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Cystine-cored diphenylalanine appended
peptide-based self-assembled fluorescent
nanostructures direct redox-responsive drug delivery

Suman Nayak,1,5 Kiran Das,2,5 Subramaniyam Sivagnanam,1,5 Shyamvarnan Baskar,1 Adele Stewart,4

Dinesh Kumar,3 Biswanath Maity,2,* and Priyadip Das1,6,*
SUMMARY

Fabrication of stimuli-responsive superstructure capable of delivering chemotherapeutics directly to the
cancer cell by sparing healthy cells is crucial. Herein, we developed redox-responsive hollow spherical as-
semblies through self-assembly of disulfide-linked cysteine-diphenylalanine (SN). These fluorescent hol-
low spheres display intrinsic green fluorescence, are proteolytically stable and biocompatible, and allow
for real-time monitoring of their intracellular entry. The disulfide bond facilitates selective degradation in
the presence of high glutathione (GSH) concentrations, prevalent in cancer cells. We achieved efficient
encapsulation (68.72%) of the anticancer drug doxorubicin (Dox) and demonstrated GSH-dependent,
redox-responsive drug release within cancerous cells. SN-Dox exhibited a 20-fold lower effective concen-
tration (2.5 mM) for compromising breast cancer cell viability compared to non-malignant cells (50 mM).
The ability of SN-Dox to initiate DNA damage signaling and trigger apoptosis was comparable to that
of the unencapsulated drug. Our findings highlight the potential of SN for creating site-specific drug de-
livery vehicles for sustained therapeutic release.

INTRODUCTION

Advancements in the design and generation of efficient drug delivery systems have been driven by a demand for improved drug efficacy and

specificity with the goal of minimizing adverse side effects particularly for drugs like cancer chemotherapeutics with extremely narrow ther-

apeutic indices.1–6 The clinical utility of nanomedicines comprising chemotherapeutic drugs encapsulated in nanoparticle-based drug deliv-

ery systems (NDDSs) such as liposomes or dendrimers demonstrates the feasibility of this approach.7–12 However, available NDDSs materials

suffer from several limitations including poor intracellular uptake and ineffectual drug release at the disease site. In addition, the generation of

a successful NDDSs-based nanomedicine also requires optimization of circulation time, organ accumulation, and binding capacity at a target

cell. Notably, peptide-based self-assembled superstructures remain of particular interest due to their unmatched biocompatibility, tunable

properties, biodegradability, natural propensity for cellular targeting, and ability to release encapsulated drug molecules in a controlled

manner.13–15 The ability to control both the location and temporal pattern of drug release remains an attractive prospect in the development

of nanomedicines. To this end, stimulus-responsive drug delivery platforms have been generated16,17 that allow for controlled drug release in

response to external (e.g., light, ultrasound, and magnetic field17–20) or internal (e.g., enzymes, temperature, pH, and redox potential21–24)

stimuli. In theory, such NDDSs would both improve drug efficacy by facilitating highly specific targeting of drug to the desired site and, simul-

taneously, decrease off-target side effects.25

Glutathione (GSH), a thiolated tripeptide, is the most abundant thiol in mammalian and eukaryotic cells and plays a crucial role in cellular

defense against toxins and free radicals as well as cell proliferation and survival.26–28 Alterations in GSH levels are associated with several hu-

man diseases including cancer, liver disease, acquired immunodeficiency syndrome (AIDS), and Alzheimer’s disease.29 Cancer cells, for

instance, often have a more reducing intracellular environment due to the presence of higher levels (2–10 mM) of reducing agents such as

GSH intracellularly.24,30 Excess GSH inmalignant cells is also associated with tumor progression andmetastasis.31 As GSH catalyzes the cleav-

age or reduction of disulfide bonds, the aberrant accumulation of GSH in cancer cells raises the possibility that a GSH-sensitive, disulfide

bond-functionalized drug carrier might allow for selective accumulation of encapsulated drug in malignant cells while sparing healthy tis-

sues.24 Indeed, Ahn et al. recently designed and synthesized a reversibly crosslinked block copolymer (PEG-PCL) linked through a tripeptide
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Figure 1. Schematic representation of formation of SN-based self-assembled hollow spheres, Dox encapsulation, and their application in drug delivery
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with three cysteine residues (PEG-Cys3-PCL). The biodegradable micelles self-assembled from PEG-Cys3-PCL displayed considerable stabil-

ity and allowed for sustained release (24 h) of the encapsulated chemotherapeutic drug doxorubicin (Dox) from these micellar assemblies.

Notably, the introduction of 1mM DTT (dithiothreitol) triggered a rapid and substantial burst release of encapsulated Dox due to the reduc-

tion of disulfide linkage by DTT.32 This study provided initial evidence that cysteine incorporation into the peptide backbone of a NDDSs

allowed for redox-dependent drug release. However, the authors failed to investigate whether this approach would allow for cancer cell-spe-

cific drug delivery in an intact biological system.

With the aim to develop a disulfide-functionalized short peptide-based self-assembled super structures as a potential drug carrier, we have

designedand synthesizedanL-Cystine-coredN-Bocdiphenylalanine-appended tetrapeptideBoc-Phe-Phe-Cys-Phe-Phe-Boc (SN)which self-

assembles into hollow spherical structures in highly polar 100% aqueousmediumwith characteristic green fluorescence. These disulfide (-S-S-

)-functionalized assemblies exhibited not only appreciable drug encapsulation capacity but also redox-responsive release of encapsulated

drug throughGSH-triggered disulfide bond cleavage (Figure 1). These SN-based nanostructures are biocompatible and permitted the trans-

portation and redox-responsive release of Dox in cancer cell with elevatedGSH levels resulting in rapid and robust cell death. Together these

data demonstrate the potential clinical utility of SN-based nanomedicines in the site-specific delivery of cancer chemotherapy.
RESULTS AND DISCUSSION

Synthesis of SN

In this present study, we have designed and synthesized a disulfide-functionalized peptide SN in which two diphenylalanine (FF) units are

linked through a cystine moiety (Scheme 1). This cystine cored tetrapeptide SN was synthesized by simple conventional solution phase pep-

tide synthesis method using N,N0’- Dicyclohexylcarbodiimide (DCC)/1-Hydroxy benzotriazole (HOBt) as coupling reagents. Scheme 1 shows

the synthesis and chemical structure of the final tetrapeptide SN. The detailed synthetic procedures are provided in the supplemental infor-

mation (Schemes S1 and S2). Standard characterization methods were employed to characterize all the synthesized intermediates and final

tetrapeptide.
Self-assembly of SN in 100% aqueous medium

The rational design of this newly synthesized peptide SN incorporates three crucial elements. (i) First, the aromatic dipeptide moiety in the

peptide backbone (FF) directs self-aggregation throughp-p stacking interactions and is also predicted to interact with the aromaticmoiety of

the chemotherapeutic drug Dox, which will improve encapsulation efficiency (EE) and loading capacity (LC). (ii) The presence of N-terminal

bis-tert-butyloxycarbonyl (Boc) group at the two ends of this tetrapeptide controls the magnitude of solvophobic interactions during self-as-

sembly and consecutively reduces the surface energy of the fabricated assembly. (iii) Of the possible cleavable linkers, disulfide (-S-S-) bonds

are very attractive because they are stable inmost bloodpools but are effectively cleaved by cellular thiols such asGSH and thioredoxin, which

are usually present at elevated level in tumors. In addition, attaching a chromogenic moiety with a disulfide bond significantly alters the emis-

sion intensity or shifts the emissionmaximum upon cleavage due to the perturbations in the intramolecular charge transfer (ICT) process. This

is extremely helpful in the design of theranostics, chemical entities that combine therapeutic effects and imaging capability within a single

molecular system.
Scheme 1. Synthetic methodology adopted for the synthesis of SN
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Figure 2. Morphological characterization

(A) Determination of CAC for the self-assembly of SN. Morphological characterization of the self-assembled structures formed by SN: (B and C) HR-SEM and

(D) size distribution of the hollow spheres obtained from HR-SEM micrograph and (E–G) HR-TEM micrographs of the self-assembled hollow spherical

structures formed by SN in 100% aqueous medium.
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Wemeasured the surface tension of SN solution at different concentrations and successfully determined the critical aggregation concen-

tration (CAC) from the plot of surface tension vs. concentration. Initially, there was a steady decrease of surface tension value with increasing

concentration of SN that then reached a plateau. The intersection between the regression straight lines corresponds to the linear concentra-

tion-dependent and independent regions, yielding a CAC value of 1.067 mg mL�1 (Figure 2A).

Next, we studied the self-assembly properties of this newly synthesized disulfide-functionalized peptide SN in highly polar 100% aqueous

medium. For this purpose, we dissolved the peptide in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) with an initial concentration of 100 mg mL�1.

This stock solution was further diluted with distilled water to attain the final concentration of 2 mgmL�1 and then incubated at room temper-

ature for 24 h. Polar solvents like water typically allow for the self-assembly of peptide-based monomeric building blocks into well-ordered

assemblies.33 After incubation, 20 mL of the self-assembled solution was drop casted on a clean glass coverslip, dried at room temperature,

and dried by vacuum. High-resolution scanning electronmicroscopy (HR-SEM) analysis revealed that SN self-assemble into well-ordered hol-

low spheres into 100% aqueous medium (Figures 2B and 2C). High-resolution transmission electron microscopy (HR-TEM) analysis further

confirmed that the SN self-assemble into spherical assembly with hollow34,35 nature and not droplets or elliptical structures (Figures 2E–

2G).36–39

Based on the structural conformation of SN, the self-assembly process in mainly triggered by the p-p stacking interactions among the

aromatic dipeptide residues diphenylalanine (FF) and intermolecular H-bonding associated with the amide groups of the peptide backbone.

In addition to these non-covalent interactions, the aromatic moieties of the diphenylalanine unit and the protected N-terminal Boc groups in

the SN provide substantial hydrophobic interactions in a highly polar medium like water and drive the self-assembly process and tune the

morphology, shape, and size of the self-assembled structure. In highly polar 100% aqueousmedium, it can be anticipated that the hydropho-

bic FF moieties and N-terminal Boc units would undergo more compact folding to protect the aromatic moieties from hydrophobic interac-

tions and, consequently, minimize the surface energy of the self-assembled structures. In 100% aqueous medium the disulfide-functionalized

peptide SN, with two aromatic diphenylalanine (FF) moieties, self-assemble into well-ordered spherical structures with hollow nature consis-

tent with the prior reports.33,40,41 The average size of the SN-based hollow spherical assembly obtained fromHR-SEMmicrographs (Figure 2D)

is 278.88 G 13.68 nm, which is in well agreement with the average size (⁓248.15 G 4.87 nm) obtained from dynamic light scattering (DLS)

(Figure S4).

Computer-aided design (CAD) of SN peptide-based hollow spherical structures

Further, we attempted to create a possible model for self-assembled 3D hollow structure of SN peptide in an HFP/water solvent system. The

3Dmolecular structure of the SN peptide was generated using the CHEM3Dmodule of CHEMDRAW software and further energy minimized

in HFP solvent using YASARA software (Figure S5 of supplemental information). The energy-minimized 3D structure of SN peptide was used

for predicting possible peptide-peptide interactions using the VINA docking method.42 The various possible models of dimeric SN peptide

are shown in Figure S5. Of the models generated, the third model with explicit aromatic interactions and head/tail geometry similar to fatty

acid molecules forming a lipid bilayer was selected to build a bilayer model with energy minimized in an explicit water solvent. Subsequently,

the energy-minimized structure of SN dipeptide was used to model the hollow spherical structure as shown in Figure 3.

Fourier transform infrared (FTIR) spectroscopy

We have also carried out the Fourier transform infrared (FTIR) analysis to gain insight about the secondary structural conformation of the SN-

based spherical assembly. The amide-I region of the recorded FTIR spectrumof SN-based self-assembled structure was deconvoluted using a
iScience 27, 109523, April 19, 2024 3



Figure 3. Computer-aided design (CAD) of SN peptide-based hollow spherical structures

The dimeric SN peptide structure generated using VINAmolecular docking experiments and energy minimized in explicit water solvent using YASARA software.

The arrangement of two SN peptide molecules exhibited preferential attraction of the aromatic groups. The head and tail segments of SN dipeptide (as

depicted) with slight structural asymmetry may lead to the formation of self-assembled hollow similar to the formation of liposomal vesicles from

phospholipid (fatty acid) chains.
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Gaussian function. This deconvoluted FTIR spectra of the SN-based spherical assembly exhibited two major peaks at 1,616 cm�1 and

1,642 cm�1 and oneminor peak at 1,695 cm�1 (Figure 4A) in the amide-I region. The peak at 1,616 cm�1 indicates the presence of an extended

hydrated structure.43 Another major peak at 1,642 cm�1 and the high-frequency minor band at 1,695 cm�1 confirmed the presence of an anti-

parallel b sheet conformation.44,45 The secondary structure of SN was further confirmed by circular dichroism (CD) spectroscopy. The CD

spectra of SN displayed a characteristic positive peak at ⁓197 nm and a negative peak at ⁓217 nm (Figure S6), which clearly indicates

the presence of an antiparallel b sheet confirmation.46

Optical properties of the SN-based hallow spherical assembly

Following themorphological analysis, we further recorded the ultraviolet-visible (UV-vis) absorption spectra of SN in bothmonomeric and self-

assembled states in 100% aqueous medium. UV-vis absorption spectra of monomeric SN displayed an absorption peak at 270 nm (Figure 4B),
Figure 4. FTIR analysis, optical properties, and proteolytic stability of SN

(A) Deconvoluted FTIR spectrum of SN-based self-assembled hollow spheres.

(B) UV-vis absorption spectra of SN both in monomeric (blue) and self-assembled state (red).

(C) Steady-state emission spectra of SN in both monomeric (blue) and self-assembled state (red).

(D and E) Fluorescence microscopy images SN-based self-assembled hollow spherical assembly.

(F) Protease stability analysis of SN (2 mg mL�1, lMon = 420 nm) using different concentrations of pronase from Streptomyces griseus.
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while in self-assembled state the absorption maximum was redshifted and appeared at 285 nm (Figure 4B). This absorption peak could be

ascribed to thearomaticmoietybasedp-p* transition,where the relativelyweakern-p* transition isoverlappedwith thestrongp-p* transition.13

Highly polar medium like water affects the molecular order during the self-assembly process and stabilizes the lowest unoccupied molecular

orbital (LUMO) associatedwith the aromatic basedp-p* transition and n-p* transition, which is responsible for the effective redshift of the char-

acteristic absorptionmaximumof SN in the self-assembled state. Polar solvents, due to their inherent properties, tend to stabilize the LUMOby

lowering its energy, consequently leading to a notable decrease in the energies of the corresponding electronic transitions and a subsequent

redshift of the absorption band.47 For a better understanding of SN-basedmolecular association, we have recorded the steady-state emission

spectra of SN in bothmonomeric and self-assembled state in 100% aqueousmedium. The steady-state emission spectra of monomeric SN ex-

hibited a characteristic emissionmaximum at 356 nm (Figure 4C). In the self-assembled state, a new emissionmaximum at 420 nm appeared in

the visible region alongwith the characteristicmonomeric emissionmaximumof SN (Figure4C) at 365nm. It waspreviously reported thatmono-

meric non-fluorescent peptidemolecules form into well-ordered super structures with inherent fluorescent properties.48,49 However, occasion-

ally the formation of unwantedexcimers andexciplexesduring associationquenched the inherent emissionproperty of themonomericbuilding

block, a process knownas aggregation causedquenching.50 The appearanceof abroadnewemissionpeak in the visible regionof the spectrum

for the self-assembled state of SN isdue toadistinct process termedaggregation-inducedemission (AIE)50–52which allows non-emissivemono-

meric building blocks of SN self-assemble into fluorescent hollow spherical assemblies. Therefore, the emission spectrum of SN in the self-

assembled state (Figure 4C) displayed two different emission peaks. The lower wavelength peak at 365 nm corresponds to non-emissive

monomeric state of SN, and the emission peak in the visible region at 420 nm corresponds to the emissive self-assembled state of SN.

Fluorescence microscopy analysis of SN-based hollow spherical assembly

Thecharacteristic fluorescencepropertyof theSN-basedspherical assemblywas further confirmedbyfluorescencemicroscopy. Figures4Dand

4E show the inherent green fluorescence for the hollow spherical assembly generated/fabricated from SN. The calculated quantum yield (F) of

the SN-based spherical assembly was found to be 0.72%.We have also investigated the proteolytic stability of these SN-based hollow spheres

using the peptidase enzyme pronase derived from Streptomyces griseus. This pronase enzyme comprises five serine proteases, two endopep-

tidases, two leucine aminopeptidases, and one carboxypeptidase (exopeptidase) and effectively hydrolyzes both C andN termini-based pep-

tide bonds.53 In order to inspect the proteolytic stability of the SN-based hollow spherical assembly, we incubated this SN-based superstruc-

tureswith pronase enzyme at varying concentrations ranging from0.5 to 5.0mgmL�1 in phosphate-buffered saline (PBS) at 25�C.After that, we
monitored theemission intensity at a specificwavelength (420nm)at 1 h intervals overaperiodof 12h. Therewas steady fall of emission intensity

with increasing concentration of pronase as well as time (Figure 4F). This diminution in the emission intensity was due to the hydrolysis of the

peptide bonds within SN by pronase enzyme resulting in a decrease in the concentration of the self-assembled SN-based hollow spherical as-

sembly. Figure 4F clearly illustrates that amoderately highconcentrationof pronase (5mgmL�1) and long incubation time (12h)were necessary

to reduce the emission intensity of the self-assembled SN-based spherical assembly below 50%. This result emphasizes the remarkable pro-

teolytic stability exhibited by the SN-based hollow spherical assemblies and confirms their resilience to enzymatic degradation. Finally, we re-

corded theemission intensity of theself-assembledSN inanaqueoussolutionofdifferentpHranging from2 to12.Resultsdisplayed thatat apH

range between 4 and 8 the emission intensities were comparatively high andmaximumat physiological pH 7, ideal for biomedical applications

(Figure 5A).

Morphological analysis of SN-based self-assembled hollow spherical assembly after Dox encapsulation

In order to examine the potential utility of these SN-based hollow spherical assembly as a possible redox-responsive drug delivery vehicle, we

investigated their ability to deliver Dox into cancer cells. To this end, we first performed the self-assembly of SN in 100% aqueous medium in

presence of Dox. This process produced the fluorescent Dox-encapsulated hollow sphere, SN-Dox. Fluorescence microscopy analysis

demonstrated the successful encapsulation of fluorescent Dox into the hollow sphere (Figures 5B and 5C). The calculated EE and LC were

68.72% and 18.65%, respectively (see STAR Methods). Morphology and the average size of the SN-based hollow spherical assembly after

the Dox incorporation (SN-Dox) were also confirmed by HR-SEM analysis. HR-SEM analysis clearly shows the hollow spherical morphology

of the SN-Dox (Figures 5D and 5E). The average size of the SN-Dox-obtained HR-SEM micrographs is ⁓291.63 G 1.77 nm, higher than

SNwithout Dox (Figure 5F). The increase in the average size of the SN-Dox clearly suggests the successful incorporation of the Doxmolecules

within the hollow spherical assembly.

Redox-responsive properties of SN

The disulfide bonds (-S-S-) undergo a reductive cleavage reaction in the presence of cellular free thiols such as GSH.54 Next, we examine the

redox-responsive behavior and associateddrug release capability of SN-Dox in presenceof reducedGSH (Figure 5G), whose levels are at least

4-fold higher in glycolytic cancer cells as compared to non-malignant cells.55 First, we recorded the emission spectra of self-assembled SN in

the presence of 1mMand 5mMGSHover a period of 30 h (1 h interval). A gradual decrease of the emission intensity of self-assembled SNwas

observed in the presence of both 1mMand 5mMGSHwith increase of time (Figures 6A and 6B). The fall in emission intensity wasmuch less in

presence of 1 mM of GSH compared to the decrement of emission intensity with 5 mMGSH., which further confirmed the stability of the SN-

based hollow spherical assembly in lower concentration ofGSH (1mM).We then recorded the steady-state emission spectraof self-assembled

SN in presence of varying concentrations of GSH ranging from 0 to 10mM Figures 6C and 6D indicate that the emission intensity at 420 nm of

self-assembled SN is gradually decreasedwith increasing concentration of GSH. This diminution in the emission intensity at 420 nm confirmed
iScience 27, 109523, April 19, 2024 5



Figure 5. pH-dependent emission and morphological analysis of SN-Dox

(A) Emission intensity of SN in the self-assembled state with varying pH (lMon = 420 nm).

(B and C) Fluorescence microscopy images of Doxorubicin (Dox)-encapsulated hollow spherical assemblies generated by SN self-assembly.

(D and E) HR-SEM micrographs of the self-assembled hollow spherical structures formed by SN-Dox in 100% aqueous medium.

(F) Size distribution of the hollow spheres obtained from HR-SEM micrograph of SN-Dox.

(G) Schematic representation of GSH-induced encapsulated Dox release from the hollow spherical assembly.
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the GSHmediated disintegration of disulfide linkage present in the SN-based self-assembled structure resulting in the collapse or disintegra-

tionof thehollow spherical assembly. Furthermore, theGSH-mediated redox-responsivebehavior ofDox-encapsulatedSN-based superstruc-

tures (SN-Dox)was also examined in presence of varying concentrations of GSH (0–10mM) at 1 h intervals over a period of 30 h. In presence of
Figure 6. Redox-responsive nature of SN

Emission spectra of self-assembled SN with time in the presence of (A) 1 mM and (B) 5 mM GSH.

(C and D) Emission spectra of self-assembled SN in the presence of different concentrations of GSH varying from 0 to 10 mM, incubation time: 30 h.

(E) Plot of percentage (%) of drug release from the drug-encapsulated self-assembled SNwith time in the absence ofGSH (blue) and in the presence of 2mMGSH

(red).

(F) Release profile of Dox-loaded SN-based hollow spherical structures in the presence 0–10 mM GSH (lMon: 590 nm; lExt: 490 nm), incubation time: 30 h.
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Figure 7. Cytotoxicity and incorporation of the compounds SN and SN-Dox in cell

The cellular toxicity was measured by MTT assay following incubation with various concentrations of SN, and SN-Dox at 36 hrs (A) The survival of human

embryonic kidney HEK293 cells.

(B) Cytotoxicity of breast cancer cell MCF7. All results are presented as means + S.E. of multiple experiments (n=9, *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001

compared to untreated control group).
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2mMofGSH, therewas a gradual increase in the characteristic emission intensity ofDox (lMon= 590 nm) over a period of 30 h and the extent of

the Dox release was limited to 27% (Figure 6E). This gradual increase in the emission intensity suggests the sustained release of encapsulated

Dox from the hollow spheres due to theGSH-triggered reductive cleavage of disulfide functionality present in the SNbackbone. On the other

hand, in absence of GSH the extent of the Dox release from the hollow spheres after 30 h was only 12% (Figure 6E). These results confirmed a

considerable reduction of premature drug leakage under physiological conditions in the absence of excess GSH.We have also generated the

drug releaseprofileof SN-Dox inpresenceof varyingconcentrationofGSH (0–10mM)after a 30h incubation time. Figure6F shows incremental

Dox release with increasing concentration of GSH, and a maximum Dox release of 68% was observed after 30 h. This result shows that GSH-

induced reductive cleavage of the disulfide bond is solely responsible for the release of encapsulated Dox from SN-based hollow spheres.

Compared toother redox-responsivepolymeric drugdelivery systems, the rate ofDox release from theSN-basedhollow sphereswas compar-

atively slower,56,57 highlighting the potential of SN-based hollow spheres as a sustained drug delivery vehicle.
In vitro experiments

MTT assay

The cellular toxicity was checked on the treatment of SN and SN-Dox compounds in human embryonic kidney HEK293 cells (Figure 7A) and

the human cardiomyocytes cell line AC-16 (Figure S7A). In non-malignant cells (HEK293 and AC-16), both the SN compound and SN-Dox

trigger cell loss only at high concentrations of 100 and 50 mM, respectively (Figures 7A and S7A). However, in cancerous cells (MCF7 and

MDAMB231 cells), SN-Dox treatment resulted in significant loss of cell viability in concentrations as low as 2.5 mM (Figures 7B and S7B). These

data show that SN facilitates more efficient delivery of cytotoxic Dox into cancerous cells, which are known to contain higher levels of intra-

cellular GSH. Next, we confirmed the bioactivity of SN-Dox in both MCF7 and MDAMB231 breast cancer cells comparing SN-Dox to the un-

encapsulated drug as a positive control (Figure 8A). As expected, Dox and SN-Dox both triggered a similar degree of apoptosis in both can-

cer cell lines (Figure 8B). Dox is known to trigger cell death via the intrinsicmitochondrial apoptosis pathwaywhich can be initiated in response

to oxidative stress or DNA damage. Both Dox and SN-Dox lead to loss of mitochondrial membrane potential (DJM) in breast cancer cells
Figure 8. The apoptotic cell death was promoted by SN-encapsulated Dox (SN-Dox)

(A) MTT assay was used to measure the cellular toxicity of cancer cells (MCF7 and MDAMB231) after incubation with Dox, and SN-Dox (1 mM) at 36 hrs. Data are

shown as means + S.E. (n=4, **p<0.01, ****p<0.0001 compared with control received less than 0.1% DMSO).

(B) Apoptosis was measured as the rise in fold increase in enrichment factor by formation of the cytoplasmic histones coupled DNA fragments.

iScience 27, 109523, April 19, 2024 7



Figure 9. DNA damage response was triggered by SN-Dox in the MCF7 and MDAMB231 cancer cells

(A) Loss of mitochondrial membrane potential (Dym) and (B) generation of ROS in MCF7 and MDAMB231 cancer cells were induced by Dox and SN-Dox (1 mM).

The ROS generation wasmeasured by using CM-H2DCFDA at 24 hrs. All results are expressed asmeans + S.E. (n=4, *p<0.05, **p<0.01, ***p<0.001, ****<0.0001

compared to control group with vehicle only).
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(Figure 9A), a critical initial step in mitochondrial-dependent cell death signaling. Similarly, the ability of Dox and SN-Dox to increase intra-

cellular reactive oxygen species (ROS) levels was comparable (Figure 9B), a phenomenon sensitive to ROS scavenging with the GSH donor

N-acetyl cysteine (NAC). These data provided initial evidence that Dox encapsulation with SN does not compromise the cell killing action of

the drug. In addition, these data suggest that SN is capable of shuttling Dox into cells where it is then released.

Cell diffusion assay

Consistent with the cell killing actions of SN-Dox, we noted that Dox and SN-Dox, but not SN alone, resulted in DNA damage in MCF7 cells

(Figure 10A) consistent with our ability to monitor uptake of SN-Dox into these cells via fluorescence microscopy (Figure 10B). The human

breast carcinoma epithelial cell MCF7 was treated with 100 nM of SN-Dox for a period of 1 h allowing for visualization of the synthesized

SN compound emitting bright green fluorescence whereas the red fluorescence signal is from Dox (Figure 10B), and, when the treatment

duration was increased (i.e., 8 h), the green-colored fluorescence intensity of SN compound was faded probably due to the breakdown of

the compound (SN) and red colored Dox was released to the nucleus (Figure S8).

DNA fragmentation assay

Dox-driven DNA damage triggers several key intracellular signaling cascades. First, the kinase Ataxia-Telangiectasia mutated (ATM) is re-

cruited to the site of double-strand DNA breaks where it phosphorylates histone H2AX (gH2AX). ATM also activates the tumor suppressor

p53 responsible for up-regulating pro-apoptotic proteins such as p53 upregulated modulator of apoptosis (PUMA) and Bax and
Figure 10. Incorporation of SN and SN-Dox delivery into MCF7 cells

(A) DNA damage can be visualized in Dox- and SN-Dox-treated cells but not in SN alone using DNA laddering and (B) In vitro fluorescence imaging ofMCF7 cells

with SN and SN-Dox (100 nM). The green color represents the fluorescence by SN compound whereas the red color shows the signal from doxorubicin (scale bar,

100 mm).
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Figure 11. Expression of various proteins

(A) apoptotic proteins weremeasured inMCF7 cells treatedwith SN or SN-Dox and untreated control group and (B) GSH expression in embryonic kidney HEK293

cells and breast cancer cell MCF7. No significant changes were visible in control cells and with SN treatment whereas SN-Dox caused a significant change in the

protein expressions. b-actin was used as a loading control for all the western blots. All results are reported as means + S.E. (n=6, *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001 compared to control group).
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down-regulating anti-apoptotic protein Bcl-2. Simultaneously, additional kinases including p38 and p65 facilitate ROS generation, which can

lead to lipid peroxidation as indicated by increases in markers malondialdehyde (MDA) and 4-hydroxynonenal (4HNE). p53 is also known to

modulate autophagic flux inside the cell to help aid in removal of damaged proteins and organelles as indicated by changes in protein levels

of autophagy markers LC3 and p62 following p53 induction (Figure 12).58 Importantly, SN-Dox, but not SN alone, altered expression of pro-

teins in these cascades in MCF7 cells (Figure 11A). Finally, as a control, we confirmed elevated levels of GSH in MCF7 cells as compared to

non-malignant cells (Figure 11B). Together our in vitro data are consistent with the ability of elevatedGSH in cancer cells to facilitate cleavage

of disulfide bonds in the SN assembly allowing for more efficient Dox release into cancer cells. Once released, as with the unencapsulated

drug, SN-Dox can trigger cell death via several mechanisms. This represents the first evidence of functionalization of a redox-responsive di-

sulfide-containing short peptide capable of facilitating cell type-selective delivery of a cancer chemotherapeutic.
Figure 12. The schematic representation diagram of the cellular apoptotic pathway activated by GSH leading to breakdown of disulfide bond in cancer

cell releasing Dox encapsulated in synthesized compound
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In conclusion, we have described the self-assembly of a cysteine-cored diphenylalanine-appended tetrapeptide (SN) into hollow spheres,

which can be successfully employed as an efficient vehicle for delivery of chemotherapeutic drugs such as Dox into cancer cells. These SN-

based hollow spheres effectively encapsulated anticancer drug Dox and exhibited redox-responsive release of the desired drug owing to the

reductive cleavageof the disulfide functionality in the presence of tumor-relevant GSH levels. The internalization of theDox-entrapped hollow

spheres into cancer cells and their consequent GSH-triggered redox-responsive drug release led to rapid death of cancer cells while sparing

non-malignant cell types. Furthermore, the visible fluorescence of the self-assembled SN allows the real-timemonitoring of the encapsulated

drug’s release directly into cells. Moreover, the slow release of the desired drug to the targeted site may help minimize off-target effects.

While redox-sensitive release of encapsulated Dox has been previously achieved,40 our SN-based drug delivery platform can be considered

as a superior approach based on the following aspects. First, the FF (Phe-Phe) dipeptide backbone self-assembles into stimuli-responsive

hollow spheres with nanometric dimensions and intrinsic fluorescence properties allowing for clinical utility as not only a drug delivery vehicle

but also optical imaging probe that could allowmonitoring of real-time drug release. Second, we confirm that encapsulation of Dox within the

SN-based assembly not only allows for drug delivery into cancer cells but fails to impede the cancer-killing actions of Dox, a requirement for

in vivo applications. Thus, this disulfide-functionalized peptide (SN)-based hollow spheres represent a superior platform for the development

of effectual imaging probe or site-specific drug delivery vehicle for various bio-medical applications.
Limitations of the study

While SN-Dox-driven cytotoxicity was lower in non-malignant cells as compared to cancer cells, based on our drug release studies there is

likely to be some leak of encapsulated drug even in the absence of GSH. This represents a notable limitation to the employment of SN-based

drug delivery vehicles in vivo. Selectivity of drug release might be enhanced via the addition of surface modification or functional groups to

increase chemotherapeutic drug affinity thereby decreasing leak of drug from intact SN spheres. In addition, functional groupsmight also be

added to direct the entry of SN-based nanostructures specifically into cancerous cells while sparing surrounding tissue. We should also note

that, to date, our investigations into the stability, site specificity, and efficacy of SN-Dox as an anticancer agent have been limited to in vitro

experiments and await confirmation of pharmacokinetic and pharmacodynamic properties in vivo.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

L-Phenylalanine SRL CAS: 63-91-2

L-Cystine SRL CAS: 56-89-3

N,N0- Dicyclohexylcarbodiimide (DCC) SRL CAS: 538-75-0

1-Hydroxy benzotriazole (HOBt) SRL CAS:2592-95-2

Boc anhydride SRL CAS:24424-99-5

Trimethylchlorosilane (TMSCl) SRL CAS:75-77-4

Triethyl amine SRL CAS:121-44-8

Potassium hydrogen sulfate Finar CAS: 7646-93-7

Hydrochloric Acid (HCl) Finar CAS: 7647-01-0

Sodium chloride Finar CAS: 7647-14-5

Sodium sulfate Finar CAS: 7757-82-6

Sodium hydroxide Finar CAS: 1310-73-2

Sodium carbonate Finar CAS: 497-19-8

1,1,1,3,3,3- hexafluoro-2propanol (HFP) Sigma Aldrich CAS: 920-66-1

Doxorubicin dye Sigma Aldrich CAS: 23214-92-8

20,70-Dichlorofluorescin diacetate (CM-H2DCFDA) Sigma Aldrich CAS: 4091-99-0

Dimethyl sulfoxide (DMSO) Sigma Aldrich CAS: 67-68-5

20,70-Dichlorofluorescin diacetate (CM-H2DCFDA) Sigma Aldrich CAS Number: 4091-99-0

CAS Number: 4091-99-0

CAS Number: 4091-99-0

CAS: 4091-99-0

Doxorubicin Abcam CAS: 25316-40-9

ECL substrate kit Abcam Cat# ab133406

Protease inhibitor cocktail Abcam Cat# ab201111

Phosphatase inhibitor cocktail Abcam Cat# ab201112

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Scientific Cat# 12100046

Trypsin EDTA 0.05% Thermo Fisher Scientific Cat# 25300062

10X RIPA Himedia Cat# TCL131

Fetal bovine serum (FBS) Himedia Cat# RM1112

Phosphate Buffer Saline (PBS) Himedia Cat# TL1101

Antibodies

Bcl2 antibody Abcam Cat# ab59348

Bax antibody Cell Signaling Technology Cat# 2772S

p62 antibody Abcam Cat# ab91526

p65 antibody Cell Signaling Technology Cat# 8242S

4HNE antibody Abcam Cat# ab46545

b-Actin antibody Abcam Cat# ab8227

LC3 antibody Abcam Cat# ab48394

p53 antibody Cell Signaling Technology Cat# 9282S

p38 antibody Cell Signaling Technology Cat# 9212S

H2AX antibody Abcam Cat#ab11174

(Continued on next page)
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PUMA antibody Cell Signaling Technology Cat# 4976S

MDA antibody Abcam Cat#ab27642

ATM antibody Cell Signaling Technology Cat# 2873S

GSH antibody Invitrogen Cat# MA1-7620

Experimental models: Cell lines

HEK293 cells National Centre for Cell Science (NCCS) in Pune, India N/A

MCF7 cells National Centre for Cell Science (NCCS) in Pune, India N/A

MDA-MB-231 cells National Centre for Cell Science (NCCS) in Pune, India N/A

AC16 cells Sigma Aldrich Cat#SCC109

Software and algorithms

GraphPad Prism 9 GraphPad N/A

ChemDraw Ultra 12.0 PerkinElmer https://www.perkinelmer.com/

category/chemdraw.

MestReNova Mestrelab Research

chemistry software solutions.

https://mestrelab.com/

OriginPro 8.5 OriginLab https://www.originlab.com/

YASARA YASARA Biosciences http://www.yasara.org/

ImageJ NIH https://imagej.nih.gov/ij/index.html
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Lead contact

Further information and requests for material should be directed to and will be fulfilled by the lead contact, Priyadip Das (priyadipcsmcri@

gmail.com, priyadip@srmist.edu.in).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: All data reported in this paper will be shared by the lead contact upon request.
� Code: This paper does not report the original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

The human embryonic kidney (HEK293) and breast cancer (MCF7 and MDAMB231) cell lines were supplied by the National Center for Cell

Science (NCCS) in Pune, India. The human cardiacmyocyte cell line (AC16) was procured fromMerck, Millipore, USA. The cells at passages 3–

5 were cultured in DMEMmedia with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at a standard condition of 37�C temperature

within a 5% CO2 incubation environment. All the cells were authenticated by observing their morphology under the microscope carefully and

cultured in a strict mycoplasma-free conditions.63

METHOD DETAILS

All chemicals and solvents are commercially available and were used as received. L-Phenylalanine, L-Cystine, N,N0- Dicyclohexylcarbodiimide

(DCC),1-Hydroxy benzotriazole (HOBt), Boc anhydride, Trimethylchlorosilane (TMSCl), Triethyl amine were purchased from Sisco Research

Laboratories Pvt. Ltd. (SRL, India). Potassium hydrogen sulfate, HCl, Sodium chloride, Sodium sulfate, Sodium hydroxide, Sodium carbonate

was purchased from Finar Chemicals Pvt. Ltd (India). 1,1,1,3,3,3- hexafluoro-2propanol (HFP), and Doxorubicin dye were purchased from

Sigma Aldrich. 20,70-Dichlorofluorescin diacetate (CM-H2DCFDA) and Dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich (St.

Louis, MO, USA). Doxorubicin, ECL substrate kit, Protease inhibitor cocktail, and Phosphatase inhibitor cocktail were obtained from Abcam

(Cambridge, UK). Dulbecco’s Modified Eagle Medium (DMEM) and Trypsin EDTA 0.05% were procured from Thermo Fisher Scientific
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(Waltham, MA, USA). 10X RIPA, Fetal bovine serum (FBS), and Phosphate Buffer Saline (PBS) were purchased from Himedia (Mumbai, India).

Other standard laboratory chemicals and reagents were purchased from Sisco Research Laboratories (SRL) Pvt. Ltd, India.
Synthesis of SN

Experimental Section

Peptide synthesis. Peptides were synthesized by conventional solution-phase methods. Peptide coupling was mediated by dicyclohexyl-

carbodiimide/1-hydroxybenzotriazole (DCC/HOBt). The products were purified by column chromatography using silica gel (100–200 mesh)

as the stationary phase and an n-hexane–ethyl acetate mixture as an eluent. The final compounds were fully characterized by Bruker 500 MHz
1H-NMR spectroscopy, and mass spectroscopy (Shimadzu, Japan, LCMS-2020 Spectrometer).

Synthesis of BOC-NH-Phe-OH (S1). A solution of L-phenylalanine (3 g, 18.16mmol) in amixture of dioxane (45mL), water (25mL), and 1M

NaOH (18 mL) was stirred and cooled in an ice water bath. 4.35 g of di-tert-butyl dicarbonate was added and stirred continuously at room

temperature (RT) for 6 hrs. Then, the solution was concentrated using a rotary evaporator to about 10–15 mL, cooled in an ice-water bath,

covered with a layer of ethyl acetate (about 50 mL), and acidified with a dilute solution of KHSO4 to pH 2–3 (determined by congo red).

The aqueous phase was extracted with ethyl acetate, and this operation was performed repeatedly. The ethyl acetate extracts were pooled,

washed with water, dried over anhydrous Na2SO4, and evaporated under a vacuum. The pure material was obtained as a waxy solid. Yield:

4.54 g (17.11 mmol, 94.25%) (Scheme S1).

Synthesis of NH2-Phe-OMe hydrochloride (S2). L-Phenylalanine 3g (18.16mmol) was taken in a roundbottomflask anddissolved in 60mL

MeOH. Then, 4.61 mL (36.32 mmol) of Trimethyl chlorosilane (TMSCl) was added to the resulting solution slowly in a drop wise manner and

stirred for 8 hrs at room temperature. After the completion of reaction (as monitored by TLC), the excess solvent was evaporated on a rotary

evaporator to get the solid desired product, L-Phenylalanine methyl ester hydrochloride. Yield: 3.76 g (17.43 mmol, 96.02%) (Scheme S1).

Synthesis of BOC-Phe-Phe-OMe (S3). 4.15 g (15.64mmol) of Boc-Phe-OH(S1) were dissolved in 40mL dry DCM in an ice-water bath. NH2-

Phe-OMe.HCl(S2) 4.05 g (18.77mmol) and Et3N 2 ml were then added to the reaction mixture, followed immediately by the addition of 3.87 g

(18.77 mmol) dicyclohexylcarbodiimide (DCC) and 2.53 g (18.77 mmol) of HOBt. The reaction mixture was allowed to warm up to RT and

stirred for 48 hrs. DCM was evaporated, and the residue was dissolved in ethyl acetate (45 mL). The dicyclohexylurea (DCU) was filtered

off. The organic layer was washed with 2M HCl (3 X 50 mL), brine (2 X 50 mL) followed by 1 M sodium carbonate (3 X 50 mL) and brine

(2 X 50 mL), and finally dried over anhydrous sodium sulfate. It was then evaporated under a vacuum to yield Boc-Phe-Phe-OMe as a white

solid. The product was purified by silica gel (100–200 mesh) using n-hexane–ethyl acetate (3:1) as eluent. Yield: 5.40 g (12.66 mmol, 80.96%)

(Scheme S1).

Synthesis of BOC-NH-Phe-Phe-OH (S4). To 6.06 g (14.21 mmol) of Boc-Phe-Phe-OMe(S3), 40 mL MeOH and 2M 23 mL NaOH were

added and the progress of saponification was monitored by thin layer chromatography (TLC). The reaction mixture was stirred. After

10 hrs, the methanol was removed under vacuum; the remaining residue was dissolved in 50 mL of water and washed with diethyl ether

(2 X 50 mL). Then, the pH of the aqueous layer was adjusted to 2 using 1M HCl and extracted with ethyl acetate (3 X 50 mL). The extracts

were pooled, dried over anhydrous sodium sulfate, and evaporated under a vacuum to obtain the compound as a waxy solid. Yield:

5.74 g (13.91 mmol, 97.95%). (Scheme S1).

Synthesis of Cystine-OMe (S5). 2g (8.32 mmol) of L-Cystine was dissolved in 40 ml of MeOH and cooled in an ice bath. Then, 4.5 ml of

TMSCl was added dropwise and stirred for 8hrs. The excess solvent was evaporated using a rotary vacuum. The dried crystalline solid product

obtained was L-Cystine methyl ester hydrochloride. Yield 2.38 g (7.81 mmol, 94.07%) (Scheme S2).

Synthesis of BOC-Phe-Phe-Cys-Phe-Phe-BOC (SN). 763.66 mg (1.85 mmol) of Boc-Phe-Phe-OH (S4) were dissolved in 40 mL dry DCM in

an ice water bath. Cys-OMe.HCl (S5) 282mg (0.92mmol) and Et3N 2ml were then added to the reactionmixture, followed immediately by the

addition of 839.76 mg (4.07 mmol) dicyclohexylcarbodiimide (DCC) and 549.94 mg (4.07 mmol) of HOBt. The reaction mixture was allowed to

warm up to RT and was stirred for 48 hrs. DCM was evaporated, and the residue was dissolved in ethyl acetate (45 mL). The dicyclohexylurea

(DCU) was filtered off. The organic layer was washed with 2M HCl (3 X 50 mL), brine (2 X 50 mL), 1 M sodium carbonate (3 X 50 mL), and brine

(2 X 50 mL), and finally dried over anhydrous sodium sulfate. It was then evaporated using a vacuum to yield Boc-Phe-Phe-Cys-Phe-Phe-BOC

as a white solid. Then, it was purified by column chromatography. Yield 832 mg (0.79 mmol, 85.53%). Then, it was characterized by 1H-NMR

andmass spectrometer. (1H NMR, CDCl3, 500MHz, dppm): 7.4 (m, 2H, Ar-Phe), 7.26-7.13 (m, 12H, Ar-Phe), 7.11-7.07 (m, 4H, Ar-Phe), 6.95-6.93

(m, 2H, Ar-Phe), 4.89-4.77 (m, 4H, CaH of Phe), 4.42 (m, 2H, CaH of Cys), 3.70 (s, 6H, -OMe), 3.07-2.88 (m, 12H, CbH of Phe, CbH of Cys), 1.35 (s,

18H, Boc). 13CNMR (126MHz, CDCl3, dppm): 171.74, 171.02, 170.20, 156.86, 136.72, 136.33, 129.44, 129.36, 128.57, 128.52, 126.87, 80.09, 54.22,

52.71, 52.27, 49.19, 39.94, 38.29, 38.15, 33.94, 29.70, 28.30, 25.62, 24.95. ESI MS (m/z): [M+Na]+= 1079.4234 (calculated); 1079.4500 (observed).
16 iScience 27, 109523, April 19, 2024
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Self-assembly of SN

A fresh stock solution of the peptide was prepared by dissolving the lyophilized forms of the SN in HFP to a concentration of 100 mg mL�1.

Then, we blended this peptide solution in several proportions and diluted themwith water to get the desired peptide concentrations for self-

assembly. The polar solvent allowed the molecules to self-assemble.

High resolution scanning electron microscopy (HR-SEM)

A 20 mL drop of a self-assembled solution of SN was placed on a clean glass coverslip and allowed to dry at RT. SEM analysis was performed

using a High-resolution scanning electron microscope (HR-SEM, Thermo scientific Apreo S) operating at 20 kV.

Transmission electron microscopy (TEM)

A 10 mL drop of a self-assembled solution of SN in 100% water was placed on a 200-mesh copper grid and covered by carbon-stabilized

Formvars� film. After 1 min, excess fluid was removed from the grid. The samples were analysed using a transmission electron microscope,

JEOL-JEM-2100 Plus (High-resolution scintillator) operating at 200 kV.

Computer aided design (CAD) of SN peptide hollow structure

Themolecularmodel for self-assembled hollow structure of SNpeptide containing drugwas generatedmaking composite use of commercial

software CHEMDRAW (Perkin Elmer, v19.0.0.22) in combination with molecular docking and molecular modelling applications of YASARA

software (v21.8.27 as per the procedural guidelines provided in the earlier reports42,59,60). For performing energy minimization experiments

in explicit solvents such as water and HFP (1,1,1,3,3,3-hexafluoro-2-propanol), the simulation box was created around the molecular structure

and box was filled with explicit solvent molecules randomly as per their density parameters at 25�C (solvent density equal to 0.997 g/ml and

1.57 g/ml respectively, for water and HFP).61 The maximum sum of all bumps per solvent molecule was set equal to 1.0 Ǻ. The 3D molecular

geometry of SN peptide and its further energy minimized conformation in HFP solvent is shown in supplemental information (Figure S5). The

generated SN peptide structure was used for predicting the possibly peptide-peptide interaction model using VINA docking method.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectra were recorded using an IRTracer-100 FT-IR spectrometer (Shimadzu) with a Deuterated Lanthanum

a-Alanine doped TriGlycine Sulphate (DLaTGS) detector. The peptide self-assembled solutions were deposited on a CaF2 window and dried

under a vacuum. The peptide deposits were suspended with D2O and dried to form thin films. The re-suspension procedure was repeated

twice to ensure maximal hydrogen-to-deuterium exchange. The measurements were taken using 4 cm�1 resolutions and an average of 2000

scans. The transmittance minimal values were determined using the Lab solutions IR analysis program (IR Tracer).

UV-Vis spectroscopy

UV-Vis absorption spectra of the synthesized peptides were recorded using a UV-Vis spectrophotometer (Agilent, Cary 60, Double beamUV-

Vis absorption spectrometer).

Fluorescence spectroscopy

Steady-state fluorescence measurements were performed at RT using a fluorescence spectrometer (Edinburg Instruments, FLS-1000). The

emission spectra of the synthesized peptides were recorded in different solvent media using appropriate excitation wavelengths. For the

drug encapsulation and drug release studies, the fluorescence spectra were recorded from 500 to 750 nm (lExt = 490 nm). For quantitative

analysis, emission intensity at 590 nm was monitored.

Dynamic light scattering (DLS) analysis

Dynamic light scattering (DLS) analysis of the hollow spherical assemblies formed by SN was performed using a Nano-zeta sizer (Horiba Sz-

100), and these measurements were performed at RT, 25�C.

Drug loading and drug release of SN-Based self-assembled superstructures

The incorporation of Doxorubicin (Dox) was conducted during the self-assembly of SN. Dox at a concentration of 10�1 mol L�1 (dissolved in

water) was added to SN (dissolved in HFP at 100 mg mL�1 concentration) to the desired final concentration (2.0 mg mL�1 effective concen-

tration). Then, the mixture was left overnight to undergo spontaneous encapsulation of the drugmolecule within the SN-based hollow spher-

ical structures in 100% aqueous solvent medium. Following conjugation, samples were prepared by drop-casting 25mL of the conjugate

mixture on the glass coverslip and dried in air. The remaining solvent was left drying overnight at RT under vacuum. Then, the assemblies

were washed carefully with ultrapure water several times to eliminate the residual or free Dox and dried at RT. The drug-incorporated

self-assemblies were prepared by the above-mentioned protocol and dispersed in PBS (10 mM NaCl pH = 7.4, 150 mM). After that, this sus-

pension (2 mL) was transferred into a dialysis bag (MWCO 3 kDa), and the bag was dipped in 40 mL of PBS at RT. The emission intensity of the

buffer solution outside the dialysis bag was measured at different time intervals for 30 hrs. The volume of the solution was kept constant by
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adding 1 mL of the original PBS solution after each measurement. The emission intensities were measured at RT using a fluorescence

spectrophotometer. The emission spectra were recorded from 500 nm to 750 nm for the % drug release vs. time plot (lExt = 490 nm and

lMon = 590 nm).

Drug-encapsulation efficiency (EE) and loading capacity (LC) calculation

SN-Dox conjugate was prepared as reported above and left to precipitate overnight. The aqueous medium was decanted and the emission

intensity at the desired wavelength was measured. The drug-encapsulation efficiency (EE), which is correlated with the concentration of the

drug not incorporated or the free unentrapped drug molecule, can be expressed by Equation1.62

EE =
Actual concentration of the drug incorporated in nanoparticles

Concentration of the theory amount of drug loaded in Nanoparticles
3 100% (Equation 1)
EE =
Emission intensity of the drug incorporated in nanoparticles

Emission intensity of the theory amount of drug loaded in Nanoparticles
3100% (Equation 2)
EE =
Emission intensity of the theory amount of drug loaded-Emission intensity of the drug not incorporated

Emission intensity of the theory amount of drug loaded in Nanoparticles
3 100%

(Equation 3)

As the concentration of the drug is directly proportional to the emission intensity, Equation 2, the emission of the drug incorporated in

nanoparticles is equal to the total emission subtracted by the emission intensity of the drug not incorporated; EE can be calculated using

Equation 3.

The loading capacity (w/w %LC) can be calculated using the following expression:

C =
Amount of the Entrapped drug

Nanoparticle weight
3100%

The molecular weight of the Dox = 543.52 g/mol. For the drug encapsulation study final volume of the resultant solution is 1 mL and the

final effective concentration of the SN is 2 mgmL�1. The concentration of the fluorescent drug (Dox) loaded is 10�3 mol L�1. The drug encap-

sulation efficiency calculated for the SN based hollow spherical assembly is 68.72%.

The amount of the entrapped drug by the SN based spherical assembly is

0.543 3 EE = 0.543 3 68.72% = 0.373 mg.

LC= (0.373/2.0) 3 100% = 18.65%

In vitro drug release studies

In order to investigate the effect of glutathione (GSH) on theDox-loaded hollow spherical assembly, a final GSH concentration of 0-10mMwas

maintained in SN-Dox suspension and continuously stirred at RT for 30 h. At predetermined time intervals, fluorescence intensities were

measured using a fluorescence spectrophotometer (Edinburgh Instruments FLS 100). The emission spectra were recorded from 500 nm to

750 nm for the % drug release vs. time plot (lExt = 490 nm and lMon = 590 nm). The in vitro drug release experiments were performed in

triplicate.

MTT assay

The MTT reduction assay was applied to evaluate the cellular toxicity of the synthesized compounds. To examine how the SN and SN-Dox

compounds affect cell growth and proliferation, we exposed various cell lines, including HEK293, AC16, MCF7, and MDAMB231, to different

concentrations of the compounds for 40 h. After seeding cells at a density of 63 10 4 cells per well in a 96-well plate, they were incubated in a

CO2 incubator at 37
�Cwith 5%carbondioxide. The culturemediumusedconsistedofDMEMsupplementedwith 10%FCS (Gibco). Followinga

24 hrs period, the culturemediumwas replaced, and the cells were then incubated using a culturemediumdevoid of phenol red with different

concentrations of the synthesized compounds for an additional 40 hrs. 0.5mg/mL solutionofMTT (Sigma)was introduced to eachwell, and the

cells underwent a 3 hrs incubation. After the incubation period, 150 mL of DMSO was added to each well to solubilize the formazan crystals.

Finally, a plate reader from Biotek Instruments was used to measure the optical density (OD) at a wavelength of 570 nm.64

Fluorometric analysis

A density of 3 3 105 cells of HEK293 and AC16 cell lines were seeded in 35 mm dishes having DMEMmedium supplemented with 10% FCS

and allowed for a 30 hrs incubation period. Then different concentrations of the SN and SN-Dox compounds were treated, and the cells were

kept for an additional 24 hrs of incubation. Subsequently, the cells were harvested, washed with chilled PBS, and then lysed in PBS supple-

mented with 1% Tween 20. The cell lysates were centrifuged, and with an excitation wavelength of 560 nm and an emission wavelength of

633 nm, the fluorescence level of the collected supernatant was evaluated.64
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Immunofluorescence study

Cover slips were placed in six-well plates andMCF7 cells were grown on them using DMEM enriched with 10% FCS. The treatment of SN and

SN-Dox compounds at a concentration of 100 nM in DMEMwas done after a 30 hrs incubation period. Following an 8 hrs incubation time with

the synthesized compounds, the cells underwent three consecutive 5-minute rinses with a chilled PBS solution. Next, the cells were fixed at

room temperature for 10 minutes using 4% paraformaldehyde and subsequently washed twice with cold PBS. The cells were then mounted

with Vectashield mounting media (Invitrogen) and subjected for the examination using fluorescence microscopy (Optika B-100FL HBO, Italy)

to facilitate the visualization of the labeled fluorescence.65

ROS generation study

The cell-permeable oxidation-sensitive probe, CM-H2DCFDAwas used to examine the intracellular levels of reactive oxygen species (ROS). Dox

and SN-Dox treatment at a concentration of 100 nMwas given to theMCF7orMDAMB231 cells for 24 hrs. The cells were then detached through

scrapingafter the incubationperiod,collectedusingcentrifugation, andconsequentlywashed twice for5minuteseachwithchilledPBS. Following

that, thecellswere resuspended inPBSandunderwenta20-minute incubationwithCM-H2DCFDA (5mM) in thedark at 37�C.Next, usingcoldPBS

the cells were againwashedand then lysed using PBShaving 1%Tween20. At an excitationwavelengthof 480 nmandan emissionwavelengthof

530 nm, the fluorescence of dichlorofluorescein (DCF) was examined to evaluate the generation of intracellular ROS levels.65

Measurement of mitochondrial membrane potential

The assessment of mitochondrial membrane potential (MMP cM) entailed observing the interaction between the fluorescent dye JC-1

(5,50,6,60-tetrachloro-1,10,3,30-tetraethyl benzimidazolylcarbo cyanine iodide) and mitochondria. MCF7 and MDAMB231 cells were first

cultured in a DMEM medium having 10% FCS. The cells were then incubated for duration of 30 hrs with the treatment of Dox and SN-

Dox. Following the incubation period, the cells were harvested for themeasurement of the levels of reactive oxygen species (ROS). Cell lysates

were subjected to incubation with continuous shaking, with JC-1 (2.5 mg/mL) in a PBS solution at 37�C for around 30–35 minutes. Afterward,

the cells underwent three 5-minute washes with cold PBS and were subsequently resuspended in PBS. The ratio of fluorescence intensity at

590 nm to 530 nm was measured to evaluate the mitochondrial membrane potential (MMP cM).66

Apoptosis assay

The quantification of the occurrence of apoptosis in MCF7 and MDAMB231 cancer cells treated with Dox (positive control) and SN-Dox was

carried out using the Roche cell death detection kit. An ELISA kit was used for the measurement of the cytoplasmic histone-associated DNA

fragments. The findings are displayed as the fold increase in the enrichment factor of cytoplasmic nucleosomes.67

DNA fragmentation assay

A chromatin fragmentation assay was used to evaluate the apoptosis. MCF7 cells were seeded at a density of 13 106 cells in 6 well plates and

subsequently, the cells were exposed to SN, Dox, or SN-Dox for 30 hrs. Following the incubation period, the cells were washed using cold PBS

and lysed at room temperature using a buffer with 0.5% Triton X-100, 15 mM EDTA & 20 mM Tris HCl and the lysate fraction containing DNA

extracted in phenol/chloroform/isoamyl alcohol (25:24:1) was further incubated with RNase (0.1 mg/mL) and proteinase K (1mgmL�1) for 1 hr.

The precipitation of DNAwas done from the upper aqueous phase by incubating it overnight at�20�Cwith 0.1 volume of 3M sodium acetate

(pH 5.2) and 3 volumes of absolute alcohol. The pellet found through centrifugation was then washed using 70% ethanol, air dried and finally it

was dissolved in 50 mL TE buffer (10 mM Tris, 1 mMEDTA, pH 8.0). The isolated DNAwas separated through electrophoresis on a 2% agarose

gel and visualized following staining with ethidium bromide.13

Immunoblotting

Following exposure to liquid nitrogen for rapid freezing, the treated cells were then lysed in a RIPA buffer (Abcam) containing pre-mixed pro-

tease and phosphatase inhibitors. The cell lysates were prepared and quantification was done with a similar procedure as previously conduct-

ed. 20 mg of each protein samplewas subjected to SDS-PAGE for the separation and subsequently transferred onto nitrocellulosemembranes.

After the completion of the transfer, themembranes were washed once by with 1X TBST and then blocked in a 3% BSA solution in 1X TBST for

1 hr. The membranes were then immunoblotted with the suitable primary antibodies and left overnight for incubation at 4�C temperature.

Next day after washing the immunoblots with 1X TBST thrice for 10 min each, the immunoblots were then incubated with horseradish perox-

idase labelled secondary antibodies for 1 hr. After rinsing the immunoblots with 1X TBST, the detection of immunoreactivity was done by em-

ploying chemiluminescence. Image J software (NIH) was used for the quantification of the densitometry of western blots. b-Actin was used for

the normalization of the protein expression levels and represented as a ratio comparative to the control conditions for all experiments.68

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test or one- or two-way ANOVA was used to all the data analysis with the Bonferroni post hoc interpretation. Statistical analyses

were done through GraphPad Prism software (San Diego, CA, USA), the values are shown as meansG SEM and the results were considered

significantly different at p < 0.05.
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