water was added 

to the above mixture and the pH was adjusted to 7-8 using NaOH. The as-formed 

precipitate was washed repeatedly with water and dried under vacuum to afford the 

product. Yield: 48%. 
1
H NMR (500 MHz, CDCl3, TMS)  (ppm): 8.60 (d, 2H), 

8.35 (s, 2H), 7.29 (d, 2H), 4.41 (s, 4H); 
13

C NMR (125 MHz, CDCl3)  (ppm): 

147.85, 146.29, 145.97, 133.97, 129.75, 60.42. HRMS calculated for C12H10Br2N2 

(M
+
): 341.9190, found: 342.9268.   

Synthesis of 1,1'-(2,2'-bipyridine-4,4'-diylbis(methylene))dipy 

ridin-2(1H)-one (7) 

100 mg (1 equivalent) of 6 and 57.36 mg (2.05 equivalents) of 2-hydroxypyridine 

(2-pyridone) were taken in an oven-dried two-neck round bottom flask. K2CO3 

(203.29 mg, 5 equivalents) was added to the above mixture dissolved in acetone. 

Then catalytic amounts of KI and 18-crown-6 were added and the reaction was 

done under stirring at 50 ºC for 72 h. After cooling the reaction mixture to room 

temperature, the solvent was evaporated and the residue was extracted using 

dichloromethane/water. The reaction crude was further subjected to purification 

using silica gel column chromatography using CHCl3/methanol as the mobile 

phase to obtain 7 in pure form. 

Yield: 48%. 
1
H NMR (500 MHz, CDCl3, TMS)  (ppm): 8.55 (d, 2H), 8.25 (d, 

2H), 7.74-7.72 (m, 2H), 7.33-7.22 (m, 4H), 6.57 (d, 2H), 6.18 (t, 2H), 5.14 (s, 4H); 

13
C NMR (125 MHz, CDCl3)  (ppm): 162.04, 155.70, 149.82, 147.94, 140.31, 

134.52, 125.53, 118.04, 106.36, 51.43. HRMS calculated for C22H18N4O2 (M
+
): 

370.1430, found: 371.1511.   

Synthesis of Ir-Pyr 

The synthesis of Ir dimer complex (9) was carried out by reacting IrCl3.xH2O 

(299.15 mg, 1.0 mmol) with 2-phenylpyridine (320.25 mg, 2.1 mmol) in 20 mL 2-

ethoxyethanol/water (8:2) mixture under reflux condition for 24 h. After cooling 
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the solution to room temperature, 40 mL of water was added to afford the product 

as a yellow precipitate that was then filtered and washed with diethyl ether. The 

crude product thus obtained was used as such for the next reaction. For the 

synthesis of Ir-Pyr, 1 equivalent of dimer (9) was reacted with 2.5 equivalents of 7 

in presence of sodium carbonate (10 equivalents) at 60 ºC in 40 mL of 1:3 

dichloromethane (DCM)/ethanol under Ar atmosphere. The solvents were removed 

by evaporation under reduced pressure and the crude product was poured into an 

aqueous solution of NH4PF6. The reaction mixture was then extracted with DCM 

and the combined organic layers were dried in vacuo to afford the product which 

was subjected to purification by column chromatography over silica gel using 

DCM/methanol as the eluent. The desired complex was obtained as a yellow 

powder after re-precipitation in hexane/DCM. Yield: 39%. 
1
H NMR (500 MHz, 

CDCl3, TMS)  (ppm): 8.47 (s, 2H), 7.82-7.75 (m, 4H), 7.67-7.62 (m, 4H), 7.57 

(d, 2H), 7.41 (d, 2H), 7.32-7.29 (m, 4H), 6.95-6.92 (m, 4H), 6.80 (s, 2H), 6.48 (d, 

2H), 6.24-6.16 (m, 4H), 5.24 (s, 4H); 
13

C NMR (125 MHz, CDCl3)  (ppm): 

167.69, 162.74, 155.70, 150.46, 149.92, 149.42, 148.74, 143.44, 140.83, 138.85, 

138.11, 131.61, 130.80, 127.45, 124.75, 124.15, 123.46, 122.71, 120.71, 119.61, 

107.41, 51.89. HRMS calculated for C44H34IrN6O2 (M
+
): 871.2370, found: 

871.2390.   
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Summary and Conclusion 

The design and creation of smart functional bioanalytical tools for the detection and profiling 

of various biological targets and their associated functions poses wide ranging applications in 

clinical diagnostics and biomedicine. Among the various detection tools, optical assays allow 

an in-depth understanding of the molecular interactions in living systems which facilitate 

precise monitoring of biomarkers that can be used as targets for disease identification, 

therapy and follow-up of treatment responses. In this context, fluorescence imaging and 

SERS imaging are the two powerful techniques that allow real-time, non-invasive monitoring 

of biomolecules of interest in their native environments with high spatial and temporal 

resolution. In addition to effective diagnosis, development of multifunctional molecular 

theranostic platforms for the concordant visualization and precise treatment of diseases with 

high sensitivity and resolution has become a crucial strategy in the efficient management of 

diseases. In this scenario, development of new functional materials with improved sensing 

capabilities and high therapeutic potential is a hot topic of research among the scientific 

community. The present thesis deals with a systematic study on the design, synthesis and 

assessment of a few rationally designed small molecule based optical probes for diagnostic 

and therapeutic applications in cancer. We have demonstrated the synthesis of a few 

molecules and then investigated their optical properties that have been further utilized for 

various sensing, imaging and treatment applications. These functional materials have the 

potential to offer new avenues for the development of clinically relevant probes for point-of-

care diagnosis and personalized treatment applications. 

The introductory chapter of the thesis provides an overview of the recent 

developments in the construction of optical probes that work on fluorescence and SERS and 

their potential in the diagnostic and theranostic applications for efficient clinical outcome. A 

literature review on functional small molecule based optical probes and the biomedical 

applications of these materials are also discussed in this chapter. The second chapter of the 

thesis deals with the design and synthesis of a near infrared squaraine based fluorescent 
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probe (Sq) for the real time imaging of biological thiols. The probe afforded a ratiometric 

detection of thiols by switching its emission from NIR (690 nm) to visible region (560 nm). 

Benefiting from the favorable attributes of high biocompatibility, excellent membrane 

permeability and fast response, the Sq dye was utilized for the quantification of endogenous 

GSH concentrations in live cells and cell extracts. The probe also offered a promising 

strategy for discriminating between cancerous and normal cells through the investigation of 

cellular redox status. Further applicability of the probe was elucidated by developing an easy 

and reliable method for the on-demand apoptotic progression assay in real-time by probing 

the role of GSH during various time spans of apoptosis on both semi-quantitative and 

quantitative grounds. Taken together, the results unveil a new non-invasive pathway for 

assaying apoptosis, which may offer a promising outcome in drug discovery and effective 

follow up of therapeutic responses in living systems.  

The third part of the thesis describes the design and fabrication of smart 

programmable nanostructures for the multiplexed detection of most prevalent panel of 

disease biomarkers present in lung cancer. The multiplex nanoprobes comprised of dual 

responsive Raman active fluorophores attached to the surface of gold nanospheres through a 

strategically positioned peptide (Phe-Lys-Cys; FKC) sequence which is recognized as a 

specific substrate for cathepsin B (cathB), a key protease involved in cancer invasion and 

progression. The interplay of cathB enzyme with the nanoprobes induced the scission of FKC 

upon homing into the cancer cells, resulting in the release of the initially latent fluorophores 

with a concomitant decline in the surface-enhanced Raman signal intensity, thereby realizing 

an on−off switching between the fluorescence and Raman modalities. The anticipated mode 

of action of fluorescence-SERS encoded nanoparticle probes (FSENPs) was utilized for the 

detection of defined protein targets after decorating with specific monoclonal antibody 

recognition units. Taking advantage of the excellent dual functional multiplexing potential 

and the target specific recognition property, FSENPs served as perfect candidates for the 

accurate multiplexing of target antigens in the pathologically tested patient specimens, which 

offer new avenues for the development of a clinical screening tag for point-of-care diagnosis 

and personalized treatment applications.  
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In the last part of the study, the design and development of a multifunctional 

photosensitizer complex for theranostic applications is being discussed. This study 

demonstrated a new strategy for cutting off the intracellular oxygen consumption by 

developing a redox activatable singlet oxygen (
1
O2) self-enriched photoreactor (Ir-Pyr-

EPO@MnO2-FA) to meet the requirements of intracellular oxygen independent PDT. Upon 

target specific localization into the cancer cells followed by near infrared light irradiation, the 

photothermal effect generated by MnO2 nanosheets facilitated the thermal cycloreversion of 

Ir-Pyr-EPO to release cytotoxic 
1
O2, thereby paving way for the first phase of photodynamic 

therapy. Moreover, the tumor microenvironment responsiveness of MnO2 was utilized in a 

favourable manner to increase the local oxygen concentration via the degradation of MnO2 in 

presence of H2O2, which in turn provided room for the second phase of photodynamic 

therapy. Following the in vitro evaluation, the promising therapeutic performance of the 

probe was investigated in vivo in DLA tumor bearing mice which showed superior cytotoxic 

effects at the target site. Meanwhile, the luminescence recovery of the photosensitizer 

facilitated by the stimuli responsive reduction of MnO2 allowed the probe to be a theranostic 

platform for the accurate diagnosis and positioned treatment of hypoxic tumors via oxygen 

irrelevant PDT/PTT under the guidance of luminescence imaging. Taken together, the results 

suggest that the as-developed hybrid complex serves as a potent candidate for addressing the 

current limitations of conventional photodynamic agents which demand high concentrations 

of intracellular oxygen to act upon.  
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