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Abstract: In cancer combination therapy, a multimodal delivery vector is used to improve the
bioavailability of multiple anti-cancer hydrophobic drugs. Further, targeted delivery of therapeutics
along with simultaneous monitoring of the drug release at the tumor site without normal organ
toxicity is an emerging and effective strategy for cancer treatment. However, the lack of a smart
nano-delivery system limits the application of this therapeutic strategy. To overcome this issue, a
PEGylated dual drug, conjugated amphiphilic polymer (CPT-S-S-PEG-CUR), has been successfully
synthesized by conjugating two hydrophobic fluorescent anti-cancer drugs, curcumin (CUR) and
camptothecin (CPT), through an ester and a redox-sensitive disulfide (-S-S-) linkage, respectively,
with a PEG chain via in situ two-step reactions. CPT-S-S-PEG-CUR is spontaneously self-assembled
in the presence of tannic acid (TA, a physical crosslinker) into anionic, comparatively smaller-sized
(~100 nm), stable nano-assemblies in water in comparison to only polymer due to stronger H-bond
formation between polymer and TA. Further, due to the spectral overlap between CPT and CUR
and a stable, smaller nano-assembly formation by the pro-drug polymer in water in presence of
TA, a successful Fluorescence Resonance Energy Transfer (FRET) signal was generated between
the conjugated CPT (FRET donor) and conjugated CUR (FRET acceptor). Interestingly, these stable
nano-assemblies showed a preferential breakdown and release of CPT in a tumor-relevant redox
environment (in the presence of 50 mM glutathione), leading to the disappearance of the FRET
signal. These nano-assemblies exhibited a successful cellular uptake by the cancer cells and an
enhanced antiproliferative effect in comparison to the individual drugs in cancer cells (AsPC1 and
SW480). Such promising in vitro results with a novel redox-responsive, dual-drug conjugated, FRET
pair-based nanosized multimodal delivery vector can be highly useful as an advanced theranostic
system towards effective cancer treatment.

Keywords: combination cancer therapy; camptothecin; curcumin; tannic acid; glutathione-responsive
nanoparticle; FRET

1. Introduction

Among various cancer treatment strategies, chemotherapy is a commonly used and
highly effective method [1–3]. To enhance the efficacy of chemotherapy against cancer, the
co-delivery of multiple drugs (or therapeutic agents) has been implied [1,4–8]. Conventional
mono- and combination chemotherapy are often ineffective due to high cytotoxicity, poor
solubility of the hydrophobic chemotherapeutic drugs in a physiological environment,
rapid blood clearance, nonspecific or uncontrolled bio-distribution of drugs, and undesired
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side effects to healthy cells or tissues [1–3]. To address these limitations, a nanomedicine-
based delivery strategy involving nano-vehicles has been introduced [9–13]. However,
co-delivery systems able to simultaneously carry and release hydrophobic anti-cancer
drugs in cancer-relevant conditions are still limited. To overcome this issue, we propose to
synthesize a fluorescence resonance-energy transfer (FRET) pair-based stimuli-responsive
drug-drug conjugate using a hydrophilic PEG-based heterobifunctional crosslinker, where
the chemotherapeutic drug curcumin (CUR) is PEGylated and then conjugated with another
anti-cancer drug, camptothecin (CPT) via a redox-sensitive disulfide (-S-S-) linkage.

The FRET technique is considered one of the most efficient to be used in biological
and material science applications [14–16]. Due to a high signal sensitivity and a specificity
between donor and acceptor, a FRET-based donor-acceptor system is used not only to
study interactions among various biomolecules but also to visualize drug release from the
delivery system in a non-invasive and real-time manner [14–19]. In addition to the spectral
overlap of the two fluorophores (i.e., FRET donor and acceptor), the FRET signal is also
dependent on the separation distance between the FRET pair [14,15]. With the help of either
physical entrapment inside a carrier or chemical linkage with the carrier, both the FRET
donor and acceptor are brought together so that the fluorescence intensity of the donor will
be quenched by the acceptor molecule to make a successful FRET pair [14,15]. Thus, the
FRET signal will allow monitoring the in-situ release of any one of two probes (either donor
or acceptor) in a stimulated condition due to the breakage of the stimuli-responsive bonds,
leading to an increase of the donor-to-acceptor distance unfavorable for FRET. The aim to
find such a specific FRET signal-based drug release from the stimuli-responsive carrier led
us to choose two fluorescent anti-cancer drugs, camptothecin (CPT) and curcumin (CUR)
as the FRET donor and acceptor, respectively. Here, we have conjugated both drugs to the
same heterobifunctional water-soluble (hydrophilic) PEG chain, instead of performing a
physical mixture of two drugs in a carrier or co-assembling two pro-drug systems to avoid
the undesired release of the drugs from the delivery system before they reach the target site
of action [7,20].

Furthermore, various tumor microenvironment-relevant physiopathological changes
(e.g., pH, temperature and redox potential, enzymes) are found to be suitable for the devel-
opment of stimuli-responsive nanoparticles as drug-delivery systems [21–23]. Among them,
the tumor-relevant intracellular reductive environment has devoted enormous attention to
the redox-responsive drug/gene-delivery system, which has disulfide (-S-S-) linkages in
the backbone for the successful release of the therapeutic agent [12,24–27]. Based on this
idea, we planned in this study to synthesize an amphiphilic macromolecule by conjugating
a hydrophobic CPT to an amphiphilic PEGylated CUR through disulfide linkage (-S-S-),
which would not only (i) allow the drug-drug conjugate to self-assemble in water due
to hydrophobic interactions between the conjugated CPT and CUR molecules, but also
(ii) make the conjugate sensitive to the elevated concentration of the reducing GSH, which
triggers the release of the CPT at the desired site of action, followed by the destruction of
the nano-assemblies.

Both CPT (a naturally occurring alkaloid) and CUR (a polyphenol) are reported as
potent chemotherapeutic agents with promising preclinical efficacy against many types of
cancers [12,28–32]. The closed lactone ring and the C-20-OH group of CPT are responsible
for binding to DNA topoisomerase I, leading to cell damage [12,28]. However, poor
aqueous solubility (2.5 µg/mL), inactivation of the lactone ring at a physiological pH, the
preferential binding of the carboxylate form (rather than closed lactone form) with the
human serum albumin of blood leading to rapid clearance from the body, and the unwanted
toxicity on healthy cells has limited the use of CPT as an anti-cancer drug [12,28,33–35].
CUR, a polyphenol with a low molecular weight and low or no intrinsic toxicity, is derived
from the rhizome of the plant Curcuma longa [29–32]. It has been widely used not only
in traditional Ayurvedic and Chinese medicine but also for a range of pharmacological
applications (e.g., as an anti-inflammatory, anti-microbial, anti-oxidant, anti-parasitic, anti-
mutagenic, or as a treatment for the Anti-Human Immunodeficiency virus,) that include
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cancer prevention and anti-cancer therapy [36–38]. Like CPT, the utilization of CUR in
anti-cancer therapy suffers due to its low solubility in an aqueous solution (≈20 µg/mL),
its rapid degradation at physiological pH, leading to low systemic bioavailability [39], and
its poor pharmacokinetics [40].

To address this clinical need and to utilize the extraordinary anti-cancer properties
of CPT and CUR, they have been conjugated to a water-soluble nanocarrier using their
hydroxy (-OH) group [13,33,41–45]. The conjugation of CPT and CUR with the same
hydrophilic biocompatible PEG polymer chain may enhance the therapeutic benefit by
altering their drug pharmacokinetics and the accumulation of drugs in tumors due to an
enhanced permeation and retention (EPR) effect [33,41,42,46–48]. The preparation of such a
water-soluble drug-conjugated PEG-based polymer by converting the drug into an inactive
but more stable prodrug form will allow it to revert to the pharmacologically active agent
in presence of any biological stimulus [13,33,41,43,45]. Furthermore, tannic acid (TA), one
of many naturally occurring dietary polyphenolic compounds derived from plant sources
and a subset of hydrolyzable tannin congeners, has shown its excipient value in pharmaceu-
tics [49–52]. Recently, TA has successfully been used as an additive molecule due to its high
water solubility, low viscosity, high biocompatibility, crosslinked network-forming ability
via hydrogen bonds, and successful binding ability to drug molecules via hydrophobic
interactions [53–55]. Such properties of TA have allowed it to be used to improve the solu-
bilization of various hydrophobic drugs (curcumin, paclitaxel, amphotericin B, rapamycin,
or docetaxel) inside the drug delivery system for localized delivery through a parenteral
route [49,51]. Considering its benefits, we have used TA as a biocompatible additive for
dual drug-conjugated PEG-based polymers to generate the stable nano-formulations in
water and thereby develop a possible FRET system between these two drug molecules CPT
(FRET donor) and CUR (FRET acceptor).

In this study, our objectives were (1) to synthesize and characterize disulfide (–S–S–)
linked CPT-anchored PEGylated CUR, (2) to evaluate its self-assembly formation into
nanostructures leading to the occurrence of a possible FRET in the presence and absence of
the additive molecule TA, (3) to assess its redox-responsiveness in various GSH concentra-
tions, and (4) to study its therapeutic potential and cellular uptake on various cancer cells
in in vitro condition.

2. Materials and Methods
2.1. Materials

Camptothecin (CPT), 3-tritylsulfanylpropionic acid (TTPA), 4-dimethylamino pyri-
dine (DMAP) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC),
triethylsilane (TESi), trifluoroacetic acid (TFA), curcumin (CUR), PEG-based heterob-
ifunctional crosslinker, ortho-pyridyl disulfide (OPSS) polyethylene glycol (PEG5000)
succinimidyl carboxymethyl ester (OPSS-PEG5000-SCM), glutathione (GSH), were pur-
chased from Sigma Aldrich (St. Louis, MO, USA) and used without further purification.
Dichloromethane (DCM), diethyl ether, dimethyl sulfoxide (DMSO), ethanol, and deuter-
ated dimethyl sulfoxide (DMSO-d6) were obtained from Sigma Aldrich (St. Louis, MO,
USA). MilliQ water (with a resistivity of 18.2 MΩ.cm at 25 ◦C) was collected using a Milli-Q
Biopak (IQ 7000) water purification system from Merck (Kenilworth, NJ, USA). Dulbecco’s
Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute 1640 medium
(RPMI 1640) was purchased from Fisher Scientific (Gibco, Billings, MT, USA). Vectashield®

mounting medium containing propidium iodide (PI) was purchased from Vector Laborato-
ries (Burlingame, CA, USA). AsPC1 and SW480 human pancreatic and colon cancer cell
lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA).

2.2. Synthesis of Thiolated Camptothecin

The thiol-derivative of camptothecin or thiolated camptothecin (CPT-SH) was synthesized
(Figure 1A) following a previously reported procedure in two-step reactions [12]. In the first
step, CPT (40 mg, 1 equivalent), 3-tritylsulfanylpropionic acid (40.01 mg, 1 equivalent), DMAP
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(24.21 mg, ~1.1 equivalents) and EDC (15.43 mg, ~1.1 equivalents) were mixed thoroughly
in anhydrous 4 mL DCM and the reaction mixture was stirred overnight at 20 ◦C in dark
surroundings. The reaction mixture was then filtered using Whatman cellulose filter paper to
remove the solid part of the reaction mixture. After evaporation of the DCM solvent, the residue
was redissolved in 4 mL of anhydrous DCM and left for stirring after the sequential addition
of triethylsilane (0.5 mL) and trifluoroacetic acid (0.8 mL) for 2 h at 20 ◦C. Then DCM and
TFA were removed from the reaction mixture by evaporation for 2 h, and the residual reaction
mixture was redissolved in 500 µL DCM before being poured into an excess of cold diethyl ether
(15 mL) to precipitate the final product, CPT-SH. The precipitated yellow powder was collected
and dried under the vacuum hood. The infrared and 1H-NMR spectra (~3.1 mg in 0.5 mL
DMSO-d6) of CPT-SH were recorded using a Nicolet AVATAR 380 Fourier-transform infrared
(FTIR) spectrophotometer with a transmittance at mid-IR range (~400–4000 wavenumbers
with 0.5 wavenumbers maximum resolution) and a Bruker Avance III-HD 400 MHz NMR
spectrometer (based on residual proton resonance of the solvent as the internal standard),
respectively (Supplementary Materials, Figures S1 and S2).
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Figure 1. (A) Synthesis of the thiolated derivative of camptothecin (thio-camptothecin or CPT-SH)
from CPT in two-step reactions; (B) Synthesis of CPT-S-S-PEG-CUR polymer through in situ two-step
reactions using curcumin (CUR), CPT-SH and PEG-based heterobifunctional crosslinker, OPSS PEG
succinimidyl carboxymethyl ester (OPSS-PEG-SCM), where m~114.

2.3. Synthesis of Amphiphilic Dual Drug Conjugated Polymer

The amphiphilic dual drug conjugated polymer (CPT-S-S-PEG-CUR) was synthesized by
conjugating curcumin (CUR) and a thiolated derivative of camptothecin (thio-camptothecin
or CPT-SH) to the PEG-based heterobifunctional crosslinker, OPSS PEG succinimidyl car-
boxymethyl ester (OPSS-PEG-SCM), through in situ two-step reactions in DMSO (Figure 1B).
Briefly, CUR solution (~1.2 equivalents, 4.42 mg in 1.2 mL DMSO) was added dropwise for
20–30 min to a freshly prepared solution of OPSS-PEG-SCM (1 equivalent, 50.0 mg in 1 mL
DMSO) and left in the dark for 24 h for stirring at room temperature (~25 ◦C). The reaction
mixture gradually turned yellow from a colorless solution. CPTSH (~1.2 equivalents, 5.23 mg
in 0.3 mL DMSO) was then added in one shot to the reaction mixture, and it was stirred
at room temperature in the dark. With time, the reaction mixture became a cloudy yellow
solution. After nearly 36–40 h, the reaction mixture was transferred into a dialysis tubing
(molecular weight cut-off of 3.5 kDa) and dialyzed first against DMSO (~100 mL) for ~3-4 h
and then against distilled water (2 L) for 3 days at room temperature by changing the water
twice per day to remove organic solvents and excess water-soluble reagents. Finally, the
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dialyzed solution was filtrated through a Whatman cellulose filter paper and freeze-dried
using a Labconco freeze dryer (Kansas City, MO, USA). The final product, CPT-S-S-PEG-CUR,
a yellow compound, was stored at −20 ◦C for long-term storage.

The infrared spectra of CPT-S-S-PEG-CUR and OPSS-PEG-SCM were measured using
a Nicolet AVATAR 380 Fourier-transform infrared (FTIR) spectrophotometer with trans-
mittance at mid-IR range (~400–4000 wavenumbers with 0.5 wavenumbers maximum
resolution). The 1H-NMR spectrum of CPT-S-S-PEG-CUR (~2.2 mg in 0.5 mL DMSO-d6)
was recorded using the residual proton resonance of the solvent as the internal standard on
a Bruker Avance III-HD 400 MHz NMR.

2.4. Absorbance and Fluorescence of the Conjugated and Free Drugs

The absorbance (Abs) and fluorescence (Flu) spectra of CPT-S-S-PEG-CUR at various
concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL) in the presence and absence of TA (5 mg/mL)
in aqueous (Milli-Q water), in absence of TA (5 mg/mL) in aqueous (Milli-Q water) and
organic medium (DMSO) were measured by using a Varioskan LUX spectrophotometer
(Thermo Scientific Varioskan LUX Multimode Microplate Reader, Thermo Fisher Scientific,
Waltham, MA, USA). The absorbance spectra were recorded between 300–700 nm. Fluores-
cence spectra were recorded at 5 nm bandwidth for CPT (λex = 365 nm, λem = 390–700 nm),
and CUR (λex = 420 nm, λem = 440–700 nm).

2.5. Quantification of Conjugated Drugs

Quantification of polymer conjugated drugs (CUR and CPT) was performed using
a UV–Vis spectrophotometer (Thermo Scientific Varioskan LUX Multimode Microplate
Reader). In brief, the CPT-S-S-PEG-CUR stock solution (10 mg/mL) in DMSO was first
diluted 20 times using DMSO (10 µL aliquot of stock in 190 µL DMSO) to dilute the polymer
solution further. Then, the diluted solution (0.5 mg/mL) was properly vortexed for 5 min
before taking the absorbance spectra (300–800 nm) and absorbance value at a particular
wavelength (λmax = 425 nm for CUR and λmax = 365 nm for CPT). The study was repeated
in triplicate. A standard curve of CPT and CUR was plotted using absorbance at the same
wavelengths (λmax = 425 nm for CUR and λmax = 365 nm for CPT) at various concentrations
of the drug (0.035, 0.03, 0.025, 0.02, 0.015, 0.01, 0.005, 0.0025, 0.001, and 0.0005 mg/mL) in
DMSO, which was then used to determine the concentration of the conjugated drugs (CPT
and CUR).

2.6. Hydrodynamic Size and Zeta Potential

The hydrodynamic diameter (dH) and zeta potential of self-assembled nanostructures
of CPT-S-S-PEG-CUR at various concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL) in the
presence and absence of TA (5 mg/mL) in an aqueous medium (Milli-Q water) were
measured at 37 ◦C by using a Malvern Zetasizer Ultra instrument (Malvern, UK).

2.7. Circular Dichroism (CD) Spectroscopy

The Circular dichroism (CD) spectra of our samples in a standard 1 cm x 1 cm cuvette
was recorded from 163 to 700 nm using a Jasco815 CD Spectrometer. Polymer solutions
(0.25–2.0 mg/mL in aqueous media) in the absence and presence of TA (5 mg/mL) were
prepared and incubated at room temperature before CD measurement at 25 ◦C. Background
spectra of the water were acquired and then subtracted from the sample spectra and
smoothed before plotting.

2.8. Transmission Electron Microscopy Imaging

The morphology of the self-assembled nanostructures by CPT-S-S-PEG-CUR in the
absence and presence of TA (5 mg/mL) was observed using FEI Tecnai Osiris (Scanning)
Transmission Electron Microscope (TEM) operating at an accelerating voltage of 200 kV.
One drop (3 µL) of the test polymer solutions (1 and 2 mg/mL) in the absence and presence
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of TA (5 mg/mL) were cast on a TEM carbon-coated copper grid (200 mesh size) and dried
in a desiccator overnight before being imaged.

2.9. Redox-Sensitive CPT Release and Change in FRET Signal

The redox-responsive disintegration of CPT from CPT-S-S-PEG-CUR was studied in the
presence of a biological reducing agent, glutathione (GSH), by monitoring the change of the
FRET fluorescence intensity as well as normal fluorescence intensity of the CUR. For that,
a stock solution of CPT-S-S-PEG-CUR (2 mg/mL) and glutathione solutions (100 mM and
100 µM) were prepared in Milli-Q water in the presence of TA (5 mg/mL). Then the 150 µL of
1 mg/mL test polymer (CPT-S-S-PEG-CUR) samples in the presence or absence of various
glutathione concentrations (0, 10 µM, 10 mM, and 50 mM) were prepared as follows:

(i) No GSH: 75 µL of polymer (2 mg/mL) with 75 µL TA solution,
(ii) 10 µM GSH: 75 µL of polymer (2 mg/mL) with 60 µL TA solution and 15 µL glu-

tathione solution (100 µM)
(iii) 10 mM GSH: 75 µL of polymer (2 mg/mL) with 60 µL TA solution and 15 µL glu-

tathione solution (100 mM),
(iv) 50 mM GSH: 75 µL of polymer (2 mg/mL) with 75 µL glutathione solution (100 mM).

The fluorescence intensity of CPT and CUR for all the test samples was assessed at
various time intervals (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h) from the time of
addition of the GSH solution using Varioskan LUX fluorometers. The data were acquired
and processed with Thermo Scientific SkanIt Software for microplate readers. The samples
were incubated in the dark at 37 ◦C inside the machine during the experiment.

2.10. Redox-Responsive Change in the Hydrodynamic Size of Self-Assemblies

The hydrodynamic diameter of CPT-S-S-PEG-CUR in the presence of TA in Milli-Q
water incubated with various glutathione concentrations (0, 10 µM, 10 mM, and 50 mM)
was measured at 37 ◦C by DLS. For that, a stock solution of CPT-S-S-PEG-CUR (2 mg/mL)
and glutathione solutions (100 mM and 100 µM) was prepared in the Milli-Q water in the
presence of TA (5 mg/mL). Then the 1200 µL of 1 mg/mL test polymer (CPT-S-S-PEG-CUR)
samples in the presence or absence of various glutathione concentrations (0, 10 µM, 10 mM,
and 50 mM) were prepared as follows:

(i) No GSH: 600 µL of polymer (2 mg/mL) with 600 µL TA solution,
(ii) 10 µM GSH: 600 µL of polymer (2 mg/mL) with 480 µL TA solution and 120 µL

glutathione solution (100 µM),
(iii) 10 mM GSH: 600 µL of polymer (2 mg/mL) with 480 µL TA solution and 120 µL

glutathione solution (100 mM),
(iv) 50 mM GSH: 600 µL of polymer (2 mg/mL) with 600 µL glutathione solution (100 mM).

The samples were incubated in a glass container in the dark at 37 ◦C. The change
in the hydrodynamic diameter of the test samples was assessed at various time intervals
(10 min, 1 h, 4 h, and 8 h) from the time of addition of the GSH solution.

2.11. In Vitro Cell Culture

AsPC1 and SW480 cells were grown as monolayers in 1% (v/v) L-glutamine contain-
ing Dulbecco’s Modified Eagle Medium (DMEM) and Roswell Park Memorial Institute
1640 medium (RPMI 1640), respectively, supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin–streptomycin. Cells were cultured at 37 ◦C in a humid atmosphere
with 5% carbon dioxide.

2.12. Confocal Microscopy

Using confocal microscopy, the cellular uptake of CPT-S-S-PEG-CUR in the presence
and absence of TA was qualitatively assessed in comparison to other positive and negative
controls. Both the cells (AsPC1 and SW480) were seeded on four-chambered (well) slides
at a concentration of 50,000 cells per well in 0.5 mL media and left to attach and grow at
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37 ◦C for 24 h. After that, the old media was aspirated, and the cells were then treated
with CPT-S-S-PEG-CUR at various CUR-equivalent concentrations (5, 10, and 20 µM). Cells
were treated with only CUR (5, 10, and 20 µM), only CPT (20 µM), and TA (equivalent to
10 µM CUR equivalent CPT-S-S-PEG-CUR formulation) solution as positive and negative
controls, respectively, along with untreated cells. After 4 and 12 h of incubation at 37 ◦C,
the treated and untreated cells were washed with phosphate-buffered saline (pH 7.4) twice
(2 mL each time) and then the cells were allowed to be fixed using 2 mL methanol in the
dark at room temperature. After ~15 min, methanol was removed completely and then
the chamber was removed from the slide gently, according to the manufacturer’s protocol.
Then the nuclei of the cells were stained with Vectashield® mounting medium containing
propidium iodide (PI), and the slide was covered with the cover slip, carefully removing
the air bubbles. Finally, the treated cells were examined using a Nikon confocal ECLIPSE
Ti2 microscope (Melville, NY, USA). Nuclear staining agent PI, intracellular CUR, and CPT
were excited with the TRITC, FITC, and DAPI laser line (fixed channel) respectively.

2.13. Cell Proliferation Assay

To evaluate the cell growth following treatment with free drugs (CUR and CPT)
and dual-drug-conjugated amphiphilic polymer-drug formulation (CPT-S-S-PEG-CUR)
at various concentrations, a standard MTT assay (a colorimetric assay for assessing cell
metabolic activity) was performed. Briefly, AsPC1 and SW480 cells were seeded at a
density of 5 000 cells per well in 96-well plates in 100 µL RPMI1640 and DMEM medium,
respectively, and left to grow at 37 ◦C in a humid atmosphere with 5% carbon dioxide. The
cells were allowed to attach for 24 h, and the medium was removed from the cells before
being treated with the free drug or CPT-S-S-PEG-CUR polymer solutions (in the presence
of TA) at various concentrations (for CPT group: a. 1.562 µM, b. 3.125 µM, c. 6.25 µM,
d. 12.5 µM, e. 25 µM, and f. 50 µM, and for CUR group: a. 0.781 µM, b. 1.562 µM,
c. 3.125 µM, d. 6.25 µM, e. 12.5 µM, f. 25 µM, and g. 50 µM), using a serial dilution.
After 48 h of treatment, 20 µL of MTT solution (5 mg/mL w/v in PBS pH 7.4) were added
in each well and further incubated for 3h at 37 ◦C to reduce MTT to formazan dye by
the living cells. Then the medium was removed, and the dye was solubilized in 100 µL
DMSO, before being quantified by spectrophotometry at 590 nm with a Varioskan LUX
spectrophotometer (Thermo Scientific Varioskan LUX Multimode Microplate Reader). The
percent proliferation in the drug and Nano-drug-treated cancer cells was calculated by
normalizing the cells with no treatment, which was considered as 100%.

2.14. Bioinformatics Analyses

ADMET Analysis: BIOVIA Discovery Studio 2020 was used for the ADMET analysis of
the test compound (Supplementary Materials, Figure S15), where m = 1 for simplification of
the study. The ADMET descriptors were aqueous solubility, blood-brain barrier penetration,
CYP2D6 binding, hepatotoxicity, intestinal absorption, and plasma protein binding. For
further toxicity analysis, we used the TOPKAT plugin of BIOVIA Discovery Studio 2020
in the analyses where we screened the toxicity potential of our test compound against
various parameters like aerobic biodegradability, AMES mutagenicity, developmental
toxicity potential, mild vs moderate-severe ocular irritancy, mild vs moderate-severe skin
irritancy, skin sensitization vs, and weight of evidence of rodent carcinogenicity.

Reverse Docking: To identify in silico drug targets, we used the reverse docking
approach, where the high-throughput pharmacophore mapping method was used for the
selection of potential drug targets. A data set on human protein targets was selected for
mapping purposes, with 300 maximum generated conformations [56].

Construction, visualization, pathways and functional enrichment of protein interaction
network (PIN): The details of all finally selected 54 probable targets were obtained from the
reverse docking approaches. The selection criteria of the key targets of the test compound
were based on a Z score (≥1). This final list of 54 proteins was used for the construction
of PIN by using a Cytoscape STRING plugin on the bases of text mining, experiments,
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databases, co-expression, neighborhood, gene fusion, and co-occurrence with a medium
confidence interaction score. The ClueGo plugin of Cytoscape was used for the further
pathway-enrichment analysis of PIN according to the Kyoto Encyclopaedia of Genes and
Genomes 2021 (KEGG) database [57,58], with a threshold of p < 0.05 based on a two-sided
hypergeometric test and the Bonferroni correction. A redial layout was used to construct
the PIN interactome.

3. Results
3.1. Molecular Characterization

We successfully synthesized the first thiolated CPT derivative (CPTSH) and am-
phiphilic polymer (CPT-S-S-PEG-CUR) through in situ two-step reactions (Figure 1). The
successful synthesis of the CPTSH was proved by the corresponding FTIR and NMR peaks
(Supplementary Materials, Figures S1 and S2) based on the previous report [12]. The syn-
thesis of CPT-S-S-PEG-CUR was confirmed by the FTIR, 1H-NMR, and UV-Vis spectrum.
The infrared spectrum of CPT-S-S-PEG-CUR (Supplementary Materials, Figure S3) revealed
the presence of a new peak at 1650–1690 cm−1 (corresponding to an ester bond) and the ab-
sence of the distinct peak at 1740 cm−1 (corresponding to the succinimidyl carboxymethyl
ester group) in comparison with that of the crosslinker, OPSS-PEG-SCM (Supplementary
Materials, Figure S4). This proved the successful conjugation of curcumin (CUR) to PEG
through ester bond formation. The conjugation of camptothecin (CPT) with the PEGylated
CUR was also confirmed due to the presence of the peaks of CPT and PEG in the 1H-NMR
spectrum (Supplementary Materials, Figure S5).

The absorbance spectra of the purified dual drug-conjugated amphiphilic polymer
CPT-S-S-PEG-CUR in water and DMSO showed the presence of both the peaks for CPT
(~365 nm) and CUR (~425 nm) (Figure 2A), confirming that both the drugs are successfully
conjugated to the water-soluble heterobifunctional PEG-based polymer. Successful con-
jugation will facilitate the use of such hydrophobic drugs (CPT and CUR) as hydrophilic
pro-drug conjugates, which may further improve the bioavailability of these two drugs.
Additionally, the characteristic fluorescence spectra of both the drugs without any change
in the λmax of the emission spectra in DMSO and water (Figure 2B,C) also proved the
successful conjugation of CPT (~425 nm) and CUR (~525 nm) to the PEG chain without any
change of their spectral properties. To investigate the packing of the chemically conjugated
bioactive molecules within the polymeric backbone (or possible nano-aggregates), circular
dichroism (CD) spectra of CPT-S-S-PEG-CUR solution at various concentrations (0.25, 0.5,
1.0 and 2.0 mg/mL) were recorded. Amphiphilic polymer thoroughly displayed distinctive
CD signals in the absorption regions around 250 and 350 nm (Figure 2D). CD measures
absorption differences between left and right circularly polarized light; consequently, the
increasing CD signal with the concentration of the polymer suggested an increasing chiral
packing of the conjugated drug moieties inside the polymeric backbone (or within the
possible nano-assemblies) with negative chirality and left-handed helical arrangement.

3.2. Self-Assembly Behavior of CPT-S-S-PEG-CUR in Presence and Absence of TA

Smaller nano-assemblies in presence of TA: The formation of self-assembled nanos-
tructures by CPT-S-S-PEG-CUR at various concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL)
in the absence and presence of TA (5 mg/mL) in an aqueous medium (Milli-Q water)
was confirmed through the hydrodynamic diameter (dH) and zeta potential measurement
at 37 ◦C. In the presence of TA, the amphiphile showed smaller and consistent (nearly
homogeneous) nano-assemblies of a size around 100 nm at all the tested concentrations
(0.25, 0.5, 1.0 and 2.0 mg/mL), in comparison with the absence of the TA and only TA
solution (5 mg/mL) (Figure 3A). Zeta potential values of the amphiphile solution (0.25,
0.5, 1.0, and 2.0 mg/mL) in water also decreased and became consistent in the presence of
TA around −20 to −25 mV, whereas the zeta potential values were comparatively higher
for only the amphiphile and TA (Figure 3B). The consistently lower size with a high zeta
potential of the amphiphile in the presence of TA indicated the formation of stronger and
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stable assemblies in comparison with the only amphiphile, which might be attributed to
the probably stronger H-bonding between TA and the polymer along with the hydrophilic-
lipophilic balance of these aggregates. Additionally, an increasing trend of turbidity for the
Polymer-TA solution was observed with the increasing concentration of the polymer (from
0.25 mg/mL to 2.0 mg/mL), further indicating the possible formation of more compact
colloidal particles (Supplementary Materials, Figure S6).
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Figure 2. (A) Absorbance spectrum of the amphiphilic polymer (CPT-S-S-PEG-CUR) solution
in DMSO and water (0.5 mg/mL, 50 µL). Fluorescence spectrum of (B) CPT (Ex = 365 nm,
Em = 390–700 nm) and (C) CUR (Ex = 420 nm, Em = 440–700 nm) conjugated to the amphiphilic
polymer (CPT-S-S-PEG-CUR) (10 mg/mL, 50 µL) in DMSO and water. (D) CD spectra of am-
phiphilic polymer (CPT-S-S-PEG-CUR) solution in water at various concentrations (0.25, 0.5, 1.0, and
2.0 mg/mL) in absence of TA.
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Figure 3. (A) Hydrodynamic size and (B) zeta potential of polymer (CPT-S-S-PEG-CUR) solutions
in water at various concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL) in presence and absence of TA
(5 mg/mL) and only TA (5 mg/mL) at 37 ◦C (n = 3). (C) FTIR spectra of polymer (CPT-S-S-PEG-CUR)
solution (1.0 mg/mL) in absence and presence of TA (5 mg/mL) and only TA solution (5 mg/mL).
The spectra were acquired and plotted after water subtraction.

Stronger H-bonding in presence of TA. The FTIR characterization of only TA, only
polymer (CPT-S-S-PEG-CUR), and the mixture of polymer (CPT-S-S-PEG-CUR)−TA so-
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lution in water was performed to prove the presence of possible H-bonding between the
polymer and TA (Figure 3C). In the FTIR spectra, the presence of the broad and strong
absorption bands at 3313 and 3329 cm−1 was observed due to the symmetrical stretching
vibration of the hydroxyl (-OH) groups of PEG group (of the polymer) and TA, respectively.
On the contrary, the -OH stretching peak of the Polymer−TA nano-assemblies shifted
to a lower wavenumber of 3286 cm−1 due to the presence of hydrogen bonding, as it is
reported that the formation of hydrogen bonding (intra- or intermolecular) reduces the
force constants and thereby the vibrational frequencies (at lower wavenumbers) of the
chemical bonds (i.e., hydroxyl groups) [59]. Such significant shifts of the absorption bands
to lower wavenumbers for polymer-TA in comparison with their individual counterpart
(either polymer or TA) indicate the formation of stronger H-bonding between amphiphilic
polymer CPT-S-S-PEG-CUR and TA [59].

Formation of spherical nanoparticles in presence of TA: TEM images revealed the
amphiphilic polymer CPT-S-S-PEG-CUR at various concentrations (1 and 2 mg/mL) in
the presence of TA assembled into spherical-shaped nearly monodisperse core-shell nano-
assemblies (polymeric micelles) with a size lower than 50 nm (Figure 4A,B). On the contrary,
TEM images of only amphiphilic polymer CUR-PEG-SS-CPT also showed the formation
of the core-shell nano-assemblies at the same concentrations, but these assemblies are
much bigger (nearly 200 nm), irregular in shape, and polydisperse (Figure 4C,D). Thus,
TA helped the dual-drug conjugated polymer to form stable and more compact core-shell
nano-assemblies (Scheme 1).

Pharmaceutics 2023, 15, x FOR PEER REVIEW  11  of  25 
 

 

 

Figure 4. TEM  images of  the aqueous solutions of Polymer-TA mixture  (A,B) and only polymer 

(C,D) at 1.0 mg/mL (A,C) and at 2.0 mg/mL (B,D). 

 

Scheme  1.  Cartoon  representation  of  (A)  nanoparticle  formation:  smart  stable  nano-assembly 

formation by amphiphilic polymer CPT-S-S-PEG-CUR in water in presence of TA; and (B) redox-

responsiveness:  GSH  responsive  CPT  release,  disassembly  of  nanoparticle  and  subsequent 

disappearance of FRET. 

Figure 4. TEM images of the aqueous solutions of Polymer-TA mixture (A,B) and only polymer (C,D)
at 1.0 mg/mL (A,C) and at 2.0 mg/mL (B,D).



Pharmaceutics 2023, 15, 1326 11 of 24

Pharmaceutics 2023, 15, x FOR PEER REVIEW  11  of  25 
 

 

 

Figure 4. TEM  images of  the aqueous solutions of Polymer-TA mixture  (A,B) and only polymer 

(C,D) at 1.0 mg/mL (A,C) and at 2.0 mg/mL (B,D). 

 

Scheme  1.  Cartoon  representation  of  (A)  nanoparticle  formation:  smart  stable  nano-assembly 

formation by amphiphilic polymer CPT-S-S-PEG-CUR in water in presence of TA; and (B) redox-

responsiveness:  GSH  responsive  CPT  release,  disassembly  of  nanoparticle  and  subsequent 

disappearance of FRET. 

Scheme 1. Cartoon representation of (A) nanoparticle formation: smart stable nano-assembly for-
mation by amphiphilic polymer CPT-S-S-PEG-CUR in water in presence of TA; and (B) redox-
responsiveness: GSH responsive CPT release, disassembly of nanoparticle and subsequent disappear-
ance of FRET.

The trend of the nanoparticle formation (average size and size distribution) by the
polymer in the absence of and presence of TA observed in TEM images is well supported
by the DLS results (Figure 3A), though the size of polymeric nanoparticles obtained from
the TEM images was found to be smaller than that observed with DLS. The DLS measure-
ment is considered as the interference of the dispersant during hydrodynamic diameter
measurement, whereas TEM measures the size of the sample after drying on the copper
grid [60].

3.3. Occurrence of FRET in Presence of TA

The intense CPT fluorescence (Ex = 365 nm, the spectrum peak at 425 nm) of the
amphiphilic polymer CPT-S-S-PEG-CUR was observed in the absence of TA. The fluo-
rescence intensity of polymer-conjugated CPT was quenched in the presence of TA, and
instead, CUR fluorescence spectra (the spectrum peak at 545 nm) appeared, indicating
the occurrence of FRET between polymer-conjugated CPT and CUR in the presence of TA
(Figure 5A). It was also observed that the conjugated CUR has a new emission peak at
545 nm in the presence of TA, instead of its usual emission peak at 525 nm in the absence of
TA. The shift of the emission maxima of CUR in the presence of TA is inconsistent after the
occurrence of the FRET. Even the FRET fluorescence intensity of the CUR in the presence
of TA was found to be increased with the increment of the concentration of the polymer,
indicating the occurrence of a better FRET at a higher concentration of the polymer (i.e.,
drug molecules). The formation of smaller-sized nano-assemblies in the presence of the TA
(Figures 3A and 4A,B) has helped both the drug molecules to come close enough for the
FRET to occur. It was found that normal CUR fluorescence intensity (Ex = 420 nm) of the
conjugate in the presence of TA also increased with the increment of the polymer concen-
tration (Figure 5B), which might be attributed to the smaller nano-assembly formation with
the increasing polymer concentration in the presence of the TA.



Pharmaceutics 2023, 15, 1326 12 of 24

Pharmaceutics 2023, 15, x FOR PEER REVIEW  12  of  25 
 

 

The trend of the nanoparticle formation (average size and size distribution) by the 

polymer in the absence of and presence of TA observed in TEM images is well supported 

by the DLS results (Figure 3A), though the size of polymeric nanoparticles obtained from 

the  TEM  images  was  found  to  be  smaller  than  that  observed  with  DLS.  The  DLS 

measurement  is considered as  the  interference of  the dispersant during hydrodynamic 

diameter measurement, whereas TEM measures the size of the sample after drying on the 

copper grid [60]. 

3.3. Occurrence of FRET in Presence of TA   

The  intense CPT fluorescence  (Ex = 365 nm,  the  spectrum peak at 425 nm) of  the 

amphiphilic  polymer  CPT-S-S-PEG-CUR  was  observed  in  the  absence  of  TA.  The 

fluorescence intensity of polymer-conjugated CPT was quenched in the presence of TA, 

and instead, CUR fluorescence spectra (the spectrum peak at 545 nm) appeared, indicating 

the occurrence of FRET between polymer-conjugated CPT and CUR in the presence of TA 

(Figure 5A). It was also observed that the conjugated CUR has a new emission peak at 545 

nm in the presence of TA, instead of its usual emission peak at 525 nm in the absence of 

TA. The shift of the emission maxima of CUR in the presence of TA is inconsistent after 

the  occurrence  of  the  FRET.  Even  the  FRET fluorescence  intensity  of  the CUR  in  the 

presence of TA was found to be increased with the increment of the concentration of the 

polymer,  indicating  the  occurrence  of  a  better  FRET  at  a  higher  concentration  of  the 

polymer  (i.e., drug molecules). The  formation of  smaller-sized nano-assemblies  in  the 

presence of the TA (Figures 3A and 4A,B) has helped both the drug molecules to come 

close enough for the FRET to occur. It was found that normal CUR fluorescence intensity 

(Ex = 420 nm) of the conjugate in the presence of TA also increased with the increment of 

the polymer concentration  (Figure 5B), which might be attributed  to  the smaller nano-

assembly formation with the increasing polymer concentration in the presence of the TA. 

 

Figure 5. Fluorescence spectra of conjugated drugs (A) CPT (Ex = 365 nm) and (B) CUR (Ex = 420 

nm) with the polymer CPT-S-S-PEG-CUR at various concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL) 

in the absence and presence of TA (5 mg/mL). 

3.4. Reduction‐Responsive Drug Release and Disintegration of Nanoparticles 

The CPT is conjugated with the PEGylated curcumin via a disulfide (-S-S-) linkage, 

which is sensitive to the reducing agent GSH (Scheme 1B). Thus, the redox-responsiveness 

of  these  stable  polymeric  nanoparticles  in  the  presence  of  TA  was  investigated  by 

monitoring  the  changes  in  the  FRET  intensity  (using  fluorescence  spectroscopy)  and 

hydrodynamic sizes (using DLS measurements) in the absence and presence of various 

GSH concentrations (10 µM, 10 mM, and 50 mM, corresponding to reducing environments 

Figure 5. Fluorescence spectra of conjugated drugs (A) CPT (Ex = 365 nm) and (B) CUR (Ex = 420 nm)
with the polymer CPT-S-S-PEG-CUR at various concentrations (0.25, 0.5, 1.0, and 2.0 mg/mL) in the
absence and presence of TA (5 mg/mL).

3.4. Reduction-Responsive Drug Release and Disintegration of Nanoparticles

The CPT is conjugated with the PEGylated curcumin via a disulfide (-S-S-) linkage,
which is sensitive to the reducing agent GSH (Scheme 1B). Thus, the redox-responsiveness
of these stable polymeric nanoparticles in the presence of TA was investigated by monitor-
ing the changes in the FRET intensity (using fluorescence spectroscopy) and hydrodynamic
sizes (using DLS measurements) in the absence and presence of various GSH concentrations
(10 µM, 10 mM, and 50 mM, corresponding to reducing environments in the extracellular
and intracellular compartments of normal cells and the intracellular compartment of tumor
cells, respectively) at different time intervals.

GSH-responsive FRET intensity change: We observed the reductive-responsive de-
crease of the FRET fluorescence intensity (λex = 365 nm, λem = 390–800 nm) of polymer-TA
nanoparticles with time in a comparatively higher reductive-mimicking medium containing
10 mM and 50 mM GSH, in comparison to that in the absence (non-redox condition) and in
the presence of a 10 µM GSH concentration (extracellular condition) (Figure 6). Further-
more, in the presence of 50 mM GSH, FRET intensity was decreased more rapidly than that
in the presence of the 10 mM (Figure 6C,D). In the presence of glutathione, as in a highly
reductive environment, the CPT molecule was probably released from the nanoparticle
due to the breakage of the disulphide linkage, making CPT unavailable for FRET with
CUR and the concomitant reduction of FRET intensity. Similarly, we also observed the
decrease in normal CUR fluorescence intensity (λex = 420 nm, λem = 440–800 nm) with time
in presence of 10 mM and 50 mM GSH concentrations in comparison to that in the absence
(non-redox condition) and in the presence of a 10 µM GSH concentration (extracellular
condition) (Figure 7). Loss of CUR fluorescence intensity further indicated the breakage
of the nanoparticles with time in a comparatively higher reductive environment due to
the release of the CPT from the nanoconjugates. Such a consistent decrease in fluorescence
intensity (FRET and CUR intensity) for both the drugs (CPT and CUR), respectively, at
a higher reductive environment proved the potential self-indicative release of the CPT
inside cancer cell-specific conditions, making the strategy possible for non-invasive online
monitoring of the drug release in in vivo condition.
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GSH-responsive disintegration of the nanoparticles: The redox-sensitive nature of
polymer-TA nanoparticles was also proved by measuring the hydrodynamic size distribu-
tion of the nanoparticle at various GSH concentrations (0, 10 µM, 10 mM, and 50 mM) at
various time intervals. It was observed that the size of the nanoparticles was unperturbed
(nearly 100 nm) in the absence of GSH as well as in the presence of 10 µM GSH, indicating
no breakage of the nanoparticles with time. Even the size of the nanoparticle increased
gradually only up to ~350 nm in the presence of 10 mM GSH. On the contrary, the size
of the nanoparticle increased very rapidly (within 1 h) to around ~3500–2500 nm in the
presence of 50 mM GSH concentrations, which remained more than 1000 nm for up to
8 h (Figure 8) due to the GSH-responsive disintegration of the nanoparticles supporting
the fluorescence-based studies (Figures 6 and 7). Respective images of polymer-TA solu-
tion in the presence of various GSH concentrations (Supplementary Materials, Figure S7)
also supported the same conclusion. Such GSH-sensitive changes in hydrodynamic size
and fluorescence intensity indicated the GSH-responsive disintegration of these stable
nanoparticles in tumor-relevant reductive conditions (50 mM GSH concentration), leading
to the precipitation of the particles and confirming the potential of such nanoparticles for
redox-responsive cancer therapy.
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Figure 8. Average hydrodynamic sizes (dH nm) of the polymer (1 mg/mL)-TA (5 mg/mL) nanoparti-
cles in absence ((A) 0 GSH) and presence of various GSH concentrations ((B) 10 µM, (C) 10 mM and
(D) 50 mM) at various time intervals (0.166 h, 1 h, 4 h, and 8 h) at 37 ◦C.
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3.5. Cellular Uptake of the Polymer CPT-S-S-PEG-CUR

For in vitro studies, two cancer cell lines, AsPC1 (pancreatic cancer) and SW480
(colorectal cancer) were chosen due to our previous successful work on the development of
delivery systems and biomarker discovery for these cancer cells [30,61,62]. Our new strategy
will allow us further to improve therapeutic response against these two cancers. The ability
of polymer (in the presence and absence of TA) to be taken up by AsPC1 and SW480 cells
following 4 h (and 12 h only for AsPC1) of incubation was assessed by confocal microscopy,
using the fluorescence of the polymer-conjugated CUR drug. Confocal microscopy images
(Figure 9 and Supplementary Materials, Figure S8 for AsPC1, Figure 10 and Supplementary
Materials, Figure S9 for SW480) confirmed the successful cellular uptake of polymer-
conjugated CUR (green fluorescence) in the presence and absence of TA at 20 and 10 µM
CUR-equivalent concentrations for both the cell lines (AsPC1 and SW480). Nevertheless,
we did not observe any distinct change in fluorescent intensity between cells treated with
free (unconjugated) CUR and polymer-conjugated CUR (at 20 and 10 µM CUR-equivalent
concentrations). After 4 h of incubation, CUR (or polymer) uptake appeared to be higher,
followed by the treatment with the polymer at 20 µM CUR-equivalent concentrations than
that treated with the polymer at 10 µM CUR-equivalent concentrations. Further, CUR (or
polymer) uptake appeared to be even higher after 12 h of treatment with the polymer at
20 µM CUR-equivalent concentrations than that incubated for 4 h for AsPC1 cells, which
might be attributed to the longer incubation time (Supplementary Materials, Figure S10).
CUR (or polymer) was found to be localized in the cytoplasm of the cells. Fluorescence
images of intracellular CPT were not presented as we were unable to observe a substantial
amount of CPT fluorescence (either free or conjugated) inside both the cells up to 20 µM
concentrations (not shown).
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of TA by AsPC1 pancreatic cancer cell at 20 µM CUR-equivalent concentrations after 4 h of incubation
(magnification: ×40, Zoom: 2.08, scale bar: 50 µm).
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Figure 10. Cellular uptake of only-drug CUR and polymer CPT-S-S-PEG-CUR in absence and
presence of TA by SW480 colon cancer cell at 20 µM CUR-equivalent concentrations after 4 h of
incubation (magnification: ×40, Zoom: 2.08, scale bar: 50 µm).

3.6. Antiproliferative Activity of Polymer CPT-S-S-PEG-CUR

The antiproliferative activity of the free drugs (CPT and CUR) and pro-drug polymer
CPT-S-S-PEG-CUR (in presence of the TA) at various concentrations was tested on AsPC1
and SW480 cells for 48 h. Both cell lines showed an inhibition of cell proliferation in a
dose-dependent manner. The obtained CUR and CPT treatment-dosing pattern was almost
similar to that of the previously published studies [63,64]. For the CPT group, treatment
with pro-drug polymer CPT-S-S-PEG-CUR showed comparatively higher antiproliferative
activity in comparison to that treated with free CPT from a 50 µM concentration onwards
on both the AsPC1 and SW480 cells (Figure 11A,C, and Figures S12 and S14). Similarly,
for the CUR group, treatment with the pro-drug polymer CPT-S-S-PEG-CUR showed a
comparatively higher antiproliferative activity from the very early screening concentrations
(at 3.125 µM for AsPC1 and at 1.562 µM for SW480), in comparison with that treated with
only CUR (Figure 11B,D, Figures S11 and S13). That trend of increased antiproliferative
activity remained similar up to 12.5 µM for AsPC1 and 50 µM for SW480. Such an enhanced
anti-proliferative effect of the water-soluble drug-conjugated polymer would be advanta-
geous for in vivo study, rather than the hydrophobic free drugs. For both the groups (CPT
and CUR) on both the cell lines (AsPC1 and SW480), the TA remained highly cell-viable up
to a very high drug-equivalent concentration, justifying its use as an additive molecule for
such polymer-TA formulation.
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Figure 11. Cell viability (%) of only-drugs (CPT, CUR), and polymer-drug formulation (CPT-S-S-
PEG-CUR) in presence of TA, and only TA on AsPC1 (A,B) and SW480 (C,D) cancer cells at various
corresponding drug(CPT/CUR)-equivalent concentrations (for CPT group: a. 1.562 µM, b. 3.125 µM,
c. 6.25 µM, d. 12.5 µM, e. 25 µM, and f. 50 µM and for CUR group: a. 0.781 µM, b. 1.562 µM,
c. 3.125 µM, d. 6.25 µM, e. 12.5 µM, f. 25 µM, and g. 50 µM) after 48 h of incubation (n = 3).

3.7. Bioinformatics Analyses

ADMET Analysis: The test compound was screened on the bases of ADMET parameters
by using BIOVIA Discovery Studio 2020. In these analyses, the tested compound was unable
to cross the blood-brain barrier, and showed no CYP2D6 binding, non-hepatotoxicity, low
intestinal absorption, and negative plasma protein binding. Apart from that topkat analysis,
this query compound is aerobically biodegradable, with no Ames mutagenicity, mild ocular
irritability, mild skin irritation, no skin sensitizing, and no rodent carcinogenicity.

Reverse Docking: Through the reverse docking approach, around 300 targets were
retrieved against the query compound. These 300 targets were further screened on the
basis of the Z-Score. The targets with a Z-score equal to or more than 1, were selected as
probable targets of the test compound. In this method of screening, a total of 54 key targets
were selected out of 300 targets as probable interactors of our query compound (Table 1).

Interactome and pathways enrichment analysis: PIN and pathways enrichment anal-
yses of the key 54 protein targets of the test compound were used. A ClueGo-KEGG
pathway plugin was used to enrich the pathways and the function of the target proteins. A
total of 19 pathways were enriched in this study, and these proteins were found to follow
various important pathways like epithelial cell signaling in a helicobacter pylori infection,
endometrial cancer, Fc epsilon RI signaling pathway, prolactin signaling pathway, renal
cell carcinoma, melanoma, acute myeloid leukemia, drug metabolism, PPAR signaling
pathway, Th1 and Th2 cell differentiation, B cell receptor signaling pathway, prostate cancer,
GnRH signaling pathway, progesterone-mediated oocyte maturation, glioma, Th17 cell
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differentiation, non-small cell lung cancer, estrogen signaling pathway and T cell receptor
signaling pathway (Figure 12).

Table 1. Functional and pathways enrichment analysis of key proteins of test compound.

GOTerm Ontology Source Nr. Genes Associated Genes Found

Epithelial cell signaling in Helicobacter pylori infection KEGG_10.03.2021 3 [ADAM17, CCL5, MET]

Endometrial cancer KEGG_10.03.2021 3 [GRB2, GSK3B, MAP2K1]

Fc epsilon RI signaling pathway KEGG_10.03.2021 3 [GRB2, MAP2K1, SYK]

Prolactin signaling pathway KEGG_10.03.2021 3 [GRB2, GSK3B, MAP2K1]

Renal cell carcinoma KEGG_10.03.2021 3 [GRB2, MAP2K1, MET]

Melanoma KEGG_10.03.2021 3 [CDK6, MAP2K1, MET]

Acute myeloid leukemia KEGG_10.03.2021 3 [GRB2, MAP2K1, RARA]

Drug metabolism KEGG_10.03.2021 4 [CDA, GSTA1, HPRT1, IMPDH2]

PPAR signaling pathway KEGG_10.03.2021 4 [FABP3, FABP6, FABP7, PPARA]

Th1 and Th2 cell differentiation KEGG_10.03.2021 4 [IL2, JAK3, PRKCQ, ZAP70]

B cell receptor signaling pathway KEGG_10.03.2021 4 [GRB2, GSK3B, MAP2K1, SYK]

Prostate cancer KEGG_10.03.2021 4 [CDK2, GRB2, GSK3B, MAP2K1]

GnRH signaling pathway KEGG_10.03.2021 4 [CALM1, GRB2, MAP2K1, MMP2]

Progesterone-mediated oocyte maturation KEGG_10.03.2021 4 [CDK2, MAP2K1, PDE3B, PGR]

Glioma KEGG_10.03.2021 4 [CALM1, CDK6, GRB2, MAP2K1]

Th17 cell differentiation KEGG_10.03.2021 5 [IL2, JAK3, PRKCQ, RARA, ZAP70]

Non-small cell lung cancer KEGG_10.03.2021 5 [CDK6, GRB2, JAK3, MAP2K1, MET]

Estrogen signaling pathway KEGG_10.03.2021 6 [CALM1, GRB2, MAP2K1, MMP2, PGR, RARA]

T cell receptor signaling pathway KEGG_10.03.2021 7 [GRB2, GSK3B, IL2, ITK, MAP2K1, PRKCQ, ZAP70]
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4. Discussion

In this proof-of-principle study, a dual chemotherapeutic drug-conjugated amphiphilic
polymer, disulfide-linked CPT-bearing PEGylated CUR (CPT-S-S-PEG-CUR), has been suc-
cessfully synthesized. To make such a construct, two chemotherapeutic drugs, CUR and
thiolated CPT, were conjugated sequentially (in situ two-step reactions) with the same
hydrophilic PEG chain (MW 5000) through ester and disulphide linkage, respectively.
To our knowledge, this is the first report of CPT-conjugated PEGylated CUR where the
amphiphilic polymer was able to spontaneously self-assemble in the presence of a physical
crosslinker TA into anionic, comparatively smaller-sized (~100 nm) stable nanoparticles in
water (Figures 3A,B and 4A,B) due to the formation of the stronger H-bonds between TA
and an amphiphilic polymer chain (more specifically with the PEG chain). The polymer
alone (in absence of TA) was unable to form such stable, smaller-sized particles with a
narrow size distribution. Such a strategy of preparing a stable nano-formulation with more
than one drug, employing combination therapy, could be a useful and better alternative
than TA-assisted nano-formulation containing only one drug, as in previous reports [49,51].
During such nanoparticle formation by the amphiphilic polymer, lipophilic drugs may
form the hydrophobic core of the nanoparticle. Stable nanostructure formation by the
amphiphilic polymer in the presence of TA in water, due to the hydrophobic–hydrophilic
balance and stronger H-bonding, may enhance the stability of this nanostructured for-
mulation in the biological milieu [13,65,66]. The generation of induced negative chirality
and left-handed helical arrangement of the conjugated drug molecules in water with the
increasing concentration of polymer solution might be attributed to the probable secondary
structure (local spatial arrangement) of the polymer chain.

Interestingly, the successful spectral overlap between these two anti-cancer fluorescent
drugs (CPT and CUR) and the formation of a stable nano-assembly in the presence of
TA in an aqueous media allowed these drugs to come close enough to produce a FRET
signal, where CPT and CUR act as FRET donors and acceptors, respectively (Figure 5A).
Additionally, self-assembly (or nanoparticle) formation also enhanced the fluorescence
intensity of the polymer-conjugated CUR in the presence of TA in comparison to that of
the polymer-conjugated CUR in the absence of the TA (Figure 5B). Such enhancement of
conjugated CUR fluorescence intensity in the presence of TA indicated a better packaging
of the hydrophobic drug molecule inside the nanoparticle’s core. Furthermore, a successful
FRET signal between chemically conjugated chemotherapeutic drugs (CPT and CUR) to the
same polymer may well be an effective strategy instead of physically encapsulating them
within the cationic nanoparticle or co-assembling two pro-drug lipid carriers [7,20]. The
chemical conjugation of both drugs with the same carrier may minimize (i) the undesired
release of the drug molecules before reaching the site of action for drug-encapsulated
nanoparticles and (ii) the optimization process for co-assembled nanoparticle formation for
an in vivo study [7,20].

This self-assembled nano-assembly not only exhibited successful cellular uptake in
the presence and absence of TA, but also showed an enhanced antiproliferative effect
in various cancer cells (AsPC1 and SW480) in comparison to the individual drugs. The
presence of a reducing biothiol was found to be different in various subcellular regions of
the cells, such as glutathione (GSH) presents in different amounts in intracellular (~10 mM)
and extracellular (<10 µM) compartments of living cells, and nearly 4-fold higher in the
intracellular condition of cancer than in normal tissues. Such a concentration gradient
makes the GSH an interesting stimulus to release the chemically conjugated drug attached
through the disulphide (-S-S-) linkages with drug delivery systems in cancer cell-specific
redox-responsive conditions [12,24–27]. Interestingly, TA-assisted stable nano-assemblies
showed a preferential cleavage of the nanoparticle, forming inconsistent and bigger parti-
cles with the concomitant release of CPT in a tumor-relevant redox environment (50 mM
GSH concentration), leading to the disappearance of the FRET signal. Thus, such a GSH-
responsive FRET pair-based stable nano-formulation will not only be highly effective for
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passively targeted cancer treatment but will also be helpful to monitor the drug release in a
non-invasive manner.

Additionally, computational biology studies reflect the good draggability characteris-
tics of the test compound. Most pharmacokinetics and toxicological parameters fall in pre-
ferred regions along with the broad therapeutic potential. Network analysis demonstrated
important CPT-S-S-PEG-CUR-associated proteins, which are enriched with various cancers,
such as endometrial cancer, renal cell carcinoma, melanoma, acute myeloid leukemia,
prostate cancer, and non-small-cell lung cancer pathways (Figure 12). This will guide us for
the future development of this conjugate.

These promising preliminary in vitro results will allow us to test this compound
and strategy further in vitro and in vivo conditions to validate the FRET signal between
these two drugs, along with other sets of anti-cancer fluorescent drugs. In our future
investigations, we will also optimize the amount of TA, the length of the PEG chain of the
crosslinker, and various other drugs (acting in synergy) to make this multimodal theranostic
strategy more compatible, versatile, and robust for treating cancer chemo and multimodal
therapies [67–69].

5. Conclusions

In summary, a dual chemotherapeutic drug-conjugated amphiphilic polymer, CPT-S-
S-PEG-CUR, was synthesized by conjugating CPT with PEGylated CUR through disulfide
(-S-S-) linkage using an in situ two-step reaction strategy. CPT-S-S-PEG-CUR was able to
spontaneously form smaller-sized (~100 nm) stable anionic nano-assemblies in water only
in presence of TA due to the presence of the stronger H-bonds between TA and amphiphilic
polymer, allowing two drug molecules to come close enough to produce a FRET signal,
where CPT acts as a FRET donor and CUR as a FRET acceptor. Conjugated drug molecules
demonstrated induced negative chirality and a left-handed helical arrangement with the
increasing concentration of polymer. Such TA-assisted stable nano-assemblies were found
to be disintegrated in a tumor-relevant redox environment (50 mM GSH concentration) due
to breakage of the disulfide linkage, leading to the disappearance of the FRET signal along
with the concomitant release of the CPT drug. These nano-assemblies not only exhibited
successful cellular uptake in the presence and absence of TA, but also showed an enhanced
antiproliferative effect in various cancer cells (AsPC1 and SW480) in comparison to the
individual drugs. Thus, promising preliminary in vitro results with such a GSH-responsive
FRET pair-based stable nano-formulation consisting of a CPT-S-S-PEG-CUR polymer and
TA can be highly effective for passively targeted cancer treatment and monitoring the drug
release from the carrier in in vitro and in vivo conditions in a non-invasive manner.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15051326/s1, Figure S1: FTIR spectra of CPTSH;
Figure S2: 1H-NMR spectrum of CPTSH (in DMSO-d6, 400 MHz); Figure S3: FTIR of dual drug
(CPT and CUR) conjugated PEG-based polymer, CPT-S-S-PEG-CUR; Figure S4: FTIR spectra of
starting material OPSS-PEG-SCM; Figure S5: 1H-NMR spectrum of dual drug (CPT and CUR)
conjugated PEG-based polymer CPT-S-S-PEG-CUR (in DMSO-d6, 400 MHz); Figure S6: Turbidity
(wavelength = 600 nm) of only TA solution (5 mg/mL) and CPT-S-S-PEG-CUR solution (0.25, 0.5,
1.0, and 2.0 mg/mL) in water in absence and presence of TA (5 mg/mL); Figure S7: Photographs
of polymer (1 mg/mL)-TA nano-assemblies in absence and presence of various GSH concentration
(10 µM, 10 mM, and 50 mM) in water at 37 ◦C; Figure S8: Cellular uptake of only drug CUR,
and polymer CUR-PEG-S-S-CPT in absence and presence of TA by AsPC1 pancreatic cancer at
10µM CUR-equivalent concentrations after 4 h of incubation (magnification: ×40, Zoom: 2.08, scale
bar: 50 µm); Figure S9: Cellular uptake of only drug CUR, and polymer CUR-PEG-S-S-CPT in
absence and presence of TA by SW480 colon cancer cell at 10 µM CUR-equivalent concentrations
after 4 h of incubation (magnification: ×40, Zoom: 2.08, scale bar: 50 µm); Figure S10: Cellular
uptake of only drug CUR, and polymer CUR-PEG-S-S-CPT in absence and presence of TA by AsPC1
pancreatic cancer at 20 µM CUR-equivalent concentrations after 12 h of incubation (magnification:
×40, scale bar: 100 µm); Figure S11: Images of the AsPC1 cells treated with the CUR, Polymer (CUR
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equivalent) + TA, and TA (Polymer + TA equivalent) after 48 h; Figure S12: Images of the AsPC1
cells treated with the CPT, Polymer (CPT equivalent) +TA, and TA (Polymer + TA equivalent) after
48 h; Figure S13: Images of the SW480 cells treated with the CUR, Polymer (CUR equivalent) + TA,
and TA (Polymer + TA equivalent) after 48 h; Figure S14: Images of the SW480 cells treated with the
CPT, Polymer (CPT equivalent) +TA, and TA (Polymer + TA equivalent) after 48 h; Figure S15: 2D
chemical representative diagram (A) and physical properties (B) of test compound.
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