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A B S T R A C T   

Development of advanced therapeutic modalities for the treatment of cancer are become a thirst area in the field 
of biomedical science now a day. Current therapeutic approaches to treat this fatal disease always refer to partial 
curability with unavoidable obstacles. Here, we have developed stearic-g-polyethyleneimine acid amphiphilic 
nanomicelle functionalized with folic acid-based carbon dots (CDs) for targeted anticancer drug (doxorubicin, 
DOX) delivery and concurrent bio-imaging for triple negative breast cancer (TNBC). Developed nanomicelle was 
characterized by FTIR, XRD, 1H NMR, fluorescence spectroscopy, TEM etc. Highest DOX release from the 
nanomicelle was observed at slightly acidic pH. It was also found that the nanomicelle can be successfully 
internalized by the MDA-MB-231 cells and able to inhibit cell proliferation. The IC50 value by free DOX against 
TNBC was around 10 μg/mL, whereas, DOX loaded CD functionalized stearic-g-polyethyleneimine (25 kDa) 
(DOX-CDSP-25) showed similar cytotoxicity on TNBC at the concentration of only 1.0 μg/mL, indicating the 
efficiency of the delivery system compared to that of free DOX. Scanning electron microscopy (SEM) analysis 
revealed the effect of DOX-CDSP-25 on MDA-MB-231 cellular morphology in 24 h. Along with, the fluorescence 
property offered by folic acid derived CD allowed CDSP-25 to be acted as a promising bio-imaging tool for TNBC.   

1. Introduction 

According to the recent report by the International Agency for 
Research on Cancer (IARC), an affiliate body of World Health Organi-
zation (WHO), three cancers are prevalent in India i.e. oral, cervical and 
breast cancer and estimated 3.75 L diagnosed with and 2.2 L died from 
those cancers in the year of 2018 only. Among them, 1.5 L diagnosed 
with breast cancer and 70,000 died according to the recent reports of the 
Indian Council of Medical Research (ICMR) [1]. This high mortality rate 
among the breast cancer patients are mainly due to its fatal subtype 
known as Triple Negative Breast Cancer (TNBC). Unlike other breast 
cancer subtypes, TNBC lacks three major receptors like estrogen recep-
tor (ER), progesterone receptor (PR), and human epidermal receptor 2 
(HER2) which makes them shielded from almost any chemotherapeutic 
agent [2]. Along with the nonexistence of targeted chemo-therapy for 
TNBC, early detection also plays a major role in the rate of mortality due 
to it. The current scenario could be altered either by the discovery of a 
new chemotherapeutic agent or by the development of an effective 

carrier system for the already existent chemotherapeutics. 
For the last few decades, nanotechnology has been used for the 

development of such effective carriers for the management of different 
types of cancers [3]. Small molecules i.e. drugs to the macromolecules i. 
e. protein, peptides, DNA, etc. could be delivered by different types of 
nano-formulations i.e. nanoparticles, nanogels, liposomes, polymeric 
micelles etc [3–5]. Among the different nano-formulation types, mi-
celles are one of the oldest approaches of nanotechnology. However, still 
it grabs the interest of the researchers over the globe due to the tuneable 
nano-structural advantages it offers. Micelles are the supramolecular 
nanoconstruct with a spherical shape, generally originated from the 
self-assembly of amphiphilic copolymers. It has a hydrophobic inner 
core and the hydrophilic outer shell or corona. The stability of the 
micelle critically depends on the critical micelle concentration (CMC). 
Hydrophobic molecules can be easily entrapped into the inner core 
whereas hydrophilic molecules are absorbed on the surface, molecules 
having amphiphilic properties could be distributed throughout the sys-
tem. With these advantages, polymer micelles have been used as 

* Corresponding Author. 
E-mail address: kspoly@caluniv.ac.in (K. Sarkar).   

1 Website- http://kishorgttl.com. 

Contents lists available at ScienceDirect 

Colloids and Surfaces B: Biointerfaces 

journal homepage: www.elsevier.com/locate/colsurfb 

https://doi.org/10.1016/j.colsurfb.2020.111382 
Received 1 May 2020; Received in revised form 1 September 2020; Accepted 26 September 2020   

mailto:kspoly@caluniv.ac.in
http://kishorgttl.com
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2020.111382
https://doi.org/10.1016/j.colsurfb.2020.111382
https://doi.org/10.1016/j.colsurfb.2020.111382
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2020.111382&domain=pdf


Colloids and Surfaces B: Biointerfaces 197 (2021) 111382

2

attractive drug carriers [6], gene delivery vehicles [7], as well as im-
aging probe [8] for the last few decades. Different types of micelles were 
developed i.e. grafted polymer micelles [9], surfactant micelles [10], 
amphiphilic block micelles [11] to serve those purposes. Among them, 
polymeric micelles are generally dissociated less at low concentrations 
by which they could uphold the typical micellar structure and this 
structure enables extended circulation in the biological fluid. This could 
be justified by the formation of self- assembly at a low concentration 
which is known as critical micelle concentration [12]. 

Polymeric micelles are well known for the targeted and controlled 
delivery of hydrophobic anticancer drugs like doxorubicin and pacli-
taxel [13]. Micelle mediated drug delivery increases the bioavailability 
of those drugs, extend their blood circulation time as well as passive 
diffusion into the tumor site [14]. Unlike polylactide, polyether, poly 
(ε-caprolactone), polyglycolide; polyethyleneimine (PEI) grabs our 
attention as PEI act as a hydrophilic part of the formed micelle as well as 
cationic nature of PEI is also suitable for gene delivery as shown by 
Sawant et al. [15] along with anticancer drug in future. Besides being a 
gene delivery vehicle, PEI already proved its efficiency as a suitable 
component for micelle mediated anticancer drug delivery vehicles as 
described by Amjad et al. [16]. On the other hand, as a hydrophobic 
block, stearic acid (SA) was chosen. In previous studies, stearic 
acid-modified micelles have already shown their efficacy as superior 
anticancer drug delivery vehicles by conjugating natural polymer or 
synthetic polymer like chitosan or polyamidoamine dendrimer 
(PAMAM) [17,18]. Guan et al. have developed stearic acid-modified 
Bletilla striata polysaccharide copolymer micelles for the delivery of 
docetaxel and found to have increased bioavailability of 1.39 fold than 
the free docetaxel [19]. On the other hand, Yuan et al. developed Stearic 
Acid-g-chitosan polymeric micelle for the oral delivery of doxorubicin. 
In that work, they demonstrated that DOX loaded stearic 
Acid-g-chitosan polymeric micelle could avoid the P-glycoprotein efflux 
which in turn increases their bioavailability [12]. 

The development of nanoconstruct which could deliver the drug of 
interest as well as could be used as the bio-imaging tool is also been a 
lucrative field of research now a day. Several attempts of such kind have 
already been done through the polymeric micelle system. However, 
cancer bio-imaging through carbon dots (CDs) based micelles are very 
recently developed and yet to be explored. Among those few research 
works, Lu et al. have developed CD-based dual-emission micelle for bio- 
imaging and bio-sensing of liver cells [20]. Whereas, CD conjugated 
polymeric micelle for imaging and drug delivery using same nano-
construct is rare to find. 

In this context, we developed a CD conjugated self-assembled 
amphiphilic micelle for the anticancer drug delivery and simultaneous 
bio-imaging for the TNBC. Nanomicelle was developed by stearic acid 
and PEI, folic acid derived CD was used for surface decoration of 
developed nanomicelle. 

2. Materials and methods 

2.1. Materials 

1-(3- Dimethylaminopropyl)-3-ethyl carbodiimide (EDC), N- 
hydroxysuccinimide (NHS), 4-morpholineethane sulphonic acid sodium 
salt buffer (MES), folic acid (FA), Quinine sulphate, Rhodamine B and 
thiazolyl blue (MTT) were obtained from Sisco Research Laboratories 
Pvt. Ltd., India. Polyethyleneimine (PEI) 2 kDa and 25 kDa, DAPI, 2 kDa 
and 10 kDa dialysis membrane, 2,4,6-Trinitrobenzenesulfonic acid so-
lution (TNBS) and paraformaldehyde were purchased from Sigma, 
Germany. Stearic acid (SA) Dulbecco’s Modified Eagle Medium 
(DMEM), Dulbecco’s phosphate buffer saline (DPBS), trypsin, penicillin- 
streptomycin, fetal bovine serum (FBS), dimethylsulphoxide (cell cul-
ture tested) and agarose were procured from Himedia, India. All other 
reagents or chemicals used were of analytical grade. 

All the methodologies are described in the supplementary 

Fig. 1. Schematic representation of CDSP synthesis.  
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information 

3. Results and discussion 

Nanostructured materials for anticancer drug delivery with passive 
or active targeting has been widely reported, however, the amphiphilic 
self-assembled micelle mediated nanoconstruct having both drug de-
livery and imaging capability with active targeting ability is rare to find. 
Generally, imaging properties of fluorophore material were reported 
with toxicity issues [21], thus, modulate them with a drug delivery 
platform is used to be a difficult job with respect to toxicity. To surmount 
the inadequacy, we have developed an amphiphilic nanomicelle system 
having drug delivery and imaging capability. For that, stearic acid was 
conjugated with PEI (2 kDa and 25 kDa) by coupling reaction, where, 
carboxylic acid group of stearic acid coupled with the amine group of 
PEI to form carboimide bond of SP-2 and SP-25 complexes (Fig. 1). The 
same coupling chemistry was used to couple folic acid derived CD with 
SPs to form CDSPs conjugates (Fig. 1). Synthesized CD, SPs and CDSPs 
were characterized by UV–vis spectroscopy, FTIR, 1H NMR and XRD. 

Fig. 2a shows the FTIR spectra of SA, PEI, and the synthesized SP 
complex. Characteristic peaks of SA could be found at 2918 cm− 1 and 
2850 cm− 1 corresponding to the stretching vibration of aliphatic − CH2 
[22] which could be found in the case of FTIR spectra of SP complex with 
slight peak shifting. As stearic acid contains a carboxylic acid group in its 
structure, peak at 1707 cm− 1 corresponded to that carbonyl moiety. On 
the other hand, PEI is shown to have the characteristic broad peaks at 
3314 cm-1 and a sharp peak at 1632 cm-1 for primary amine and amide 
groups, respectively. When SA reacted with PEI, peaks correspond to the 
carboxylic acid group of stearic acid remain absent and a new peak at 

1735 cm− 1 could be found for SP complex indicating the formation of 
carboimide bond. For SP, peaks at 3321 cm− 1 could also be found 
indicated the presence of primary amine groups which also indicated the 
formation of SP complexes. Along with FTIR spectroscopic evaluation, 
1H NMR was also carried out to confirm the successful synthesis of SP 
complexes. Fig. 2b represents the 1H NMR spectra of SP complex, as the 
corresponding peak is assigned at δ (ppm) 0.80− 0.82 (t, 
CH2CH2(CH2)15CH3); 1.20 (br, CH2CH2(CH2)15CH3), 0.94 (br, 
CH2CH2(CH2)15CH3); 2.14 (CH2CH2(CH2)15CH3); 2.2–3.39 (PEI) rep-
resents the corresponding peak assigned as 1,2,3 and 4 in the NMR 
spectra at Fig. 2b. Characteristic peaks of PEI and SA (Fig S1) were 
present in SP complex indicating the successful synthesis of SP. Those SP 
complexes were conjugated with CD derived from folic acid to form 
CDSP conjugates. Folic acid derived CD and CDSP conjugates were 
characterized by UV–vis spectrophotometry. Fig. 2c represented the 
UV–vis spectra of CD, SP complexes, and CDSP conjugates, where, CD 
showed an absorption peak at 280 nm which indicated the π-π* transi-
tion of the C––C bond of the aromatic sp2 carbon. Whereas a broad peak 
could be found at around 360− 380 nm for n- π* transition of C––O of the 
carboxylic acid group [23] which indicated the presences of carboxylic 
acid moiety on the folic acid derived CD which could be also justified by 
the FTIR spectra of CD (Fig S2) where the presence of a sharp peak 
around 1690 cm-1 indicated the presence C––O of carboxylic acid group 
of CD. In the case of CDSP conjugates, the same pattern of the absorption 
peak at 270 nm with a little shift and less intensity could be observed. 
The lesser peak intensity of CDSP than CD could be due to the lesser no 
CD conjugation to the micelle [24]. Whereas, the broad absorption peak 
at 360− 380 nm in CD was absent for CDSP conjugates indicating the 
formation of a possible amide bond between free amine groups present 

Fig. 2. (a) FTIR spectra of SA, PEI (2 kDa) and synthesized SP complex; (b) 1H NMR spectra of SP; (c) UV–vis spectra of CD, SP complexes, CDSP conjugates and (d) 
XRD spectra of CD, CDSP-2 and CDSP-25 conjugates. 
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on the surface of the SP complexes and the carboxyl group of CDs. The 
SP didn’t show any significant absorption peak at UV–vis range. CD and 
CDSP conjugates were also characterized by XRD. Fig. 2d showed a 
sharp peak at 26.9 corresponded to the characteristic peak of graphitic 
carbon of CD [23,25,26]. The peak was assigned to (002) of graphite 
(JCPDS Card Files, No. 41-1487). Whereas, it could be observed that the 
(002) peak was slightly shifted to 27.2 for CDSP-2 and CDSP-25 due to 
the increase in the sp2 carbon layer [27,28]. When CD and CDSP con-
jugates were excited at different excitation wavelength ranging from 
280 to 420 nm, excitation independent fluorescence emission could be 
observed (Fig. 3a-c). 

It could be found from the Fig. 3a that the fluorescence intensity 
increases with increasing excitation wavelength and reached the 
maximum at the wavelength of 365 nm for CD and for CDSP-2, CDSP-25 
the maximum emission of fluorescence have found to be at 360 nm and 
375 nm, respectively. Like the previous report on folic acid derived CD 
by Liu et al. [29], the CD prepared by us also showed excitation inde-
pendent fluorescence emission behavior which could be justified by the 
fact that the surface state of as-prepared CDs possessed single energy 
level and they returned to the lower energy level through a radiative 
path having enhanced fluorescence intensity [30–32]. The fluorescent 
quantum yield was found 8 %, with respect to quinine sulphate as a 
standard and similar results also obtained by Bhunia et al. [33]. 

CMC is a critical factor for micelle formation which was determined 
by the fluorescence quenching of rhodamine B in presences of different 
concentrations of micelle forming substances. The increasing concen-
tration of amphiphilic copolymer in water tends to aggregate and form 
micelle above the CMC value. To determine CMC value we have used 
Rhodamine B as a probe at a fixed concentration with varying polymeric 
concentration. Thereby the increasing concentrations of polymer 
quench the rhodamine B intensities as the microenvironments changes 
with the self-aggregation. Fig. 3d depicts the rhodamine B intensities (I/ 
I0) sharply decreases after an increase in polymer concentration which 
defines the predomination of amphiphilic moiety over rhodamine B 
above the CMC followed by stabilization of the ratio. The CMC of the 

polymer was estimated from the graph of the second derivative of the 
ratio between fluorescence intensity and concentration of the probe, i.e. 
Δ2(I/I0)/ΔC2, versus concentration of Polymer. The determined CMC 
value of the copolymer is 0.005 gm/mL (5 mg/mL). 

Particle size and surface charge play an important role for 
nanoparticle-mediated drug delivery. Table 1 represented the particle 
size, polydispersity index (PDI), and zeta potential of SP complexes 
having different molar ratios of SA to PEI like 1:1, 1:5, and CDSP con-
jugates. It could be found fromTable 1 that zeta potential of SP-2 and SP- 
25 complexes were 35 and 47.8 mV at a molar ratio of 1:1 which 
increased to 67.3 and 59.9 mV, respectively, with increasing the molar 
ratio of PEI with respect to SA i.e. 1:5 having a particle size ranging 
165–195 nm with monodispersity. This could be justified by the fact that 
1:5 ratio contained more PEI having more primary amine groups which 
reflect increased positive zeta potential which in turn beneficial for the 
electrostatic interaction with a large amount of negatively charged CD. 
However, a further increment of the molar ratio of SA to PEI didn’t result 
any further increase in zeta potentials (data not shown), thus we decided 
to work with SP complexes having the molar ratio of 1:5 for further 
conjugation with CD. 

Quasi-spherical particles of CD could be observed from TEM image 
(Fig. 4c). Fig. 4d showed that CD has the particle size distribution of 1.5 
nm–8.0 nm, similar results also obtained by Bhunia et al. [33]. Spherical 
morphology of SP-25 complex could be found from TEM (Fig. 4a) and 
SEM (Fig S3) images having the average particle size of 55 nm (Fig. 4b) 
which didn’t comply with the result shown in Table 1 because in 
aqueous media micelles were encrusted by water and the size increases 
under DLS measurement. When CD conjugated with SP complexes the 
particle size of CDSP conjugates increased to 249 nm and 268 nm for 
CDSP-2 and CDSP-25, respectively (Table 1). 

Successful conjugation of CD with SP complexes reflected from the 
zeta potential of CDSP conjugates which were found to be -2.03 mV and 
3.12 mV. As negatively charged CD reacted with positively charged SP 
complexes, the net zeta potential decreased for CDSP conjugates. When 
the TEM image of CDSP-25 was analyzed (Fig. 4e), spherical 

Fig. 3. Fluorescence spectra of (a) CD, (b) CDSP-2, (c) CDSP-25 and (d) determination of critical micelle concentration (CMC).  
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morphology could be observed and the presence of CD could also be 
observed. 

The drug loading capacity of the micelle mediated hydrophobic drug 
delivery system mostly depended upon the hydrophobic part of the 
micelle. Hydrophobic drugs generally entrapped into the hydrophobic 
core of the system. Here, we have used SA as a long aliphatic simple lipid 
which acted as a hydrophobic portion of the micelle system as described 
earlier. So the hydrophobic DOX can easily be entrapped into the long 
hydrophobic chain of SA, thereby hydrophobic interaction is the main 
key factor behind the DOX loading inside the micelle core and the 
percent drug loading was found to be 3.2 ± 0.2 % and 4.4 ± 0.5 % for 
CDSP-2 and CDSP-25, respectively  

To evaluate the time-dependent drug release from the micelle core in 

vitro cumulative percent drug release study was performed at different 
pH conditions. Fig. 5 depicted the influence of pH to the drug release 
from the micelle. Here, we have investigated the time-dependent release 
study of CDSP-2 and CDSP-25 at acidic pH (5.5) and neutral pH (7.4) in 
vitro. The nanocomplexes showed a biphasic release pattern in both pH 
conditions, where, initial burst release was observed during the first 24 h 
and followed by a sustained release pattern till 120 h could be found for 
both CDSP conjugates. The physicochemical property of nanoparticle 
induces the drug release pattern, mainly dependent upon the stability of 
the micelle in different pH environments. It could be observed that the 
maximum DOX release after 120 h was almost 65.28 ± 3.87 % for CDSP- 
2 and 84.80 ± 7.01 % for CDSP-25 conjugate at acidic pH, whereas, at 
neutral pH, the maximum release was 30.98 ± 2.44 % for CDSP-2 and 

Fig. 4. Transmission electron microscopic image of SP-25 (1:5) (a), CD (c) and CDSP-25 (e); size distribution of SP-25 (1:5) (b), CD (d).  

Table 1 
Size distribution, poly-dispersity index (PDI) and zeta potential of different mol ratio of SP (1:1, 1:5), CDSP-2 (1:5) and CDSP-25 (1:5).  

Formulations SP-2 kDa (1:1) SP-25 kDa (1:1) SP-2 kDa (1:5) SP-25 Kda (1:5) CDSP-2 kDa (1:5) CDSP-25 kDa (1:5) 

Size (nm)± SD 175±0.5 195±2.17 165±3.2 191±3.02 249±30 268±7.6 
PDI 0.260 0.214 0.235 0.219 0.543 0.341 
Zeta potential (mV) 35 47.8 67.3 59.9 − 2.03 3.12  
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39.95 ± 6.02 % for CDSP-25. This could be justified by the fact that in 
acidic pH, protonation of free amines of PEI happened which resulted in 
repulsion in between them, thus in turn helped to leach out the DOX 
from the core of the micelle [34]. It could be also found that the DOX 
release for CDSP-25 conjugate was maximum than CDSP-2 for both pH 
conditions, it was due to the maximum drug loading in the case of 
CDSP-25 conjugate. This release result also indicated that the maximum 
release could only be possible in the acidic microenvironment of tumor. 

To demonstrate the release mechanism, the release kinetic study was 
carried out for DOX-CDSP-25 as it has shown a better DOX release 
compared to others. Various kinetic models were evaluated for this 
study which includes zero order, first order, Higuchi, Hixson–Crowell, 
Korsmeyer–Peppas for DOX-CDSP-25 at different pH i.e. 5.6 (Fig S6) and 
7.4 (Fig S5). The y = mx ± c and the linear regression values (R2) were 
also calculated for each kinetic model and tabulated at Table 2. 

According to the R2 value the release of DOX from DOX-CDSP-25 
follows the Korsmeyer–Peppas model at both pH i.e. pH 5.6 having 
the R2 value of 0.9006 and 0.8909 for pH 7.4 (Table 2). When the release 
exponent (n) was measured, 0.5431 and 0.4006 were found for pH 5.6 
and 7.4, respectively. The values of the release exponents indicated the 
anomalous diffusion or non-Fickian diffusion of DOX from the hydro-
phobic core of the CDSP-25 [35]. 

Cytocompatibility is the prime criterion for a delivery system, so, to 
evaluate the toxicity of the micelle system MTT assay was carried out 
against the MDA-MB-231 breast cancer cell line. From Fig. 6a it could be 
found that the native PEI 2 kDa reached the IC50 value at the concen-
tration of 500 μg/mL and PEI 25 kDa showed even more toxicity from 
the concentration of 50 μg/mL due to the presence of abundant number 
of free primary amine group on its surface which leads to interact with 

negatively charged proteins of the cell membrane and destabilized them 
[36]. The toxicity was higher for PEI-25 kDa because it contained more 
number of free amines than low molecular weight PEI-2 kDa [37]. When 
the PEI 2 kDa and PEI 25 kDa conjugated to form CDSP-2 and CDSP-25 
they found to be almost non-toxic. In Fig. 6a it could be observed that 
almost 70 % of viable cells were present after the treatment of CDSP 
conjugates at their highest concentration of 500 μg/mL. When the 
cytocompatibility of other CDSP conjugates prepared using 1:1 mol ratio 
of SP complexes (Fig S8) they have also showed a similar trend. Cyto-
compatibility of CD was also assessed and found to be non-toxic (Fig S7) 
So, it could be suggested from the data that CDSP conjugates is safe to 
use at a concentration of 500 μg/mL. Moreover, as the CDSP-25 showed 
non-toxicity until the concentration of 500 μg/mL and have already 
shown maximum drug release so, we have selected CDSP-25 to carry out 
thefurther experiments. 

To explore the anticancer effect of DOX and DOX-CDSP-25, we have 
further compared the cytotoxicity of DOX with DOX-CDSP-25 (Fig. 6b). 
Here, we have taken MDA-MB-231 as MDA-MB-231 is more susceptible 
to DOX than other breast cancer cells like the MCF-7 cell line [38]. We 
have used same concentration of free DOX and DOX-CDSP-25 micelle 
system to understand the efficacy of the nanoconstruct. From Fig. 6b a 
concentration dependent anticancer effect of the free DOX and 
DOX-CDSP-25 could be found after 24 h. The 50 % cell inhibition could 
be found at a concentration of 10 μg/mL for free DOX, whereas, for 
DOX-CDSP-25 it was 1 μg/mL. As the calculated drug loading for 
DOX-CDSP-25 conjugate was 4%, 1 μg/mL of DOX-CDSP-25 contained 
0.04 μg/mL of actual DOX. So, the anticancer efficacy of the DOX was 
increased to 250 fold after being encapsulated into the micelle system. It 
could be the result of effective uptake of the delivery system by the 

Fig. 5. pH-dependent in vitro cumulative percent DOX release from DOX- 
CDSP-25 at neutral PBS (pH 7.4) and acidic PBS (pH 5.6). 

Table 2 
Regression coefficient values (R2) of CDSP-25 at different kinetic model at pH 
7.4 and 5.6.  

Kinetic 
models 

pH-5.6 pH-7.4  

R2 Equation R2 Equation 

Zero order 0.7229 y=0.6745x+20.962 0.6619 y=0. 
2813x+12.875 

First order 0.8876 y=- 
0.0068x+1.8966 

0.7168 y=- 
0.0016x+1.9382 

Hixon- 
Crowell 

0.4681 y=0.0229x+2.3569 0.3865 y=0.015x+2.0672 

Korsmeyer- 
Peppas 

0.9006 y=0.5431x+0.9348 0.8909 y=0.4006x+0.8604 

Higuchi 0.8944 Y=8.4102 x+5.046 0.8576 y=3.59x+6.0877  

Fig. 6. (a) Cell viability assay of CDSP-2, CDSP-25, PEI 2 kDa and PEI 25 kDa 
against MDA-MB-231. (b) Growth inhibition study of free DOX and DOX-CDSP- 
25 against MDA-MB-231. 
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MDA-MB-231. Folate receptor present in MDA-MB-231 is also reported 
by Paulmurugan et al. [39] and bhunia et al. [33] also reported 
cell-specific uptake of CD derived from folic acid via folate receptor 
uptake. There by cell-specific uptake of CDSP-25 to the MDA-MB-231 
cells could be due to receptor-mediated uptake of CDSP-25. 

Then we carried out the cellular uptake study against MDA-MB-231 
for free DOX and DOX-CDSP-25 (Fig. 7). Fig. 7 showed the confocal 
microscopic image of DOX and DOX-CDSP-25 at the different excitation 
wavelength, the bright-field images and merged images which 
comprised of a bright-field image and the fluorescence image. It is well 
known that DOX can produce red fluorescence under the excitation 
wavelength of 559 nm [40]. The similar result we have found, when the 
cellular internalization of free DOX happened it showed red fluorescence 
at 559 nm of excitation wavelength (Fig. 7a1). Whereas, under the other 
excitation i.e. 473 nm wavelength no fluorescence could be observed 
(Fig. 7a). Under the bright field healthy MDA-MB-231 cells could be 
found (Fig. 7a3) and when the bright field image and the fluorescence 
image of DOX were merged the cellular internalization of free DOX 
could be observed (Fig. 7a4). When the uptake study of DOX-CDSP-25 
was analysed, an interesting result could be found. Unlike DOX, green 
fluorescence could be observed at the excitation wavelength of 473 nm 
for DOX-CDSP-25 (Fig. 7b). It could be due to the presence of CD on 
DOX-CDSP-25 which could be further justified by our previous result 
where CDSP-25 conjugate showed excitation independent fluorescence 
(Fig. 3c). 

As the DOX was loaded in CDSP-25 conjugate, it was expected to 
show the red fluorescence due to the presence of DOX and we have 
found that DOX-CDSP-25 also showed red fluorescence under 559 nm 
excitation wavelength (Fig. 7b1). However, it could be observed from 
the data that the intensity of the red fluorescence produced by DOX- 
CDSP-25 was higher than the fluorescence produced by the free DOX. 
It could be due to the higher uptake of DOX-CDSP-25 than free DOX or it 
could be due to the presence of CD on DOX-CDSP-25 because CDSP-25 
can show different fluorescence under different excitation wavelength 
as we discussed earlier. When, we merged the bright field and fluores-
cence field image of DOX-CDSP-25, unlike free DOX (Fig. 7a3), DOX- 

CDSP-25 showed reddish yellow colour (Fig. 7b3), which indicated 
that CD also showed red fluorescence along with DOX in Fig 7b1. Ac-
cording to a previous study done by our group [37], if the different 
fluorescence originated from the same source, it will produce new 
colour. Here also, when we merged the red and green fluorescence 
image with the bright field (Fig. 7b3), it produced yellow colour but as 
DOX was also present the reddish-yellow colour could be observed for 
the merged image of DOX-CDSP-25 (Fig. 7b3). 

To evaluate the cellular morphological changes by the treatment of 
DOX and DOX-CDSP-25, SEM study was performed. Fig S9 depicted the 
control MDA-MB-231 cells which were not treated by any drug (Fig 
S9a), cells treated with free DOX (Fig S9b) and DOX-CDSP-231 treated 
cell (Fig S9c). Fig. 8a showed the normal morphology of MDA-MB-231 
cell, where healthy spindle-shaped cells could be found which was 
similar as previously published article by Zafar et al. [41]. The proper 
attachment on the surface could be found for the untreated control (Fig 
S9a). After the treatment of free DOX, a complete morphological change 
could be observed in Fig S9b which includes membrane blebbing and 
apoptotic bodies. A similar result could be found by Ibiyeye et al. [42] 
when they have treated MDA-MB-231 with DOX loaded CaCO3 nano-
particles. These membrane blebbing indicated the apoptosis done by 
DOX which is already well known. Whereas, after the treatment of 
DOX-CDSP-25, a complete deformation of MDA-MB-231 cells could be 
observed (Fig S9c) which was very unlikely than the result obtained by 
Ibiyeye et al. [42]. Moreover, they have treated the MDA-MB-231 cells 
with DOX loaded CaCO3 nanoparticles with 72 h resulted in membrane 
blebbing and loss of membrane integrity, whereas, DOX-CDSP-25 could 
affect the morphology of the cells drastically within 24 h. This data 
indicated that the developed DOX-CDSP-25 could effectively deliver the 
DOX inside the cells to exert its anticancer effect through apoptosis. 

As we have found the fluorescence of DOX-CDSP-25 during the 
cellular uptake study we evaluated the in vitro bio-imaging potential of 
the developed carrier system. Fig. 8 showed the bio-imaging capability 
of CD, CDSP-2, and CDSP-25 inside the MDA-MB-231 cell line. It could 
be found from the confocal images that CD showed three different col-
ours of fluorescence at different excitation wavelength i.e. blue at 405 

Fig. 7. Confocal microscopy images of fix cells incubated with CD, free DOX, and DOX loaded CDSP-25 (1:5) for 4 h. Where (a), (a1) corresponds to the cellular 
uptake study of CD (excited at 473 and 559 nm), and (a2), (a3) corresponds to the bright field and merged images. Similarly, (b), (b1) represents the confocal 
microscopy images of cells with the bright field (b2) and merged images (b3). DOX loaded CDSP-25 was also successfully internalized by cells and shows the 
distribution of nanoparticle inside the cells where green color colour fluorescence corresponds to the CD emitted fluorescence (c), red colour fluorescence for the DOX 
emitted fluorescence (c1), bright field images of cells (c2) and merged images of cells with golden yellow colour (c3). 
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nm (Fig. 8a), green at 473 nm (Fig. 8b) and red at 559 nm (Fig. 8c) which 
could be justified by the excitation dependent fluorescence emission 
property of CD as discussed previously (Fig. 3a). 

A similar result could be found for CDSP-25 (Fig. 8g-i). To find out 
whether the origin of the fluorescence was same or not the co- 
localization study was done for CDSP-25 and found that co- 
localization of Fig. 8g and h produced cyan colour (Fig. 8j), Fig. 8h 
and i produced yellow colour (Fig. 8k) and Fig. 8i and g produced pink 
colour (Fig. 8l) as found by our group previously [37]. Although the 
same concentration of CD, CDSP-2, and CDSP-25 was used for the study, 
a clear visual difference of fluorescence intensities could be found for 
CD, CDSP-2, and CDSP-25. The fluorescence intensities of CDSP-25 were 
much higher than the CD itself at all of the three excitation wavelengths. 
When the same study was carried out with CDSP-2 (Fig. 8d-f), it showed 
less fluorescence emission intensity than CDSP-25 but higher than the 

CD. These phenomena could be justified by the study of Hao et al. [43] 
where they have prepared CDs from ascorbic acid and surface modified 
it with PEI to prepare PEI-modified CDs and have found that surface 
modification PEI resulted in increased fluorescence than bare CDs. A 
similar result was also found by Han et al. [44] where they have pre-
pared the CD by solvothermal technique then modified its surface with 
PEI and have found increased fluorescence than the bare CD. According 
to their hypothesis, the modification with PEI generated more energy 
trap which could emit lights when stimulated. On the other hand, Wei 
et al. [45] described that bare CDs generally consisted of 
electron-withdrawing groups which could reduce the fluorescence of 
thus prepared CDs, however, the amino groups of PEI could combine 
with those electron-withdrawing groups to enhance the fluorescence 
capabilities. As our developed CDSP-25 has more number of amine 
groups than others it showed higher fluorescence intensities than 

Fig. 8. Bio-imaging of CD, CDSP-2 and CDSP-25 after 4 h of incubation period under CLSM at different excitation wavelength i.e. 405 nm, 473 nm and 559 nm. (a), 
(b), (c) represents the confocal images of fixed cells with CD; (d), (e), (f) correspond to the CDSP-2; (g), (h), (i) represents the fluorescence of CDSP-25 and (j), (k), (l) 
co-localization images of CDSP-25. 
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CDSP-2 and CD itself. 

4. Conclusion 

To address the necessity of advanced delivery and imaging system for 
the fatal disease like cancer, we developed amphiphilic micellar nano- 
architecture which could deliver hydrophobic anticancer drug like 
DOX and simultaneously can be used as a bio-imaging tool, in a single 
platform. The strong hydrophobic and hydrophilic interaction of long- 
chain aliphatic moiety i.e. SA and PEI, respectively were used to 
develop the nanomicelle, surface decorated with folic acid derived CD, 
attributed to in-vitro anticancer activity and bio-imaging. Formation of 
amphiphilic nanomicelle and DOX loading were critically characterized 
using FTIR, 1H NMR, XRD, fluorescence spectroscopy, TEM, particle size 
and zeta. Release study revealed that the highest DOX release from the 
CDSP-25 in acidic pH, which indicated the superiority of the nano- 
construct which could efficiently deliver hydrophobic DOX inside the 
acidic microenvironment of tumor. Moreover, the release pattern sug-
gested the initial burst release followed by sustained release of DOX. 
Cytotoxicity study of DOX-CDSP-25 depicted 250-fold efficacy than free 
DOX. Apoptotic nature of the DOX was observed in SEM study, which 
also revealed that DOX- CDSP-25 can able to inhibit MDA-MB-231 cells 
in 24 h which was found to be superior than previously published re-
ports. Excitation independent fluorescence emission property of CD 
allowed CDSP-25 as bio-imaging tool for MDA-MB-231 in different 
excitation wavelengths. In conclusion, we have successfully developed 
an amphiphilic nanomicelle system capable of being a hydrophobic drug 
delivery system as well as bio-imaging probe. Thus, the developed nano- 
architecture have many possibilities toward cancer therapy and imaging 
and may also open a new window towards the advancement of cancer 
therapy in near future. 
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