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Abstract 

Triple-negative breast cancer (TNBC) poses significant treatment challenges due to its high 

metastasis, heterogeneity, and poor biomarker expression. The N-terminus of an octapeptide 

NAPVSIPQ (NAP) was covalently coupled to a carboxylic acid derivative of Ru(2,2′-bipy)3
2+ 

(Rubpy) to synthesize a N-stapled short peptide-Rubpy conjugate (Ru-NAP). This 

photosensitizer (PS) was utilized to treat TNBC through microtubule (MT) targeted 

chemotherapy and photodynamic therapy (PDT). Ru-NAP formed more elaborate molecular 

aggregates with fibrillar morphology as compared to NAP. A much higher binding affinity of 

Ru-NAP over NAP towards -tubulin (KRu-NAP: (6.8 ± 0.55) x 106 M-1; KNAP: (8.2 ± 1.1) x 104 

M-1) was observed due to stronger electrostatic interaction between the MT with an average 

linear charge density of ~ 85 e/nm and the cationic Rubpy part of Ru-NAP. This was also 

supported by docking, simulation and appropriate imaging studies. Ru-NAP promoted serum 
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stability, specific binding of NAP to the E-site of the βIII-tubulin followed by the disruption of 

MT network and effective singlet oxygen generation in TNBC cells (MDA-MB-231), causing 

cell cycle arrest in the G2/M phase and triggering apoptosis. Remarkably, MDA-MB-231 cells 

were more sensitive to Ru-NAP compared to non-cancerous human embryonic kidney 

(HEK293 cells) when exposed to light (LightIC50
Ru-NAP[HEK293]: 17.2 ± 2.5 μM, compared to 

LightIC50
Ru-NAP[MDA-MB-231]: 32.5 ± 7.8 nM, DarkIC50

Ru-NAP[HEK293]: > 80 μM,  compared 

to DarkIC50
Ru-NAP[MDA-MB-231]: 2.9  ± 0.5 M). Ru-NAP also effectively inhibited tumor 

growth in MDA-MB-231 xenograft models in nude mice. Our findings provide strong evidence 

that Ru-NAP has a potential therapeutic role in TNBC treatment.  

Introduction 

Triple-negative breast cancer (TNBC) is a highly metastatic, heterogeneous breast cancer with 

impaired expression of estrogen (ER), progesterone (PR), and human epidermal growth factor 

receptor 2 (HER2).1-2 Poor prognosis and its low response to therapeutics add to therapeutic 

challenges compared to non-TNBC cases.3 Recent reports confirm that microtubule (MT) 

cytoskeleton are validated targets for breast cancer therapy.4-5 MTs are associated with critical 

cellular functions including mitosis, cell signaling, intracellular trafficking, and angiogenesis.6 

Any molecule that can modulate the MT dynamics would induce the spindle checkpoint, 

arresting cell-cycle progression at mitosis with subsequent cell death. MT stabilizers stimulate 

the assembly of purified tubulin and shift the equilibrium of tubulin polymer from the soluble 

to the polymerized form.7-9 This leads to consequential disruption of MT dynamics and mitotic 

arrest of cancer cells, which has been effectively utilized as a treatment strategy for cancer.6, 

10-12 MTs are present both in interphase cells and dividing cells in mammalian cells. These 

constitute the highly dynamic mitotic spindle and this accounts for the extreme sensitivity 

towards therapeutic inhibitors.6 MT targeting agents (MTAs) are a type of vascular disrupting 

agents (VDAs).13 Chemotherapeutic drugs that bind to the colchicine site of tubulin target 

tumour vasculature to induce blood vessel disruption are used in clinical trials.14-15 Certain 

vinca alkaloids and taxanes are part of the FDA-approved drugs for treating haematological 

malignancies and solid tumours.16-17 Taxol belongs to taxane family and is being used for 

treating early-stage, advanced and metastatic breast cancer.18 A 3.5-Å resolution electron 

crystallography structure of the tubulin dimer bound to taxol reveals that taxol binds 

stoichiometrically and specifically to the β-tubulin subunit in MTs.16 A few of the most recent 

and effective cancer chemotherapeutic drugs are derived from natural compounds that target 
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MTs and disrupt the normal function of the mitotic spindle.19 Site-specific binding of such 

molecules, either to soluble tubulin or to the MT governs the efficacy of these drugs as 

chemotherapeutic agents.11 The major issues that limit the clinical efficacy of taxanes as the 

MTAs are low solubility and thus bioavailability, a relatively short circulation time t1/2 (~ 1 h), 

inability to cross the blood-brain barrier, high systemic toxicity (e.g. neutropenia, neurotoxicity, 

genotoxicity, cardiac toxicity, repression of bone marrow, etc.) and the onset of multidrug 

resistance mechanisms.18,20 These challenges offer a distinct scope for adopting an alternate 

strategy in developing MTAs for improved clinical efficacy towards cancer therapy. 

NAPVSIPQ (Asn-Ala-Pro-Val-Ser-Ile-Pro-Gln; all amino acids are in L- form) abbreviated as 

NAP is a neuroprotective octapeptide derived from activity-dependent neuroprotective protein 

(ADNP). Affinity chromatography identified the βIII-tubulin as a major NAP-binding protein.21 

Presumably, binding of NAP to βIII-tubulin induces a conformational shift to facilitate tubulin 

polymerization with the E-site of the βIII-tubulin, which is preferentially occupied by 

Guanosine triphosphate (GTP) rather than Guanosine diphosphate (GDP).22 As discussed 

above, MTAs could be a part of the effective strategy for treating breast cancer. TNBC remains 

a challenging subtype of breast cancer and there is distinct scope to address the unmet needs to 

improve the outcome of TNBC therapeutics. With this aim, we have used the III-tubulin-

specific binding of NAP peptide in demonstrating a proof-of-concept of a microtubule-specific 

photosensitizer (PS) for the bimodal killing of the TNBC cells using Chromophore Assisted 

Light Inactivation (CALI) concept.23,24 Specific binding of the NAP peptide conjugated to a 

substitution inert Ru(II)-polypyridyl moiety (a singlet oxygen (1O2) initiator) to the 

cytoskeleton protein allows this conjugate to qualify as CALI-based agent while addressing the 

limitations of systemic toxicity induced by conventional PDT-agents through indiscriminate 

intracellular reactive oxygen species (ROS) generation.25-28 Short lifetime (~ 6 μs) and 

diffusion length (< 50 nm) for 1O2 in human physiology enable a highly localized 

spatiotemporal activity to minimize the possibility of indiscriminate systemic toxicity.24,29-33 

Importantly, literature reports suggest that CALI-based PDT agents are rarely exploited for in 

vivo studies.32,33 Antibody-drug conjugates (ADCs) have also been conceived to achieve 

organelle/tissue-specific release of cytotoxic drugs to avoid non-specific biodistribution and 

undesired systemic toxicities. However, the major shortcomings of the first- and second-

generation ADCs include the immunogenic responses and fast clearance in circulation, apart 

from other drug-design issues.34-38 Arguably, small molecular weight peptide-drug conjugates 

have the advantages of higher drug loading and enhanced tissue penetration capacity, 
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degradation without triggering any immunogenic responses in physiology, stability towards 

proteolysis and facile synthesis.39-40 Recently, Kornienko, Bonnet and their coworkers have 

demonstrated the efficacy of photoactivated chemotherapy in A549 xenografts in nude mice 

through the in-situ release of a MT-targeting drug, rigidin.20 

The PDT efficiency is compromised by the hypoxic feature of tumours, especially for the PDT 

agents that induce Type II reactions. Here, the triplet state (T1) of the PS interacts with 3O2 to 

form 1O2, a potent ROS.41 Therefore, combining PDT and chemotherapy is crucial to counter 

balance each other’s limitations.42 Considering this, we have utilized NAP peptide conjugated 

Ru(2,2´-bipy)3
2+ (Rubpy) derivative (Ru-NAP) as a potent bimodal chemotherapeutic and 

PDT agent for killing TNBC cells (Scheme 1). Ru-NAP conjugate is more efficient in 

stabilizing MT by favouring tubulin polymerization. Live cell microscopy confirms the 

targeting ability of Ru-NAP to the MT in TNBC (MDA-MB-231) cells. Thus, it causes certain 

toxicity in the dark through the binding of Ru-NAP fibers to the tubulin/MT and followed by 

disruption of the MT network which signifies its’ chemotherapeutic effect. Moreover, in vitro 

and intracellular studies confirm that Ru-NAP also exhibit superior phototoxicity compared to 

the individual components, Rubpy or NAP. The higher toxicity towards live MDA-MB-231 

cells accounts for in-situ generation of 1O2 for inducing PDT, along with the disruption of the 

MT network and G2/M cell cycle arrest to induce chemotherapeutic effect. Importantly, the 

Hill plot supports a cooperative effect for Ru-NAP as a PDT agent. Control studies confirm 

that Ru-NAP is benign to normal healthy human embryo kidney (HEK293) cells under dark 

and light irradiation compared to MDA-MB-231 cells. The higher efficacy of Ru-NAP towards 

live MDA-MB-231 cells is also reflected in the significantly higher inhibition of tumour growth 

in the MDA-MB-231 tumour xthe enograft model with insignificant in vivo toxicity. This 

report demonstrates the proof of concept of MT-targeted and a serum-stable (due to small size 

and the N-stapled termini of the NAP peptide) PS as an effective bimodal (chemotherapeutic 

and PDT) agent for inhibiting tumour growth. Such examples are rather scarce in contemporary 

literature.9, 43-48  
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Scheme 1. (a) Cartoon representation of the synthetic methodology adopted for synthesis of 

Ru-NAP and (b) molecular structure of Ru-NAP. (c) Schematic representation of microtubule 

targeted chemotherapeutic and PDT action induced by Ru-NAP. 

Results and Discussions  

Design Strategy of Ru-NAP. Literature reports suggest that the lifetime (T1/2) of 1O2 in 

cytoplasm is about 1×10-7 s with a maximum radius of reactive action of 30 nm.40 While, at 

low bacterial concentrations during photodynamic inactivation of bacteria, T1/2 for 1O2 is 

reported to be 6 ± 2 μs with a diffusion length of < 50 nm.49 However, the efficient therapeutic 

performance of the Type II pathway is hindered by an insufficient supply of molecular oxygen 

(O2) in the tumour microenvironment (TME) because of hypoxic tumour cells. Microtubules 

(MTs) are also involved in manipulation of tumour hypoxia. Hypoxia-inducible factor 1 (HIF-
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1), being overexpressed in the TME regulates several target genes involved in tumour 

angiogenesis, matrix metabolism, apoptosis and glycolysis leading tumor hypoxia.50 Tumor 

angiogenesis is triggered by hypoxia via activation of HIF-1 pathway and HIF-1 utilizes 

microtubules as tracks for their nuclear translocation and transcription followed by hypoxic 

induction. Thus, targeting and disruption of MTs dynamics serve as potent barriers for tumour 

angiogenesis through the downregulation of HIF-1 pathway, which is supposed to increase the 

efficacy of the Type II PDT agents. This motivated us to utilize the Rubpy derivative as a MT 

targeted Type II PDT agent in hypoxic tumour microenvironment.43, 51-54 Rubpy derivatives 

are an attractive choice as a PS primarily for the high quantum yield for a relatively long-lived 

transient triplet state (~ 100 ns) that is crucial for 1O2 generation, photochemical stability, 

amphiphilicity, stability towards photobleaching, insignificant dark toxicity/mutagenicity and 

facile cellular internalization.55-56 Importantly, COO−-terminal tails of several acidic amino 

acid residues of - and -tubulins are located on the outer surface of MTs, and this accounts 

for an overall negatively charged surface. These carboxy-terminal tails, mostly of glutamate 

side chain on - and -tubulins of MTs, are the key sites of interactions for many MT-binding 

proteins or peptides.57 The estimated electric field of a single MT is 52.2 electronic charges (e) 

per dimer.58-59 These would further favour interaction between the cationic Rubpy part of Ru-

NAP, apart from the binding of NAP to the MTs. 

Synthesis and Characterization of Ru-NAP and the Control Molecules. With these 

rationales, NAP and Ru-NAP were synthesized following procedures that are elaborated in 

supporting information. NAP was synthesized following the standard Hydoxybenzotriazole 

(HBTU) coupling protocol of the solid phase peptide synthesis (SPPS) method (Scheme S1).60 

The crude peptide was purified using reverse phase high performance liquid chromatography 

(HPLC) with C18 column and acetonitrile-water gradient and purified NAP was characterized 

using HPLC, 1H NMR and ESI-Ms (Figure S1-S3). Ru-NAP was also synthesized using SPPS. 

Firstly, Ru(II)-polypyridyl complex having a pendent carboxy functionality (Ru-COOH) was 

synthesized following a literature report with necessary modification in the purification process 

(Scheme S2).61-64 Cis-dichlorobis(bipyridine)ruthenium (II) (Ru(2,2´-bipy)2Cl2) and 4´-

methyl-2,2´-bipyridine-4-carboxylic acid were dissolved in ethanol-water mixture (1:1) with 

addition of equivalent amount of Na2CO3. The solution was allowed to reflux at 100 oC for 8 h 

followed by the addition of saturated aq. solution of KPF6 to precipitate the crude complex of 

Ru-COOH. The precipitate was purified by column chromatography and characterized using 

1H NMR and ESI-Ms (Figure S4-S7). Then Ru-COOH was converted to acid-chloride 
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intermediate (Ru-COCl) and conjugated to NAP peptide bound Rink amide resin by SPPS 

method. 61 This resin-attached Ru-NAP was further subjected to TFA cleavage and cold ether 

treatment to yield crude Ru-NAP. The crude Ru-NAP was purified using reverse phase HPLC 

(C18 column and acetonitrile-water gradient) and characterized using HPLC, 1H NMR and 

ESI-Ms (Scheme 1, S2 and Figure S8-S10). Pyrene is known to increase the hydrophobicity 

and self-assembled efficacy of the NAP. We also synthesized a pyrene-conjugated NAP 

peptide derivative (Py-NAP, Scheme S3) for our control studies using the SPPS method. 

Detailed synthetic procedures and characterization data required to ensure the desired purity of 

Py-NAP are provided in the supporting information. After synthesis, Py-NAP was purified 

using reverse phase HPLC (C18 column and acetonitrile-water gradient) and characterized 

using HPLC, ESI-Ms (Figure S11, S12). We further synthesized 4-nitro-2,1, 3-benzoxadiazole 

(NBD) conjugated NAP (NBD-NAP; Scheme S4, S5) for checking the aggregation inside the 

cell and characterized using HPLC, 1H NMR and ESI-Ms (Figure S13-S16). 

Photophysical Studies of Ru-NAP. After successful synthesis, we performed the photo-

physical studies of the Ru-NAP and were compared it with the commercially available PDT 

agent Rubpy. The electronic and fluorescence spectrum of Rubpy and Ru-NAP were 

recorded. A distinct red shift in the respective absorption (461 nm, Abs = 7 nm) and emission 

(651 nm, Ems = 37 nm) maximum was observed for Ru-NAP as compared to Rubpy in PBS 

buffer (pH 7.4; Figure S17). The relative emission quantum yield (Em
Ru-NAP) for Ru-NAP was 

evaluated as 0.70 (Rubpy as reference) in deionized water, saturated with O2 (Figure S18). 

Considering the substitution of one 2,2´-bipy with NAP functionalized 2,2´-bipy through an 

amide linkage in Ru-NAP, these red shifts are anticipated. Luminescence lifetimes of the Ru-

NAP (291.7 ± 1.002 ns) and Rubpy (366 ± 1.42 ns) using Ex = 450 nm; Em
Ru-NAP = 651 nm 

and Em
Rubpy = 614 nm in aq. PBS buffer (pH =7.4) at room temperature (RT) were evaluated 

(Figure S19 and Table S1). Typically, such molecules with an extended luminescence lifetime 

are better suited for use as a PDT agent.27, 65-68 

Docking and Simulations Studies. We performed docking studies to check the validity of our 

design rationale and also to understand the possible binding site for Ru-NAP to tubulin dimer. 

Both NAP and Ru-NAP showed thermodynamically favourable binding interaction with the 

tubulin as reflected in the negative binding free energies (Table S2-S4). The average binding 

energy values obtained for NAP and Ru-NAP are -6.77±0.61 and -8.28±0.87 kcal/mol, 

respectively. A paired t-test showed significantly lower binding energy for Ru-NAP than NAP 
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(p-value: 0.000091). The dissociation constant (KD) obtained for Ru-NAP is one order of 

magnitude lower than NAP suggesting higher affinity (Ka) binding for Ru-NAP. The 

respective binding constant of NAP and Ru-NAP is found to be 9.24 x 104 M-1 and 1.19 x 106 

M-1 showing higher binding of Ru-NAP compared to NAP (Table S5). Blind docking of NAP 

and Ru-NAP on the tubulin dimers showed potential binding sites including the taxol binding 

sites as depicted in Figure S20. Further targeted docking to the taxol binding site on -tubulin 

produced low-energy binding modes (Table S4 and Figure S21). Computational studies suggest 

two low-energy binding modes of Ru-NAP: Ru-head is bound to the taxol binding site (Ru-

NAP complex 1) and the peptide tail is bound to the taxol binding site (Ru-NAP complex 2). 

Previous literature also suggests the binding of the NAP-peptide to the taxol binding site.69 MD 

simulations showed very stable binding of the NAP as well as Ru-NAP with tubulin 

throughout the simulation time (Figure S22). Figure 1a-1e shows the snapshot of MD 

simulation for the Ru-NAP and tubulin complexes in two possible binding conformations. 

RMSD profiles of the MD simulations, interacting residues with interaction fractions and the 

schematics of the interactions are shown in Figures S23-S31. Water plays an important role in 

the binding interaction of the peptide as evident from the several water bridges formed during 

the MD simulation (Figure S26-S31). It was also observed that the bipyridyl moieties of the 

Ru-NAP head group may interact with the tyrosine side chains by forming pi-stacking 

interactions (Figure 1a-1e and S31). The role of cationic Ru(II)-polypyridyl moiety is important 

in the binding of Ru-NAP with tubulin as tubulin remains highly negatively charged at neutral 

pH. Charges on tubulin alpha and beta chains are -12 each, therefore, the contribution of long-

range electrostatic interaction with the cationic Ru(II)-core of Ru(II)-polypyridyl moiety 

significantly drives this bimolecular association (Table S6 and S7). 

Binding of Ru-NAP with tubulin. The binding of NAP or Ru-NAP to tubulin was evaluated 

following a conventional luminescence quenching process of tryptophan (Trp) of tubulin as a 

function of [NAP] or [Ru-NAP].70-73 Decrease in intrinsic tryptophan fluorescence of tubulin 

upon binding of NAP or Ru-NAP with tubulin indicates that its’ binding causes perturbation 

of tubulin conformation in the vicinity of Tryptophan residues (Figure 1f and 1g). The linearity 

of the Stern-Volmer plot confirms dynamic quenching process, while the experimental data 

show a much higher binding between Ru-NAP and tubulin (Ka
Ru-NAP-tubulin = (6.8 ± 0.55) x 106 

M-1), as compared to NAP and tubulin (Ka
NAP-tubulin = (8.2 ± 1.1) x 104 M-1). This also agrees 

well with the results of the docking studies. This further corroborates our proposition that the 
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cationic Ru(II)-polypyridyl moiety in Ru-NAP favours a stronger binding to -tubulin than 

NAP.  

 

 

Figure 1. Binding interaction of Ru-NAP with tubulin. (a) Tubulin-Ru-NAP complex 1. 

Snapshots from the MD simulation are superimposed. Ru-NAP is shown in green. (b) A close-

up view of the last frame of the MD trajectory with interacting residues is highlighted. (c) 

Tubulin-Ru-NAP complex 2. (d) Interacting residues. (e) The surface representation shows 

binding of Ru-NAP (pink) on -tubulin (blue). The -subunit is shown in green. Binding 

constant curve of (f) tubulin and Ru-NAP and (g) tubulin and NAP from the study of quenching 

of Tryptophan fluorescence of tubulin in the presence of different concentrations (1-100 M) 

of Ru-NAP or NAP in BRB80 buffer ((80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9) 

at 25 °C.  
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Ru-NAP Forms Fibrillar Aggregates. NAP peptide is known to form fibrillar structures when 

incubated for 7 days.74-75 We studied the morphology of NAP, Py-NAP and Ru-NAP after 

incubation for 5 days in aq. 1X PBS buffer using transmission electron microscopy (TEM). 

NAP forms the fibrillar structure as previously reported (Figure 2a, 2b). TEM images recorded 

for Py-NAP also showed fiber-like morphology (Figure 2c). Better fiber formation for Py-

NAP, compared to NAP under identical conditions could be ascribed to the ability of Py moiety 

to participate in cation-/- stacking interactions. Importantly, the degree of the fiber 

formation was more extensive for Ru-NAP, as compared to NAP or Py-NAP (Figure 2d). 

Literature reports suggest that cationic FeII(2,2´-bipy)3
2+ moiety in FeII(2,2´-bipy)3

2+-collagen 

conjugate favours the self-assembly process and the fiber formation.76 A similar phenomenon 

was observed in the present study. Importantly, the extent of fiber formation for Py-NAP was 

lower than that of Ru-NAP, when both were subjected to self-assembly to form fiber under 

identical conditions. This presumably arises from a head-to-tail orientation of the Ru-NAP 

molecules during the self-assembly process for the fiber formation (Figure 2a). The self-

assembly behaviour of NAP, Py-NAP and Ru-NAP was further confirmed using scanning 

electron microscopy (SEM). The SEM images for NAP show short fiber formation (Figure 2e), 

which is found to be improved in the case of Py-NAP and Ru-NAP (Figure 2f and 2g). Figure 

S32 show the histogram of the average diameter of the NAP, Py-NAP and Ru-NAP fibers. 

These indicate that Rubpy favoured the self-assembly process in Ru-NAP. 

Dark Stability and Photo Stability of Ru-NAP. We investigated the dark and photo stability 

of the Ru-NAP and compared these with Rubpy. Both complexes showed insignificant 

degradation in the dark when incubated in 1X PBS buffer (pH 7.4) for 12 h (Figure 2h and 

S33). The stability of Rubpy and Ru-NAP after successive irradiation with a 450 nm laser 

(200 mW.cm-2, 1 min, 12 J.cm-2) in 1X PBS buffer (pH 7.4) was examined (ESI). Only an 

insignificant bleaching was observed for Rubpy, while a slight degradation (<7 %) was 

observed for Ru-NAP due to photobleaching even after 5 cycles (Figure 2i and S33). This 

ensured that the conjugation of NAP to Rubpy in Ru-NAP had no influence on its dark 

stability, while a marginal decrease in its photo stability characteristics was observed.   
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Figure 2. (a) Schematic representation of the self-assembly of NAP, Py-NAP and Ru-NAP. 

TEM images of (b) NAP (100 μM; 1X PBS buffer (pH = 7.4), while (e) represents the 

corresponding SEM image. (c) TEM image of Py-NAP (100 μM; 1X PBS buffer (pH = 7.4) 

containing 2.5% DMSO (v/v), while (f) represents the corresponding SEM image. (d) TEM 

image of Ru-NAP (100 μM; 1X PBS buffer (pH = 7.4) containing 2.5% DMSO (v/v), while 

(g) represents the corresponding SEM image. (h) Dark stability of Rubpy and Ru-NAP using 

75 μM of each of these complexes in 1X PBS buffer (pH = 7.4) containing 1% DMSO (v/v). 
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Absorbances were recorded in 3 h intervals up to 12 h. (i) Photo stability of Rubpy and Ru-

NAP using 75 μM of each of these complexes in 1X PBS buffer (pH = 7.4) containing 1% 

DMSO (v/v). Absorbance was recorded after irradiation for 1 min with 450 nm laser light (200 

mW.cm-2; 1 min, 12 J.cm-2) in 15 min intervals up to 75 min. The ± SD was calculated from 

three independent sets of experiments.  

 

Type II ROS Generation of Ru-NAP. To investigate the efficacy of Ru-NAP in generating 

1O2, we performed 1,3-diphenylisobenzofuran (DPBF) assay in Milli-Q water containing 1% 

DMSO (v/v). The absorbance of DPBF was found to decrease gradually when DPBF was 

irradiated for 15 s in the presence of Ru-NAP with a 450 nm laser (Figure 3a, S34a and S34b). 

However, the absorbance of DPBF remained unaltered when identical experiments were 

performed without any 450 nm irradiation. This confirmed the in-situ ROS generation on 

irradiation of Ru-NAP with 450 nm. DPBF assay is used for the detection of 1O2, apart from 

other ROS species.77 To reconfirm the in-situ generation of 1O2 as a transient species, we further 

performed an additional 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) assay, 

which is specific for 1O2 .
78 A successive decrease in the absorbance of ABDA was observed 

after irradiation with 450 nm light in the presence of Ru-NAP in Milli-Q water. The reaction 

of ABDA with 1O2, generated in situ, on irradiation of Ru-NAP, accounted for this observed 

gradual decrease in absorbance (Figure 3b, S34c and S34d). However, control experiments 

revealed that the absorbance of ABDA remained unaltered for Ru-NAP treated solution 

without photo irradiation. This further corroborated our presumption that the Ru-NAP 

belonged to the Type II PDT agent. The DPBF and ABDA assays for Rubpy also confirm 1O2 

generation but to a lesser extent than the Ru-NAP (Figure S35). The quantum yield for 1O2   

generation (1O2) for Ru-NAP was evaluated as 0.55 by UV-Vis titration studies of DPBF 

using Methylene Blue (MB) as a reference (Figure S36). This is a reasonably high value 

because we used Milli-Q water medium saturated with O2 and is higher than the desired value 

(1O2 = 0.5) for any PDT applications.79 These data confirmed the therapeutic potential of Ru-

NAP on irradiation upon 450 nm light. Next, the possibility of the generation of Type I ROS 

(hydroxyl radical (•OH) or/and superoxide radical (O2
•⁻) as a transient species on irradiation of 

Ru-NAP with 450 nm light was examined. Typical Terephthalic acid (TPA) and 5,5´-dimethyl-

1-pyrroline N-oxide (DMPO) based assays were performed respectively to identify 

the formation of transient ROS species like •OH and O2
•⁻ on irradiation of Ru-NAP with 450 

nm light (Figure S37, ESI). These results confirm that Ru-NAP failed to induce the formation 

of Type I PDT under the experimental conditions.80-81 
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Lipophilicity Measurement of Ru-NAP. Appropriate lipophilic balance, rather than the 

overall charge of the compound, is an important parameter for effective cellular internalization. 

Lipophilicity takes care of the solvation ability of molecules in fats and lipids, as well as in 

aqueous media. It can be correlated with cellular internalization and uptake.82-84 The 

distribution coefficient (log P) of NAP, Rubpy and Ru-NAP were evaluated in an octanol-

water mixture using shake-flask method. The evaluated lipophilicity of the Ru-NAP was 

higher than that of Rubpy (Figure 3c and S38). Higher lipophilicity improves the cellular 

internalization process and helps to overcome accumulation defects with consequential 

cytotoxicity.85-86 

Effect of Ru-NAP on Tubulin Dynamics, Buffer and Serum Stability of Ru-NAP. A 

literature report suggests that NAP interacts with MT end-binding proteins (EB1 and EB3) and 

increases the dendritic spine density.87 We examined the binding of the Ru-NAP to the tubulin 

and its’ influence on the tubulin polymerization process using a fluorescence-based tubulin 

polymerization assay (BK006P). The extent of the light scattered by MT is proportional to the 

concentration of microtubule polymer. A plot of the extent of light scattered as a function of 

the time yielded the polymerization curve depicting the nucleation, growth, and steady-state 

equilibrium (Figure 3d). It is evident from Figure 3d that Ru-NAP is more efficient in 

stabilizing the microtubule and enhances tubulin polymerization in comparison to NAP (used 

in equimolar concentration), used as a positive control. Next, we checked the stability of the 

Ru-NAP in 1X PBS buffer (pH = 7.4) and fetal bovine serum (FBS, 20% v/v in 1X PBS buffer 

(pH = 7.4)) up to 24 h. The HPLC analysis of the Ru-NAP (100 µM) incubated sample in both 

PBS and 20% FBS showed > 95% and > 80% stability respectively till 24 h due to small size 

and the N-stapled termini of the NAP peptide (Figure 3e, 3f and S39).   
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Figure 3. (a) Changes in absorbance of DPBF treated with Ru-NAP ([DPBF] = 125 μM and 

[Ru-NAP] = 2.5 μM in Milli-Q water containing 1% DMSO (v/v)) were recorded at 419 nm 

following irradiation with 450 nm light (200 mW.cm-2, 15 s, 3 J.cm-2). (b) Changes in 

absorbance of [ABDA] (80 μM) treated with [Ru-NAP] (1.6 μM) in Milli-Q water under 

irradiation of 450 nm light (200 mW.cm-2, 1 min, 12 J.cm-2). (c) Determination of lipophilicity 

of NAP, Rubpy and Ru-NAP by shake-flask method using an equal mixture of octanol-water 

mixture. The lipophilicity of the Ru-NAP was found to be increased compared to the Rubpy. 

(d) Fluorescence-based tubulin polymerization assay of NAP and Ru-NAP using the 

fluorescence-based tubulin polymerization assay (Cat. # BK011P) from Cytoskeleton. (e) 

Stability of Ru-NAP (%) and (f) time-dependent HPLC of Ru-NAP in fetal bovine serum 

(FBS, 20% v/v in 1X PBS buffer (pH = 7.4)) up to 24 h. The HPLC analysis of the Ru-NAP 

(100 µM) incubated sample in 20% FBS showed >80% stability up to 24 h. 

 

Cellular Uptake of Ru-NAP. NAP is known to be a cell-penetrating peptide. As discussed 

earlier, presumably, the endocytosis pathway rather than membrane translocation prevailed at 

the low concentration used for our studies at physiological conditions.88 We checked the 

morphology of Ru-NAP in RPMI medium supplemented with 10% fetal bovine serum used 

for the cell culture. The TEM and SEM images of Ru-NAP also shows the fiber formation 

(Figure S40). Next, we investigated the effective cellular uptake of Ru-NAP using high-

resolution live cell confocal laser scanning fluorescence microscopy (CLSFM) imaging in 

MDA-MB-231 cell. MDA-MB-231 cell line is ER, PR, and E-cadherin negative and expresses 

mutated p53. These cells also lack the growth factor receptor HER2 and represent a good model 

of triple-negative breast cancer.89 Four hours post-treatment was found to be adequate for 
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internalization of Ru-NAP (5 µM) into the cellular cytoplasm (Figure 4a; see merged image 

with bright field). We further checked the cellular uptake of the Ru-NAP in MDA-MB-231 

and HEK293 cells using Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS). The result 

shows a ~2.6-fold higher accumulation of Ru-NAP in live MDA-MB-231 cells compared to 

that of live HEK293 cells (Figure S41). We have performed new live cell CLSFM by 

incubating live MDA-MB-231 cells with Ru-NAP at 37 C and 4 C to examine active or 

passive uptake of the drug. Interestingly, we observed a 90% reduction in Ru-NAP Mean 

Fluorescence Intensity (MFI) inside cells at 4 C compared to 37 C suggesting an energy-

dependent uptake of Ru-NAP in live MDA-MB-231 cells through endocytosis process (Figure 

4b and S42). This indicates the active cellular internalization of Ru-NAP. To further confirm 

the role of endocytosis for the Ru-NAP uptake inside cells, we have applied a range of 

endocytosis inhibitors namely, sucrose (Clathrin endocytic inhibitor), Methyl-β-Cyclodextrin 

(M-β-CD; caveolin endocytic inhibitor) and amiloride (macropinocytosis inhibitor). CLSFM 

data indicate a significant reduction in Ru-NAP uptake (p < 0.001) in cells following 

pretreatment with sucrose (Figure 4c and S42). MDA-MB-231 cells pretreated with M-β-CD 

(caveolin endocytic inhibitor) also show a 5-fold reduction in cellular uptake of Ru-NAP. 

However, pre-treatment with amiloride showed insignificant changes in Ru-NAP cellular 

uptake under similar conditions. These results indicate clathrin and caveolin-dependent 

endocytic processes are involved in the uptake of Ru-NAP in MDA-MB-231 cells. To 

ascertain the molecular aggregate inside the live MDA-MB-231 cells, we further used 

fluorescence imaging studies using NBD-NAP. Being an environmentally sensitive 

fluorophore, NBD is frequently used to ascertain the formation of molecular assembly(ies) in 

the cellular milieu. NBD derivatives typically show strong fluorescence as they get readily 

partitioned into hydrophobic pockets and this is accompanied by a characteristic green NBD 

fluorescence maximum (λEm = 540 nm) following excitation at 470 nm.90 Internalization of 

NBD-NAP with subsequent partitioning within the fibrillar aggregates in live MDA-MB-231 

showed a strong green fluorescence to confirm significant fiber of NBD-NAP (Figure S43). 

However, such fiber is less prominent in HEK293 cells due to less cellular uptake compared to 

MDA-MB-231 cells (Figure S44). This supports our presumption on intracellular fibers of 

analogous molecule of Ru-NAP.  
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Figure 4. Representative CLSFM images showing accumulation of Ru-NAP (Ru-NAP shows 

intrinsic green fluorescence) in live MDA-MB-231 cells (a) incubated with Ru-NAP (5 µM 

for 4 h; Scale bar, 5 m) at 37 °C, (b) untreated (upper row) and incubated with 5 µM Ru-NAP 

for 4 h at 37 °C (middle row) or 4 °C (bottom row) and (c) pre-incubated with 400 mM sucrose 

for 30 min (upper row) or 10 mM M-β-CD for 30 min (middle row) or 3 mM amiloride for 15 

min (bottom row).   

Co-localization of Ru-NAP with Tubulin/MT. To verify if Ru-NAP was localized on the 

MTs, we incubated MDA-MB-231 cells with Ru-NAP (20 µM for 4 h), co-stained them with 

the microtubule-specific marker tubulin (EP1332Y), and analysed them via CLSFM (Figure 

5a). Significant co-localization of Ru-NAP with tubulin was detected, suggesting a strong 

association of Ru-NAP with MTs. A detailed plot profile analysis demonstrates significant co-

localization of the green-colored Ru-NAP and red-colored tubulin (Figure S45). Co-

localization analysis of Ru-NAP (green) with tubulin (red) showed a Pearson Coefficient (R) 

of 0.88. This seems rational considering the improved lipophilicity, and higher surface charge 

affinity for Ru-NAP as compared to NAP, which is otherwise known to bind preferentially to 

-tubulin. These contributed to the higher evaluated binding constants for Ru-NAP compared 
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to NAP (control) towards -tubulin and confirmed the high targeting ability of the Ru-NAP to 

MT in live MDA-MB-231 cells. 

Cytotoxicity Study of Ru-NAP. MT serve as ‘freeways’ for intracellular trafficking. Such 

fiber formation on the MT surface and/or inside the tubular structure of MT would further 

interfere with the intracellular trafficking of vesicles and organelles, transport of cargo by 

motor proteins from the kinesin/dynein superfamilies and ion transport, apart from binding to 

many MT-binding proteins, which collectively have a serious implication on cellular motility 

and cell death.57, 91 So, we assessed the dark toxicity (chemotherapeutic effect) of the Ru-NAP 

in MDA-MB-231 cells for 24 h using MTT assay. Ru-NAP shows certain cytotoxicity in the 

dark and the corresponding IC50 value is 2.9 ± 0.5 M indicating the significant 

chemotherapeutic effect of the Ru-NAP due to the binding of the Ru-NAP fibers to the 

tubulin/MT of the MDA-MB-231 cells (Figure 5b). The dark toxicity of the Ru-NAP is much 

higher than that of Rubpy (IC50 of Rubpy under dark is 21.1 ± 4.2 M; Figure 5c). Next, we 

assessed the PDT efficacy of the Ru-NAP and compared the same with the Rubpy as control. 

The MDA-MB-231 cells were incubated with varying concentrations of Ru-NAP and Rubpy 

for 4 h followed by the light irradiation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) and further 

kept in the dark for another 24 h. The cytotoxicity data revealed that Ru-NAP showed 

significant light toxicity to the MDA-MB-231 cells with LightIC50
Ru-NAP value of 32.5 ± 7.8 nM, 

a value that is ~ 89 times lower than Ru-NAP (DarkIC50
Ru-NAP = 2.9 ± 0.5 M, Figure 5b) due 

to its’ combined effect of chemotherapeutic through the induction of higher MT polymerization 

and PDT. It is noteworthy that Rubpy shows certain cytotoxicity in the dark and upon light 

irradiation. The IC50 of dark toxicity of Rubpy [DarkIC50
Rubpy] is 21.1 ± 4.24 M and the IC50 

of light toxicity of Rubpy LightIC50
Rubpy (0.24 ± 0.05 M; Figure 5c). Most importantly, 

DarkIC50
Ru-NAP (2.9 M) is lower by ~ 7.2 times and LightIC50

Ru-NAP value is lower by ~7.3 times 

than that for DarkIC50
Rubpy (21.1 M) and LightIC50

Rubpy (0.24 M) respectively. Thus, these data 

reveal that Ru-NAP is more cytotoxic than Rubpy due to its’ chemotherapeutic effect and Ru-

NAP on light irradiation shows a substantially low IC50 value of 32.5 nM towards live MDA-

MB-231 cancer cells (Figure 5b and 5c, Table S8).56 The NAP peptide alone did not show light 

or dark toxicity towards live MDA-MB-231 cells up to 200 μM concentration and this agreed 

well with the literature reports (Figure S46).37 To check the PDT effect of Ru-NAP in non-

tumourigenic normal human embryo kidney cells (HEK293) cells, these cells were incubated 

with varying concentrations of Ru-NAP for 4 h in the dark. These pre-treated cells were then 

irradiated for 5 min (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) and kept in the dark for another 
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24 h. It showed a much lower toxicity towards HEK293 cells (LightIC50
Ru-NAP[HEK293] 17.2 ± 

2.5 μM; Figures 5e) compared to MDA-MB-231 cells (LightIC50
Ru-NAP value of 32.5 nM). 

Importantly, Ru-NAP under dark incubation for 24 h did not show detectable toxicity up to 80 

μM towards HEK293 cells (Figure 5f). However, Rubpy shows significant dark and light 

toxicity to the HEK293 cells (Figure 5e and 5f). The NAP peptide alone did not show light or 

dark toxicity up to 200 μM concentration towards live HEK293 cells (Figure S47). We further 

checked the photo toxicity of the Ru-NAP after irradiation with green light (520 nm) and red 

light (630 nm), apart from the blue light (450 nm). Irradiation with red light shows insignificant 

photo toxicity (IC50 is similar to that of dark toxicity), while this is most prominent when blue 

light (450 nm) is used (Figure S48b and Table S8). Irradiation with green light show slightly 

lower PDT effect compared to the one observed with blue light (Figure S48a and Table S8). 

Minimal PDT effect of red light compared to the green light and blue light correlate well with 

the relative difference in the molar absorptivity of Ru-NAP in the respective spectral zone. We 

further performed the dark toxicity and phototoxicity of the Ru-NAP under blue light 

irradiation in human cervical cancer (HeLa) cells and human breast cancer (MCF7) cells. Ru-

NAP showed similar dark and phototoxicity to that of MDA-MB-231 cells (Figure S49). Table 

S8 reveals the IC50 value of Ru-NAP and Rubpy in different cancer and normal cells, along 

with their respective phototoxic index (PI; IC50 under dark/ IC50 under light irradiation). The 

observed high toxicity of Ru-NAP in MDA-MB-231 cells compared to HEK293 cells 

presumably lies in the accelerated metabolic rate of MDA-MB-231 cells as a result of the 

Warburg effect and the tendency of small molecules to accumulate in cells once they have 

formed aggregates as in case of Ru-NAP.92-94 We utilized live cell high-resolution CLSFM to 

test the uptake of Ru-NAP (5 µM for 4 h) in MDA-MB-231 cells in the ATP-depleted M1 

media supplemented with 10 mM sodium azide and 10 mM 2-deoxy-D-Glucose (inhibitor of 

glycolysis), allowing us to investigate the Warburg effect. The Mean Fluorescence Intensity 

(MFI) of Ru-NAP decreased ~5 fold in the presence 2-deoxy-D-Glucose which indicates 5-

fold reduction in the drug uptake into cancer cells in the presence of glycolysis inhibitors and 

provides direct evidence for the operation of Warburg phenomenon dependent Ru-NAP 

cellular uptake (Figure S50). Thus, the above results reveal that the conjugation of NAP to a 

Rubpy has a profound effect in reducing the IC50 of MDA-MB-231 cells compared to two 

individual candidates (NAP and Rubpy). These indicate the potentiality of Ru-NAP as a 

bimodal PDT agent compared to Rubpy due to the microtubule targeting ability, fiber 

formation and PDT effect. It is worth mentioning here the IC50
Light of various derivatives (with 

small organic molecules) of Ru(II)-polypyridyl complexes towards various live cancer cells 
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are typically > 5 M and considering these, the observed IC50
Light (32.5 nM) of Ru-NAP is 

significant.28, 56, 95 The cell viability vs log[Ru-NAP] under light irradiation plot, a dose-

response plot, is sigmoidal (Figure 5b) in nature. It has been established that the sigmoidal plots 

are better than linear ones for explaining the dose-dependent drug efficacy96 as this 

demonstrates the -tubulin-specific Ru-NAP induces a cooperative influence as obtained from 

the Hill plot (n= 1.14) in terms of cellular killing by 1O2 and chemo toxic effect of Ru-NAP 

fibers (Figure 5d). n> 1 in the Hill plot indicates the cooperative influence. Next, we performed 

the dark and phototoxicity of Ru-NAP under hypoxia (1% O2) to confirm the role of MT 

targeting for the management of the tumor hypoxia. It shows the similar toxicity as in the 

normoxia (21% O2), which indicates that the MT targeting is beneficial for Ru-NAP as a 

potential Type II PDT agent (Figure S51). Table S8 indicates the corresponding IC50 and the 

PI of Ru-NAP in hypoxia and normoxia.    
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Figure 5. (a) Representative CLSFM images showing co-localization of Ru-NAP (20 µM for 

4 h; intrinsic green fluorescence) with MT (red fluorescence). Co-localization is shown in the 

merged image. Merged image indicates the nice co-localization of Ru-NAP with the MT 

(Pearson’s coefficient: 0.88). Dose-response profiles of (b) Ru-NAP under dark and after light 

irradiation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) and (c) Rubpy under dark and after light 

irradiation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) from the toxicity data using MTT assay. 

(d) The Hill plot of the toxicity data of the Ru-NAP followed light treatment. (e) Cell 

cytotoxicity of the Ru-NAP and Rubpy was measured using MTT assay after light irradiation 

(450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) in HEK293 cells. (f) The Dark toxicity of Ru-NAP 

and Rubpy in HEK293 cells.     

Immunocytochemistry for Investigation the Effect of Ru-NAP on MT/tubulin Network. 

The high targeting ability to the MTs and significant PDT efficacy of Ru-NAP motivated us 

to examine the mechanistic pathway for cell death. MTs are comprised of α and β-tubulin 

heterodimers that undergo dynamic cycles of polymerization and depolymerization processes. 
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A dynamic balance ensures proper cellular functions and survival.12 To test the dynamics of the 

MT network following the treatment with Ru-NAP and then photoactivation, we performed 

immunocytochemistry with anti-tubulin antibody in live MDA-MB-231 cells exposed to Ru-

NAP. Without photoactivation, Ru-NAP treatment (20 μM for 4 h) had significant impact on 

the MT network, indicating perturbation in structural integrity due to the binding of the Ru-

NAP fibers to MT, accounts for its’ chemotherapeutic effect under dark (Figure 6a). Moreover, 

analogous experiments with light activation showed more significant dose-dependent 

disruption of the MT network, suggesting an imbalance in the polymerization-

depolymerization cycle. This agreed well with the fluorescence-based tubulin polymerization 

assay showing enhanced tubulin polymerization in the presence of Ru-NAP. As a part of the 

detailed mechanism studies, we checked the effect of Ru-NAP on the Actin network of the 

MDA-MB-231 cells. There is no change in the Actin network of the live MDA-MB-231 cells 

treated with 20 M Ru-NAP (Figure 6b). Moreover, there is no co-localization of the Ru-NAP 

with actin network indicating the precise targeting of the Ru-NAP to the tubulin/MT (Figure 

6b). To further validate the tubulin-specific binding/activity of Ru-NAP, which promotes 

specific degradation of the tubulin network in cells, we have performed a tubulin degradation 

assay following Ru-NAP treatment using western blotting. We have tested the expression 

pattern of the principal cytoskeletal component (Tubulin, Actin with GAPDH) after Ru-NAP 

treatment, coupled with photoactivation. We detected a significant (4-fold) reduction in the 

tubulin levels compared to the Actin after the cells were treated with Ru-NAP (Figure 6c and 

6d). Under similar conditions, both Actin and GAPDH levels remained unchanged (See the 

quantification). These results provide direct evidence for the tubulin-specific binding and 

degradation by Ru-NAP without perturbation of the Actin protein and the cytotoxicity of the 

Ru-NAP is a result of the combined effect of tubulin/MT disruption and huge site-specific 1O2 

generation—a distinct demonstration of CALI. 



22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) The effect of Ru-NAP on the MT/tubulin network in live MDA-MB-231 was 

studied using CLSFM. A significant disruption of the MT network of the live MDA-MB-231 

cells was evident for Ru-NAP treatment both under dark and with light irradiation (450 nm, 

200 mW.cm-2, 5 min, 60 J.cm-2). (b) The effect of Ru-NAP on the Actin network (stained using 

Alexa Fluor™ 568 Phalloidin) in live MDA-MB-231 was studied in CLSFM. There is no 

change in the Actin network of the live MDA-MB-231 cells for Ru-NAP (20 M, 4 h) 
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treatment. (c) Representative Western blots for tubulin, actin, and GAPDH in MDA-MB-231 

cells; either untreated or treated with Ru-NAP (5 µM or 20 µM) for 4 h with or without blue 

light photo-activation. GAPDH is shown as the loading control. The migration of protein 

molecular weight markers is indicated on the right. (d) Densitometry analysis represents the 

fold change in tubulin, and actin, normalized to GAPDH (error bars represent means ± SEM). 

Asterisks denote statistically significant differences (***P < 0.001, t test).  

 Cell Cycle Analysis. We examined the cell cycle of MDA-MB-231 cells using PI/RNase 

staining following incubation with Rubpy or Ru-NAP (each of 20 µM for 4 h) and 

photoactivation followed by the light irradiation (450 nm, 200 mW.cm-2, 5 min) and incubation 

for another 48 h). Treatment with Rubpy + L or Ru-NAP + L induced a noticeable change in 

the cell cycle profile (Figure 7a). Results for the Rubpy + L treatment at 20 μM revealed a 

G2/M phase arrest (12.2%) compared to the untreated control (11.3%). In contrast, the use of 

20 μM Ru-NAP + L showed an enhanced G2/M phase arrest (24.3%). Docking studies 

revealed that Ru-NAP was bound to the -tubulin part of the MT more efficiently than NAP 

and presumably this had a pronounced influence in stabilizing tubulin polymerization. This 

was also consistent with co-localization studies and in vitro tubulin polymerization 

experiments, which confirmed that Ru-NAP could stimulate MTs polymerization to disrupt 

MT dynamics. Seemingly, this interferes with the mitotic spindle assembly during 

metaphase/anaphase transition and triggers the mitotic spindle assembly checkpoint and causes 

G2/M arrest. Our results are similar to the classical anticancer drugs like Paclitaxel, which 

induces cell cycle arrest by stabilizing MTs and triggering apoptosis.97 

Intracellular ROS Generation. Next, we performed flow cytometry-based analysis to 

quantify ROS produced in-situ due to photoirradiation of live MDA-MB-231 cells after 

treatment with Rubpy or Ru-NAP or hydrogen peroxide (H2O2) as a positive control using 

CM-H2DCFDA. We detected significant ROS production upon exposure to H2O2 (500 M, 12 

h; Figure S52). Moreover, a significant increase in intracellular ROS for Ru-NAP + L (20μM) 

treated cells was observed compared to Rubpy + L (Figure 7b). These results are consistent 

with data showing Ru-NAP is a Type II PDT inducer that generates 1O2 (vide infra) with a 

relatively high quantum yield of 0.55. These confirmed that the cytotoxicity of the Ru-NAP 

was a combination of ROS-induced cell death and significant disruption of MT dynamics. 

Taken together, Ru-NAP destabilized MTs which triggered cell cycle arrest at the G2/M phase 

along with ROS-induced cell death, which accounted for the observed cellular cytotoxicity 

(LightIC50
Ru-NAP 32.5 ± 7.8 nM) in MDA-MB-231 cancer cells. 
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Flow Cytometry for Analysis of Apoptosis Pathway. The mode of cell death is an important 

parameter for any chemotherapeutics drugs. We investigated the cell death pathway induced 

by Ru-NAP by flow cytometry using FITC-Annexin V and Propidium Iodide using 

Doxorubicin (Dox) as a positive control for the induction of apoptosis.98, 99 FITC(-)PI(-) 

quadrant indicates healthy cells, FITC(+)PI(-) and FITC(+)PI(+) indicates the apoptotic cells 

and FITC(-)PI(+) indicates the necrotic cells. The cells were treated with Ru-NAP (1 µM) for 

4 h followed by light irradiation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2) and kept in the dark 

for another 20 h. The cells were analysed in flow cytometry following incubation with annexin 

V and PI. A significant fraction (97%) of MDA-MB-231 cells underwent the apoptosis process 

for Ru-NAP treated after light irradiation (Figure 7c). Whereas, 44%, 38%, 47% of cells 

underwent apoptosis after Rubpy + L, Ru-NAP and Dox treatment respectively (Figure 7c). 

Figure 7d shows the histogram of quantitative analysis from the triplicate experiment. This 

indicated that Ru-NAP showed significant apoptosis under dark condition and almost 

exclusive light-induced apoptosis of the MDA-MB-231 cells through a combination of 

disruption of the microtubule/tubulin network dynamics and ROS generation and the efficacy 

of Ru-NAP was more pronounced than Rubpy.    
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Figure 7. (a) Histograms of the distribution of DNA content by flow cytometric analyses of 

the Ru-NAP mediated cell cycle arrest. (b) Flow cytometry analysis of cellular ROS using 

CM-H2DCFDA in MDA-MB231 cells, either untreated or treated with Rubpy or Ru-NAP (20 

M) separately for 4 h followed by photoactivation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2). 

(c) Analysis of the apoptosis in flow cytometry using Dead Cell Apoptosis Kit with Annexin 

V Alexa Fluor™ 488 & Propidium Iodide (PI) (catalogue number: V13241) using Dox (5 M) 

as a positive control. Ru-NAP induces apoptosis in the MDA-MB-231 cells under dark 

condition and after light irradiation (450 nm, 200 mW.cm-2, 5 min, 60 J.cm-2). (d) Histogram 

of percentages of healthy cells, apoptotic cells, and necrotic cells after different treatments (i: 

untreated, ii: Dox, iii: Rubpy + L, iv: Ru-NAP, v: Ru-NAP + L) in MDA-MB-231 cells, 

measured using flow cytometry. The data represents the mean value ± SD obtained from three 

independent experiments.    

In Vivo Studies of Ru-NAP. The PDT efficacy of the Ru-NAP was further verified in the in 

vivo MDA-MB-231 xenograft model in nude mice. The MDA-MB-231 cells were inoculated 

in the right flank of the mice. When the tumour size reached ~100 mm3, the mice were divided 

into three groups with n = 5. The groups are (i) untreated, (ii) Rubpy + L treated and (iii) Ru-

NAP + L treated. Mouse with the abnormal size are excluded from the study. Then the mice 

were treated with Rubpy or Ru-NAP (2 mg/kg per mouse) intravenously and then kept in the 

dark for the next 24 h followed by light irradiation for 5 min (450 nm, 200 mW.cm-2, 5 min, 

60 J.cm-2). This was repeated every alternative day for three weeks. The tumor sizes were 

measured using the slide caliper and the tumor volume was calculated using the formula 0.5 x 

length x width2 mm3. The tumour size and the mice body weight were recorded every third day 

for three weeks. On the 21st day, each mouse was sacrificed and the tumour was isolated and 

the weight of each tumour was recorded. A significant decrease in the tumour sizes was 

observed in the Ru-NAP+ L treated group compared to control and Rubpy + L (Figure 8a). 

From the tumour growth ratio curve, 90% and 60% inhibition of the tumour growth was 

observed in three weeks for Ru-NAP + L and Rubpy + L treated group respectively compared 

to control (Figure 8b). There was 90.5 and 56.6% reduction in the tumour weight for Ru-NAP 

+ L and Rubpy + L treated group, respectively, compared to control (Figure 8c). We further 

checked the tumor growth inhibition of Ru-NAP (2 mg/kg per mouse) under dark conditions 

using MDA-MB-231 xenograft model in nude mice with n = 5 to check the chemotherapeutic 

effect of the Ru-NAP. The tumor images and tumor growth ratio curve show 50% inhibition 

of the tumor growth in three weeks after Ru-NAP treatment (Figure S53). These data confirmed 

that Ru-NAP could induce tumor growth inhibition under the dark through chemotherapeutic 

effect and a more effective growth inhibition through MT disruption, as well as PDT induced 

toxicity by 1O2. There was no change in the body weight of the mice after Ru-NAP + L and 
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Rubpy + L treatment compared to the control (Figure 8d). Moreover, H & E staining data of 

the major organs after Ru-NAP treatment does not show any abnormalities (Figure 8e). That 

indicates that Ru-NAP was nontoxic to the mice. The in vivo study further confirmed that Ru-

NAP possessed significant tumor inhibition effect with insignificant in vivo toxicity.    

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Tumor growth inhibition study of Ru-NAP followed by light irradiation (450 nm, 

200 mW.cm-2, 5 min, 60 J.cm-2) using MDA-MB-231 tumor xenograft model in balb/c nude 

mice. (a) The images of the tumor of different group (n = 5) isolated from the mice at 21st day 

after the treatment. The result showing a significant decrease in the tumor sizes of the Ru-NAP 

+ L treated group compared to untreated and Rubpy + L. (b) Tumor growth ratio curve of the 

different treatment group (n = 5). The growth ratio for the Ru-NAP+ L treated group is very 

low compared to the untreated and Rubpy + L. (c) Histogram of the average tumor weight of 

the different treatment group (n = 5) as indicated. Tumor weight is too low for Ru-NAP + L 

with respect to untreated and Rubpy + L. A significant difference was analysed by comparing 

with the non-sample-treated control group. * represents P < 0.05, ** represents P < 0.01, and 

*** represents P < 0.001. The P value was obtained using student’s t-test. (d) Change in the 

mice bodyweight of the different treatment group (n = 5) monitored for three weeks. (e) H & 

E staining of the major organs (kidney, heart, liver, lung and spleen) after Ru-NAP treatment 

in nude mice showing no abnormalities indicating that Ru-NAP is not toxic to the mice.  
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Conclusion  

In conclusion, we have demonstrated a proof-of-concept in developing an efficient PDT agent 

(Ru-NAP) for treating TNBC by conjugating a photoactive Ru(II)-polypyridyl moiety, 

efficient in generating in-situ 1O2, to serum stable octapeptide, NAP. NAP with N-stapled 

termini and being a short peptide presumably evade proteolytic degradation in blood serum. 

The TEM images of the Ru-NAP/ Py-NAP/ NAP, incubated for 5 days, reveal that the fiber 

formation was most extensive for Ru-NAP, which is attributed to a favoured cation- 

interaction. The metabolic stability of a short peptide, as well as its specificity in binding to the 

-tubulin component of a matured microtubule (MT) constitute the rationale for opting for the 

NAP peptide. Specific binding to the β-tubulin of an α, β-tubulin dimer is also examined using 

docking studies. This confirms stronger interactions between Ru-NAP peptide and β-tubulin 

compared to NAP. Efficient binding with Ru-NAP is also established using appropriate binding 

studies (KRu-NAP: (6.8 ± 0.55) x 106 M-1 and KNAP: (8.2 ± 1.1) x 104 M-1). The average linear 

charge density of ~ 85 e/nm of MT further favours interaction with the cationic Rubpy part of 

a Ru-NAP conjugate accounts for the higher binding constant. Studies with anti-tubulin 

primary (EP1332Y (1:300; v/v)) and secondary antibody (ab175471, 1:500 (v/v)) with MDA-

MB-231 cells, pretreated with Ru-NAP and followed by irradiation for 5 min (450 nm, 200 

mW.cm-2, 5 min, 60 J.cm-2) and then incubation in dark for 20 h, revealed a noticeable change 

in the cell cycle profile and cell death.  Tubulin polymerization assay (BK006P) confirmed that 

Ru-NAP is effective in stabilizing MT and tubulin polymerization. These account for cell death 

primarily through cycle arrest in G2/M phase and cell apoptosis. Apart from the in-situ 

generation of organelle-specific generation of cytotoxic 1O2, fiber formation on the MT surface 

and /or inside the tubular structure of MT would induce an MT dysfunction and cell death. 

Control studies reveal that the much lower toxicity of Ru-NAP towards HEK293 cells 

compared to MDA-MB-231 cells (LightIC50
Ru-NAP[HEK293]: 17.2 ± 2.5 μM, compared to 

LightIC50
Ru-NAP[MDA-MB-231]: 32.5 ± 7.8 nM, DarkIC50

Ru-NAP[HEK293]: > 80 μM compared to 

DarkIC50
Ru-NAP[MDA-MB-231]: 2.9  ± 0.5 M) lies in the accelerated metabolic rate of MDA-

MB-231 cells as a result of the Warburg effect coupled with the accumulation of small 

molecules in cells once they have formed aggregates. Importantly, the Hill plot suggests a 

cooperative influence of fibre formation on binding to -tubulin and 1O2 generation in inducing 

cell death. Ru-NAP also shows highly effective tumour growth inhibition in the MDA-MB-
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231 tumour xenograft model in nude mice. Through this report, we can establish that a new 

Ru-NAP is used effectively for treating TNBC without inducing systemic toxicity.  
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An efficient bimodal photodynamic therapeutic agent composed of an octapeptide (NAP) with 

N-stapled termini through a carboxylic acid derivative of a photoactive Ru(2,2'-bipy)3
2+ 

(Rubpy) complex (Ru-NAP) is designed for treating Triple-Negative Breast Cancer (TNBC). 

Specific binding of the serum-stable Ru-NAP to the E-site of the βIII-tubulin favours 

polymerization and induces dynamic instability of the microtubule. These lead to G2/M cell 

cycle arrest, effective generation of in situ singlet oxygen (1O2, Type II ROS) through photo-

activation and apoptotic death with significant tumor growth inhibition.  

 


