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ABSTRACT 

Doxorubicin (Dox), an antineoplastic drug, has been extensively used for the treatment of different cancers. Dox is hydrophilic and therefore 
distributes to normal organs at a faster rate. Due to its required high doses, it poses severe toxicity, such as cardiotoxicity and nephrotoxicity. 
Diverse approaches,  including nanoparticulate delivery systems, have been designed and evaluated to  improve  its delivery to the target site 
and  reduce  toxicity  to  normal  organs;  however,  this  has met  little  success.  Here  in  this  review, we  have  discussed  various  systems  (metal 
nanoparticles, carbon nanotubes, fullerenes, liposomes, dendrimers, cyclic peptides, and other covalent/non‐covalent systems) that have been 
used for Dox. We have critically evaluated their designing and outcome (in vitro and in vivo) with potential applications in the clinical setting.  

Keywords: Adriamycin, Cancer Drug, CPP, Drug Delivery System, Lipophilic Dox, TAT peptide 

INTRODUCTION	

Doxorubicin (Dox) 1 (Figure 1) alias Adriamycin is an 
anthracycline-based anti-cancer molecule. It is obtained 
biosynthetically from fungus wild type strains of Streptomyces 
and Streptomyces peucetius. It is a bright red colored powder in 

physical appearance. Structurally, it has an anthracycline core 
substituted at different positions. There is a methoxy group in 
position 4. Positions 5 and 12 have quinoid functionality. 
Positions 6 and 11 of the third ring have hydroxyl groups. The 
fourth saturated ring is disubstituted with hydroxyl and (2-
hydroxyacetyl) group at 9 position and has an 
aminohydroxyoxirane ring attached through ethereal linkage at 
position 7 (Figure 1). In overall, Dox has 1 amino, 3 oxy, 5 
hydroxyl, and 3 carbonyl moieties; which makes it highly 
hydrophilic and that is why it is readily soluble in water. 

Dox acts on fast-growing cells and as an antitumor antibiotic. It 
is commonly used as an anticancer agent for the treatment of 
leukemia, breast carcinoma, and other solid tumors. Dox has also 
been used for the treatment of other tumors like ovarian 
carcinoma, liver cancer, and stomach cancer; however, nowadays, 
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it is not the first choice in the clinic for these cancers due to the 
emergence of drug resistance.1,2 In cellular assays, Dox does not 
show high antiproliferative activity against ovarian carcinoma 
cells SK-OV-3, showing an IC50 value of 5 μM following 48 h of 
incubation.3 Dox is given to patients through intravenous 
injections and generally used in combination chemotherapy along 
with other anticancer agents, however, it is used as a general 
reference standard in anticancer cellular (in vitro) assay for 
evaluation of new drug molecules.4–6 
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Figure 1. Chemical Structure of Dox 1. 

Dox has a high volume of biodistribution, and also its short 
physiological half-life leads to its rapid distribution, fast 
excretion, and ultimately low bioavailability of the drug at target 
sites. Furthermore, Dox has a high rate of efflux and is actively 
extruded from cancer cells overexpressing P-glycoprotein (PgP).7 
Thus, high cumulative doses of Dox are required in cancer 
chemotherapy to achieve optimum therapeutic effect. However, 
the higher doses lead to dose-dependent side effects, such as 
cumulative cardiotoxicity, nephrotoxicity, and extravasation, 
which compromises its clinical applications.8 The most dangerous 
side effect of Dox is cardiomyopathy, leading to congestive heart 
failure. The rate of cardiomyopathy is dependent on its cumulative 
dose, with an incidence of about 4% when the dose of Dox is 
500–550 mg/m², 18% when the dose is 551–600 mg/m², and 36% 
when the dose exceeds 600 mg/m².9 There are several ways in 
which Dox is believed to cause cardiomyopathy, including 
oxidative stress, downregulation of genes for contractile proteins, 
and p53 mediated apoptosis.9 The drug dexrazoxane is used to 
mitigate cardiotoxicity caused by Dox. Other common adverse 
effects of Dox include hair loss (seen in most of those treated with 
the drug), myelosuppression (a compromised ability of the body's 
bone marrow to produce new blood cells), nausea and vomiting 
(which are seen in roughly 30-90% of people treated with the 
drug), oral mucositis, oesophagitis, diarrhoea, skin reactions 
(including hand-foot syndrome), and localized swelling and 
redness along the vein in which the drug is delivered. 

A number of different pharmacological methods and delivery 
systems have been evaluated to reduce side effects caused by 
administration of Dox. The strategies include the utilization of 
enhanced permeability and accumulation properties of various 
delivery systems. The inclusion of Dox in delivery system could 
be done either by physical entrapment i.e. non-covalent entrapping 
or by chemical bond formation between Dox and Delivery vehicle 
i.e. covalent entrapping. The non-covalent entrapping has been 

done using liposomes while the covalent modification is required 
for nanoparticular systems. In the delivery systems, the pegylated 
liposomes that encapsulate Dox are available as Doxil.10 Doxil 
was initially developed for the treatment of Kaposi’s sarcoma, 
which is an AIDS-related cancer11 of the skin (symptoms include 
lesions under the skin, in the lining of mouth, nose, throat or other 
organs). The pegylated liposomes facilitate the accumulation of 
the drug in epidermal skin while this also leads to side effect 
commonly called as hand-foot syndrome. This occurs as the drug 
leaks from capillaries to palm and soles resulting in redness and 
peeling of skin from hands and palms. This limits the use of Doxil 
over free Dox.12 However, Doxil is less cardiotoxic, an advantage 
over free Dox.13 

The other substitutions for efficient Dox application have also 
been explored.14 Several metal nanoparticles and carbon 
nanosystems have the potential to deliver the drug at the target 
organ with reduced side effects. Dox has been evaluated with 
nanoparticles by covalent conjugation with Gold, Silver, Iron, 
CdS, fullerenes and other nanoparticles.15 This review is meant to 
analyze the methodology adopted for conjugation of Dox with 
various metal nanoparticles and their outcomes with potential 
applicability in clinical settings.  

2.	METALLIC	NANOPARTICLES	

Nanosized particles of different metals (viz. gold, iron, silver, 
quantum dots, etc.) have been employed for drug delivery due to 
enhanced permeability by nanoparticles.16 The drug loading 
involves either non-covalent direct adsorption on a metal surface 
or a covalent attachment to the nanoparticle through covalently 
bonded linkers.17 

Both strategies have been adopted for the delivery of Dox by 
using different nanoparticles. The non-covalent systems 
incorporated Dox by entrapment in outer shells of the 
nanoparticles. The examples of non-covalent systems designs for 
iron and/or gold nanoparticles included18 (1) Adsorption of Dox on 
nanocarrier surfaces, such as free Dox adsorbed inside hollow 
structures of PEG 5000 over (Au) nanoparticles,19 Dox complexed 
with ferrous Fe2+ over gold nanoparticles,20 and Dox intercalated 
in the RNA aptamer,21 (2) Affinity of Dox towards coating 
materials, such as diffusion in coating polymers e.g. PAMAM 
copolymer (Iron Oxide NP),22 PAsp-g-C18 copolymer (Iron Oxide 
NP),23 carboxymethylchitosan,  and entrapment in coating 
materials such as entrapment inside PEO-TMA-FA polymer-
coated gold nanoparticles, HSA-Dopamine (Iron Oxide NP),24 
Pluronic polymer (Iron Oxide NP),25 and PTMC-b-PGA 
copolymer.14  

The covalently linking of Dox to metallic nanoparticles has 
been achieved by disulfide linkage, hydrazone linkage, amide, 
carbamate and ester bonds. In most cases, a second layer of 
polymer (PEG, Chitosan, etc.) is introduced over the surface of 
the metal nanoparticles, the functional group over polymer or 
organic compounds layer is further used for covalent coupling 
with Dox. The type of bonding or point of attachment between 
Dox and nanoparticles play important role in the efficient 
utilization of anti-cancer properties of Dox and delivery properties 
of nanoparticles system as discussed in following sections.   
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2.1.	GOLD	NANOPARTICLES	(AU‐NPS)	

The gold nanoparticles (Au-NPs) constitute one of prominent 
systems that have been extensively studied for the delivery of 
various drugs. The rich chemistry of gold nanoparticles synthesis26 
and subsequent application in synthetic chemistry, drug delivery, 
materials development and other fields puts these NPs on frontline 
for evaluation for delivery of different drugs including Dox. Dox 
has been attached via different type of covalent bonding with layer 
of organic or polymer molecules coated over the Au-NPs.   

2.1.1 LINKING THROUGH DISULFIDE BONDS 

Dox has been covalently attached through disulfide linkage (-S-
S-) for the possible release of Dox by thiol reducing enzymes 
aided by acidic pH inside the lysosomes.27 The study by Gu et al. 
coated the Au-NPs with amine functionalized polyethylene glycol 
(PEG-NH2).28 The surface amine groups were functionalized to 
incorporate terminal thiol groups on the polymer (making PEG-
SH), which was used for coupling with the thiol-modified Dox to 
generate the Dox bound to the end of PEG-SH via disulfide bonds 
(Au-PEG-S-S-Dox) (Figure 2). Dox was located over the surface 
of the Au-NPs, i.e. on the terminal ends of PEG coating. The 
group reported the estimated concentration of 70 µM of Dox/240 
µM of Au in Au-PEG-SS-Dox nanoparticles, i.e. 0.3 µM of 
Dox/µM of Au. 

 

 

Figure 2. Structure of Au-PEG-SS-DOX conjugate as represented by 
Gu et al28. 

The intracellular uptake of Au-PEG-SS-DOX was greater than 
that of free Dox in the Multi-Drug Resistant (MDR) cells as 
observed by confocal images, however, the drug conjugate 
concentration required for increased level of drug accumulation in 
MDR cells was at doses greater than 15 μM, which is a much 
higher concentration compared to parent drug Dox. The 
cytotoxicity of Au-PEG-SS-DOX nanoconjugates system was in 
proportion to drug accumulation as released Dox concentration 
enhanced its cytotoxicity against MDR cancer cells. This report by 

Gu et. al. discussed the Dox linking via the disulfide bond to Au-
NPs, however, the amine group of Dox was utilized in attachment 
and amide bond is the first bond with Dox in the reported 
conjugate (figure 2); the disulfide being the part of linker. This 
bonding pattern would have bearing on the end pharmacological 
parameters analyzed.   

2.1.2. HYDRAZONE BONDS 

The carbonyl group of Dox has been used for the conjugation 
with polymer layer coated Au-NPs. Prabaharan et al. developed 
Au-NPs coated with an amphiphilic block copolymer having 
hydrazine amine groups.29 Dox was conjugated via hydrazone 
linkage onto the hydrophobic inner shell of Au-nanoparticle-
copolymer system. As linkage takes place in the inner layer of this 
system, Dox has to cross outer PEG shell to reach to hydrazine 
groups for conjugation that is placed in hydrophobic poly(L-
aspartate) PLA layer (Figure 3). For sufficient loading, the 
diffusion and reaction required 24 h of contact between Dox and 
Au-NP copolymer system and further 48 h of dialysis to remove 
unreacted Dox. Dox loading obtained on this system by this 
procedure was 17% w/w. The folic acid was attached on the outer 
PEG layer for target specific delivery of conjugate (figure 3). 

 

 

 
Figure 3. The structure of Au-P(LA-Dox)-b-PEG-OH/FA conjugate 
and pH-dependent release of Dox as reported by Prabaharanet al.29 

 
The release of Dox from this Au-NP-Poly-Dox system was 

strongly pH dependent; further influenced by the structure of the 
nanoparticle system. At pH 7.4, only 10% of Dox was released 
from Au-NP-Poly-Dox system after 3 days. At lower pH, the 
release was more near to completion. At pH 5.3 and 6.6, Dox 
released from Au-NP-Poly-Dox system was 94% and 83%, 
respectively, after 45h. This release is more suited to in vivo 
conditions for keeping Dox intact to Au-NP-Poly-Dox system 
during transportation and circulation in the blood and releasing 
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Dox inside the tumor cells as pH is lower there. The confocal 
images indicated more total cellular uptake in 4T1 cells for Dox 
compared to Au-NP-Poly-Dox, and also the free Dox localized 
inside the nucleus rapidly while the Au-NP-Poly-Dox localized in 
the cytoplasm and released Dox in the nucleus as expected. 

Aryal et al. reported attachment of Dox using Dox-hydrazine 
functionalized with thiol group for attachment of Au-NPs 
surface.30 The Au-NPs were stabilized with thiol functionalized 
PEG (Figure 4). This way, both Dox and PEG were attached to 
Au-NP using thiol group. The Au-NPs were stabilized by 
thiolated methoxy polyethylene glycol (MPEG-SH) and methyl 
thioglycolate (MTG) at an equal molar ratio. Anticancer drug Dox 
was conjugated to the MTG segments of the thiol-stabilized Au-
NPs using hydrazine as the linker. The resulting hydrazone bonds 
formed between Dox molecules and the MTG segments of the 
thiol-stabilized Au-NPs are acid cleavable, thereby providing a 
strong pH-responsive drug release profile. The MPEG segments 
attached to the Au-NPs provide the Au NPs with excellent 
solubility and stability in an aqueous medium while potentially 
enhancing the circulation time. Dox loading level was determined 
to be 23 wt.%. The dox release rate from the DOX conjugated Au-
NPs in an acid medium (i.e., pH 5.3) was higher than that in 
physiological conditions (i.e., pH 7.4). The Dox-conjugated Au-
NPs and/or Dox released from them were found both at the 
perinuclear regions, and the nuclei of 4T1 tumor cells after 
incubation with the Dox conjugated Au-NPs solution for 28 h.  

 

 
Figure 4. Gold nanoconjugate with Dox and PEG attached using thiol 
group reported by Aryal et al30. 

 
Wang et al. reported similar tethering of Dox to Au-NPs. 

However, they attached Dox on the terminal end of Au-attached 
PEG polymer through hydrazone linkage (Figure 5).31 The Dox-
Hyd@AuNPs showed better drug accumulation and retention in 
multidrug-resistant MCF-7/ADR cancer cells in comparison to 
free Dox. The Dox-Hyd@AuNPs released Dox in response to the 
pH of acidic organelles following endocytosis, opposite to the non 
effective drug release from Dox-tethered Au-NPs via the 
carbamate linkage (Dox-Cbm@AuNPs). Dox-Hyd@AuNPs 
therefore significantly enhanced the cytotoxicity of Dox and 
induced elevated apoptosis of MCF-7/ADR cancer cells. The 
Dox-Hyd@AuNPs represents a model with dual roles in 
overcoming multi drug resistance (MDR) in cancer cells and 
probing the intracellular release of drug from its delivery system. 
Involvement of hydrazone bonding in above systems with Au-
NPS provided the expected acidity based drug release profile. 

 

Figure 5. Representation of Dox attachment to Gold nanoparticle 
using Hydrazone linkage via functionalized PEG linker reported by 
Wang et. al.31. 

Direct adsorption of Dox on the AuNPs is possible in the acidic 
medium as reported by Mirza et al.,32 however, the fate of directly 
adsorbed Au-Dox is uncertain due to lack of evaluation in in vivo 
or in vitro conditions. Swiech et al. also reported similar 
observation where they prepared Dox-loaded AuNPs using either 
peptide (amide) linkage or hydrazone linkage. The 
antiproliferation assay and confocal microscopy studies revealed 
that the bond between the AuNPs and Dox determined the 
pathway of cell death. As studied with MTT assay performed on 
two cell lines (A549 and HeLa), the cell death was apoptotic in 
the case of Au-Dox having peptide bonding, and it was sudden 
necrotic cell death when Au-Dox were attached via hydrazone 
bond.33 

2.1.3. THROUGH THE AMIDE/CARBAMATE BOND 

Du et al. reported the Dox-Au conjugates containing a 
carbamate linkage. The various carbamate, hydrazine, and formyl 
ester linked Dox derivatives with PEG or 4-mercaptobenzyl 
alcohol were chemically synthesized having sulfur at the terminal 
end, as shown in Figure 6. The terminal sulfur was used for 
loading the Dox derivatives on the Au nanoparticles in the 
presence of mPEG thiol.34 

In vitro antiproliferation assay of synthesized compounds on 
ovarian cancer (A2780) cell line showed the IC50 value (in nM) of 
6 (31±5nM), 7 (10±4nM), 8 (28±3nM), 9 (11±5), 10 (11±1nM) 
and Dox 1 (26 ± 3nM) indicating the lower values for 7, 9, and 10 
compared to Dox. Compound 6 was found to be stable at 
physiological pH 7.4 (37 oC) as well as at acidic condition pH 4.6 
(37 oC) indicative of negligible release of Dox under both 
conditions. Compound 7 showed the faster release of Dox at pH 
4.6 (37 oC). However, only 55% of this leads to free Dox. The 
group prepared the AuNPs with selected compound 6 with an 
average diameter of 41 nm and loading of 0.78 mg per 1 mg of 
AuNP. The stability of compound 6 was observed during in vivo  
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experiments where significantly lower plasma levels of Dox were 
observed in plasma samples from mice given Au-6-Dox (Au 
nanoparticle with compound 6) compared to plasma samples for 
mice given free Dox. Due to the lack of further experimentation 
for the release of Dox from nanoparticles in cancerous cells in this 
report, the final fate of these derivatives with AuNPs remains 
vague. 

To conclude with different AuNPs reports above, the covalent 
conjugation of Dox has been done directly on the nanoparticles or 
polymer coated Au-NPs using disulfide linkage, hydrazone, and 
carbamate bond formation. The reported studies provide details of 
conjugation and release studies while fate in in-vivo condition is 
uncertain for the reported Au-NP-conjugate systems. 

2.2	IRON	NANOPARTICLES	

Nanoparticles of Iron as well as that of oxides of Iron have 
been studies and applied in various fields. The Iron or Iron oxide 
NPs retain the magnetic properties of Fe, which provide these 
nanoparticles a unique property for application in different fields. 
The usefulness of magnetic tracking of NP conjugates and 
controlling the distribution of magnetic NPs in reaction systems or 
biological systems provide robust applicability of these NPs in 
different systems.35 The enhanced magnetic properties of these 
NPs has made them to be referred as Superhigh magnetization 

nanocarriers (SHMNCs). The magnetic property make them 
suitable for tracking using the magnetic resonance imaging (MRI) 
or magnetic resonance spectroscopy (MRS). Compared to gold, 
the economic cost of Iron nanoparticles make these easily 
available, giving impetus for enhanced exploration of these NPs. 

The Iron or Iron oxide NPs has been studied for delivery of 
Dox drug using the constructs with these nanoparticles having the 
coating of organic molecules or polymers which is used for 
covalent linkage of Dox. The surface coating help in controlling 
other pharmacological properties as well and so their selection 
optimization depend according to end application. The linking of 
Dox on the surface coated nanoparticles achieved using amide, 
hydrazone and other linkage.      

2.2.1 USING AMIDE BOND  

The conjugation of Dox to iron nanoparticles has been done in 
a similar way by coating the nanoparticles with polymer layers. 
Hua et al. coated the poly[aniline-co-sodium-N-(1-one-butyric 
acid)aniline] on superparamagnetic iron oxide (Fe3O4) 
nanoparticles (SPION) or also referred to as Superhigh 
magnetization nanocarriers (SHMNCs).36 The activated carboxyl 
group was generated at the surface of the polymer. The activated 
carboxyl group coupled to the primary amine group of Dox to 
form SPION-Dox particles via amide bond 11 (Figure 7).  
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Figure 7. Structure of Fe-SPION-Dox conjugate reported by Hua et 
al.36 SHMNCs: SuperHigh-Magnetization Nanocarriers. 

According to their report, the quantity of Dox loading was 271 
µg/mg of Fe-SPION-Dox system corresponding to 27.1%w/w 
loading. The higher loading compared to other delivery systems is 
believed to be due to the higher surface area of SPION. The 
release kinetics of the Dox from Fe-SPION-Dox conjugate was 
not included in the report. The high R2 relaxivity (434.7 mM-1S-1) 
of Fe-SPION-Dox conjugate is useful in tracing it quantitatively 
in animal body/organs by MRI. The cytotoxicity of Fe-SPION-
Dox in bladder cancer MGH-U1 cells was believed to be due to 
direct intercalation or free radical generation by conjugated Dox 
in Fe-SPION-Dox. The cytotoxicity was observed to enhance 
when magnetic therapy was applied. The observed cytotoxicity of 
Fe-SPION-Dox described in the report either in vitro or in vivo is 
mainly with intact Fe-SPION-Dox alone or complemented by 
magnetic therapy as it is silent about the release of Dox from the 
conjugate. 

In a similar way, Fang et al. also introduced amide bond 
linkage in (poly(beta-amino ester) PBAE 13 polymer for direct 
incorporation of Dox via its primary amine group. PBAE 13 is 
PEG-based copolymer37 with (di(ethylene glycol) diacrylate) 
DEGDA 12 and dopamine) coated around Fe nanoparticles 
(Figure 8).38 

The polymer designed by Fang et al. for loading of Dox on 
SPION nanoparticles contained ester bonds in it for releasing the 
Dox at lower pH. Dox was introduced as an integral part of PBAE 
polymer through the primary amine group of Dox. The final 
structure contained the tertiary amine (from Dox, PEG or DPA) 
and ester bonds. Fang et al. stated that Dox, as incorporated via 
stable amine linkage, would help in preventing the premature 
release of Dox from the system and allows nanoparticle conjugate 
to reach and accumulate in the tumor site. Dox-containing 
polymer was loaded on SPION nanoparticles through conjugation. 
The high Dox contents in the polymer (9.5% w/w of the total 
polymer) lead to the generation of nanoparticles with 679 µg of 
Dox per 1 mg of iron. As SPION-PBAE system contained pH 
sensitive ester back bone, the acidic pH promoted the degradation 
of the polymer and released of Dox component. At pH 7.4, over 
30% of Dox component got released from polymer after 72 h 
while 40% was released at pH 6.4 and 55% at pH 5.5. 
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2.2.2 USING HYDRAZONE BONDS 

Kievit et al. used polyethylene amine (PEI) for the 
incorporation of Dox and then docking this conjugate on the 
PEGylated SPION.39 Dox was loaded in high quantity (i.e., 1089 
molecules per nanoparticle) using hydrazone bonding between 
Dox and PEI (Figure 9). Hydrazone bond being pH sensitive 
would be beneficial in releasing the Dox at the tumor site. 
However, Dox was loaded using PEI instead of the direct polymer 
layer of SPION. Thus, the PEI molecules get released and would 
cause the cytotoxicity as any released PEI penetrates in the 
nucleus and prevents the normal transcription process. The release 
kinetics of Dox showed a burst effect in the first 1h followed by a 
plateau at all pH ranges of 4.5 to 7.5, probably because of the 
release of PEI from the PEG – SPION. The hydrazone bonding 
facilitated the release of Dox at lower pH while at other pH values 
it did not affect the release kinetics (the unusual burst release from 
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nanoparticle). However, the total Dox released did not exceed the 
30% of loading probably due to hydrophobic interactions between 
Dox and polymer after cleavage of hydrazone linkage. PEI itself 
acts as buffering material, and in this capacity, it prevents the 
normal acidification of endosomal vesicles and degradation of 
endosomal contents. 

 

 

Figure 9. Depiction of the conjugation of Dox with PEI and loading 
on the PEGylated SPION reported by Kievit et al.39. 

2.3	SILVER	NANOPARTICLES	

Silver nanoparticles [Ag NPs] are known to induce apoptosis or 
necrosis in numerous cell types.40 Hekmat et al. studied the 
combined effects of silver nanoparticles (Ag NPs) and Dox on 
structural changes in DNA and their corresponding inhibitory 
roles in the growth of T47D and MCF7 cells.41 The values of 
observed binding constants for DNA-Dox, DNA-Ag NPs, and 
DNA-Dox-Ag NPs complexes revealed that the combined Dox 
and Ag NPs interact more strongly as compared to either Dox or 
Ag NPs alone. The combination of Dox+Ag NPs significantly 
disturbed the molecular structure of DNA and induced the 
formation of DNA condensed form (ψ type). The Ag NPs also 
enhanced the cytotoxic effect of Dox on MCF7 cells and T47D 
cells, having a significant difference with Dox or Ag NPs alone.41 

Benyettou et al. used Ag NPs for dual delivery of Dox and 
alendronate (Ald) 14to cancer cells towards synergistic effect by 
simultaneous improved delivery of both drugs (Figure 10).42 The 
Ag NPs synthesized by bisphosphonate mediated synthesis were 
coated with bisphosphonate Ald, which was further used for 
conjugation of Dox through imine bond. Rhodamine B conjugated  

 

Figure 10. Dox loading on Ag NPs using Alendronate (hydrazone 
bonding). 

to Ag-Ald nanoparticle (in place of Dox) was used to find out the 
mechanism of uptake of nanoparticles by confocal fluorescence 
microscopy, which showed that cellular uptake of nanoparticles is 
through macropinocytosis and clathrin-mediated endocytosis. 
Higher uptake and acid-mediated release of Dox (by hydrolysis of 
imine linkage) resulted in the greater antiproliferative activity of 
cancer cells in vitro compared to the individual activity of Ald or 
Dox.  

Ag NPs have also been used in chemo-photodynamic therapy 
nanoconjugates. The nanoconjugate of silver/graphene quantum 
dots (CdS) and Dox showed improved cytotoxicity against cancer 
cells with better cardioprotective effect.43 Moreover, it was 
reported that grapheneoxide@Ag-Dox-DSPE-PEG2000-NGR 
(GO@Ag-DOX-NGR) nanoconjugates showed excellent 
chemophotothermal therapeutic efficacy, tumor-targeting 
properties, NIR laser-controlled drug-releasing functions, and X-
ray imaging ability in an in vivo murine tumor model.44 

2.4	QUANTUM	DOTS	

Quantum dot nanocrystals are different photoluminescent 
nanodimensional materials typically synthesized from binary 
combinations of a variety of semiconductor materials (ZnS, ZnO, 
CdS, CdSe, InP, CdTe, PbS, PbTe). For drug delivery and other 
biological applications, the quantum dots are generally first loaded 
with biomolecules (peptides, PEG, small molecules, aptamers 
(RNA, DNA fragments), etc.) through metal-affinity interactions 
or disulfide bond, which help in biorecognition, biophysical 
properties45 controlling, and target delivery.46 The first loading 
may generate surface ligands, such as carboxylic acid or amine 
group, which can further be used for other biomolecules/drug 
attachment.47 The Quantum dots have dual benefits of serving as 
delivery vehicles (due to nanomolecular size) and in vitro cellular 
imaging of nanoconjugate (due to photoluminescence). This 
multifunctional design system of Quantum Dots for simultaneous 
imaging and delivery of therapeutic agents is an advantageous 
system as this dual task system represents a substantial challenge 
for other types of nanocarriers.48 

2.4.1 QD-DOX CONJUGATES 

The QDs have size-tunable photoluminescence spectra with 
high molar extinction coefficients (∼10  –  100  times  that  of 

organic  dyes).  This provides optimal tissue imaging for 
fluorescent excitation while there may be low background noise 
from water, proteins, and other endogenous fluorophores. These 
properties also allow the QDs to function as excellent 
fluorescence resonance energy transfer (FRET) donors. QDs have 
been shown to be excellent donors for both organic dye and 
fluorescent protein acceptors. On conjugation of Dox with QD, 
QD-Dox FRET takes place. As Dox is fluorescent, it partially 
quenches the QD photoluminescence via FRET and once inside 
the cells, the free Dox fluorescence is also self-quenched on DNA 
binding. Intracellular release of Dox from QD would be signaled 
by a concomitant increase in fluorescence of both the QD and 
Dox; correlating with the reduction of FRET. The targeted cell 
line would thus fluorescently be labeled in two colors (QD and 
Dox) as a result of this delivery strategy and thus help in 
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monitoring the cellular activity of QD-Dox conjugate. In one 
example, Bagalkot et al. assembled a CdSe/ZnS QD-aptamer 
conjugate capable of targeting prostate cancer cells for drug 
delivery.49The QD-aptamer-Dox conjugate showed partial 
quenching of the QD PL via FRET. The Intracellular delivery of 
Dox cargo was signaled by a concomitant increase in both the QD 
and Dox fluorescence correlating with the reduction of FRET. The 
targeted cell line was thus fluorescently labeled in two colors (QD 
and Dox). In this configuration, the QD provides multiple roles, 
including nanoscaffold for aptamer and drug attachment, 
fluorescent marker in the conjugate, and part of the FRET signal 
in drug release.48 

2.4.1.1. HYDRAZONE LINKAGE 

R. Salva et al. reporteddrug delivery system that consists of (1) 
QD as a carrier, (2) Dox as an anticancer drug conjugated to QD 
via a pH-sensitive hydrazone bond, and (3) aptamer targeted to 
mutated MUC1 mucin as a targeting moiety/penetration enhancer 
for imaging and treatment of drug-resistant ovarian malignances. 
The quantum dot-mucin1 aptamer-Dox (QD-MUC1-Dox) 
conjugate was synthesized by conjugating the QD with a DNA 
aptamer specific for mutated MUC1 mucin overexpressed in many 
cancer cells including ovarian carcinoma followed by attaching of 
Dox to QD via a pH-sensitive hydrazone bond selected for drug 
release in the acidic environment inside cancer cells. The 5′-amine 
terminated MUC1 DNA aptamer [5′-GCA-GTT-GATCCT-TTG-
GAT-ACC-CTG-G-3′] was attached to carboxyl terminated 
quantum dots (QD-COOH) Cd/ZnS QD first, followed by 
hydrazine treatment to generate amine on QD, and then Dox was 
attached via hydrazone bond (Figure 11). As expected, the 
conjugate through hydrazone bond remained stable at neutral and 
slightly basic pH and underwent rapid hydrolysis in mildly acidic 
pH. Confocal microscopy and in vivo imaging studies showed that 
the developed QDMUC1-DOX conjugate had higher cytotoxicity 
than free Dox in multidrug-resistant cancer cells and preferentially 
accumulated in ovarian tumor.50 

 

Figure 11. Loading of QD with Aptamer and Dox using hydrazone 
bond(QD-MUC1-Dox) as reported by Salva et.al.50. 

The QD-MUC1-Dox showed better uptake in 
ovariantumorcompared to unmodified QC in invivo imaging in the 
mice. This study provided a base for using aptamer for targeted 
delivery of conjugates in place of peptide/antibody-based 
conjugates. The conjugate loading with Dox via hydrazone bond 
indicated a better release of drug in the tumor site (Figure 12). 

 

Figure 12. Biodistribution of non-modified quantum dots (QD) and 
tumor-targeted by MUC1 aptamer QD (QD-MUC1) conjugate. Image 
reproduced from the report by Salva et. al.50 with permission 
(Copyright Elsevier). 

The ZnO quantum dots surface can be functionalized with 
different biomolecules, and because of its high photoluminescence 
find application in bioimaging.51 In addition to bioimaging, ZnO 
QDs have also been evaluated as a platform for targeted and pH-
responsive intracellular delivery of Dox. The cancer targeting 
feature of carrier conjugate has been endowed by conjugating 
folic acid52 on to the surface of ZnO–NH2 QDs via an amidation 
reaction. Dox is then loaded onto the folic acid functionalized 
ZnO QDs through metal complexation reaction of Dox with ZnO. 
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Drug-loaded ZnO-FA QDs remain stable at physiological pH but 
could disintegrate in the mildly acidic intracellular environment of 
cancer cells. Compared to the conventional drug nanovector, ZnO-
FA QDs themselves provide a significant therapeutic activity 
supplemented by the additional release of Dox from the conjugate. 
Combined Dox and ZnO QDs have been proposed to be more 
efficacious than either alone. Further, photoluminescence of ZnO 
nanoparticle can be used for tracing the nanocarrier, thus 
providing simultaneous targeting (with folic acid), diagnosis (with 
ZnO), and therapy (with FA and Dox) of cancer cells.53,54 

In generalization, Quantum Dots possess unique structural and 
surface properties, such as tunable and uniform size, flexible drug 
linking, and doping mechanisms, large surface to volume ratio and 
a wide spectrum of surface reactive groups, which make these 
nanoparticles a suitable vehicle for targeted and traceable drug 
delivery systems.55 The QDs have the unique combined property 
of being used as a delivery vehicle as well as a tool for drug 
screening in a single system.56 However, as the majority of QDs 
are made with heavy metals and thus, may generate long-term 
toxicity. The toxicity concerns can be mitigated through high-
quality QDs prepared from relatively non-toxic compounds (e.g., 
silicon and carbon).57 For mitigation of toxicity and to utilize 
properties of targeting systems, such as folic acid or combination 
with other nanosystems, such as carbon nanotubes,58 chitosan,59 
graphene,60 etc. has also been reported. The systematic study is 
still warranted for maintaining a useful concentration of the drug 
in the targeted tissue while preventing toxicity due to QD.  

3.	SILICA	NANOPARTICLES	

The silica nanoparticles have wide significance due to their 
excellent in vivo stability profiles, which makes these inorganic 
nanoparticles fit for medical and biological applications. 
Compared with other nanoparticles (organic)drug carriers, 
mesoporous silica nanoparticles (MSNs) possess some unique 
properties such as high specific surface area, large pore volume, 
tunable pore structure, and stable physicochemical properties.61 
MSNs have been intensively investigated in various fields 
including controlled drug delivery, biosignal probing, gene 
delivery, biomarking, and other biomedical applications. 

Dox delivery has been mostly investigated by non-covalent 
adsorption on the (mesoporous) silica nanoparticles. The report by 
Shen et al61 showed higher loading of Dox on smaller size MSNs, 
such as Dox loading capacity of MSNs with 120nm size could 
reach 306 mg Dox per gram MSNs 120, indicative of high 
specific surface areas. Although, higher loading could be achieved 
with porous silica nanoparticles, the release of Dox from loaded 
nanoparticles was very less, i.e. ~ 20% in 24 h and reaching a 
maximum of ~25 release in 48h. Also, the rate of release was fast 
enough, i.e. it was released exponentially in the first 12 h and after 
that negligible slow release. These release kinetics makes MSNs 
unfit for clinical applications. Similar work to evaluate the pore 
size of mesoporous silica nanoparticle from the same research 
group authored by Guo et al62 reported similar behavior of Dox 
release from silica nanoparticles. 

Further, surface modifications supported secondary coverings 
have also been introduced for improving the surface kinetic 

properties of silica nanoparticles. Meng et al.63 have reported the 
functionalization of the silica particle surface with a phosphonate 
group to allow electrostatic binding of Dox to the porous interior 
and releasing Doxdrug by acidification of the medium under 
abiotic and biotic conditions. The group has also used 
phosphonate modification for exterior coating with the cationic 
polymer, polyethyleneimine (PEI) for evaluation in 
contemporaneously delivery of Pgp siRNA. Compared to no 
surface modification, COOH-functionalized, NH2 modification; 
the surface phosphonate functionalized silica nanoparticles 
showed higher Dox loading. Dox release from Phos-MSNs 
showed pH-dependent release kinetics with nearly 40 % release in 
360 min and approximately 50% release in 720 min under acidic 
conditions while it was negligible under neutral phosphate buffer 
conditions (Figure 13). 

 

Figure 13. Higher loading of Dox on Phos-MSNs compared to other 
modifications. Adapted from a report by Meng et al63 with 
permission. (Copyright ACS) 

The surface modification with PNiPAM/AA (poly(N-
isopropylacrylamide) (PNiPAM)-co-acrylic acid (AA) hydrogel) 
has been reported by Hu et al64 for thermal as well as pH-
controlled loading and release of Dox from modified silica 
nanoparticles. Dox release showed comparatively more release at 
pH 5 compared to pH 7; however, nearly 60-65% of loaded Dox 
released within 5 h under all conditions, after which showed only 
5-10% release upto 25 h. This limits the application of this system 
requiring the sustained release of Dox, the key requirement of the 
drug delivery system. Various other molecules, such as PEG65 and 
aminopropyl,66 have also been examined with similar inferences.    

The silica nanoparticles have alsobeen loaded with dual 
compounds including Dox and one another organic molecule 
(such as for phthalocyanine) for photodynamic therapy along with 
the pH-controlled release of Dox from the silica conjugate 
nanoparticles.67 

4.	CARBON	NANOSYSTEMS	

Nanometer-sized carbon allotropes viz. carbon nanotubes, 
fullerene, and graphene with the capability to cross the cell 



B.S. Chhikara et. al. 
 

Journal of Materials NanoScience               
J. Mat. NanoSci., 2019, 6(2), 47‐66            56

membrane and non-toxic behavior have led to their evaluation in 
various biological applications, including drug delivery. Carbon 
nanosystems differ in their structural morphology and physical 
surface properties, which help in developing their potential 
analysis in applicability in a suitable field. Application of these 
carbon nanosystems in drug delivery, particularly the delivery of 
various anti-cancer drugs, using covalent and non-covalent drug 
conjugation on the surface, has generated a wide literature 
covering different aspects. The conjugate systems for delivery of 
Dox have been summarized below. 

4.1. CARBON NANOTUBES 

The carbon nanotubes (CNT) with 1-5 nanometer diameter and 
spanning the length 20-200nm (including single walled, 
multiwalled and short carbon nanotubes) are folded jointed sheets 
of graphene layer with the high surface area and unique physical 
properties like high mechanical strength and electrical 
conductivity.68 Due to the ability to cross cell membrane 
permeability of CNTs, these have been used for delivery of 
various drug molecules.69,70 In case of Dox, most of the reports 
used non-covalent loading of Dox on CNTs due to strong 

adsorption by π-π stacking. The release kinetic and incomplete 
release of Dox from CNT-Dox conjugate remains questionable for 
the end application. The CNT surface functionalization (like with 
–COOH group) and also the CNT surface wrapping with other 
polymers have been reported for pH-controlled release and 
simultaneous photothermal therapy with similar end 
inferences.7172 

The covalent functionalization of CNT (multiwalled CNT) with 
polystyrene for loading with Dox has been achieved through 
hydrazonebonding by Le et.al.73 for pH-controlled release of Dox 
from conjugate (Figure 14). 

In this report, the loading through covalent functionalization 
was more (~18%) compared to pristine MWCNT (negligible). The 
release kinetics showed that only ~20% Dox was released from 
the MWNT/PSMA-DOX at pH 7.4 after 24 h. The release of 
DOX was significantly increased at pH 5.0 with 56% of DOX 
released after 24 h. The results indicated that acid-sensitive 
hydrazone bond was relatively stable at pH 7.4 but cleaved at pH 
5.0, and thus Dox could diffuse out from MWNTs more in acidic 
medium. The majority of release (in both cases neutral as well as 
acidic pH) occurred within 12hours, limiting the efficacy of 

application of this system. 

4.2. FULLERENES 

Fullerenes are spherical 
carbon structures in nanometer 
dimensions and have good 
cellular uptake profile due to 
nano size. The fullerenes have 
been chemically functionalized 
for loading of Dox and 
evaluated for therapeutic 
application via the amide 
linkage by Chaudhary et al.74 
(Figure 15). The report 
indicated the minor difference 
in cytotoxicity of Dox and 
Fullerene-Dox conjugate. The 
release and lower cytotoxicity 
results can be compared with 
the unhydrolyzable amide 
linkage of Dox-Fullerene 
conjugate. Further, the in vitro 
activity obtained and reported 
was at much higher 
concentration of 5 μM, which 
indicated the reported 
cytotoxicity in different cells in 
in vitro conditions might be due 
to less release with high 
concentration effect over the 
IC50 for free Dox molecules. 
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Figure 15. The loading of Dox on fullerene via amide linkage as 
reported by Chaudhary et.al.74 

Zhao et al. have used RGD peptide for improving the uptake of 
the Fullerene-Dox conjugate in lung cancer cells.75 The in vitro 
results demonstrated that Dox-C82-cRGD nanoparticles showed 
preferential cellular uptake in non-small lung cancer cells as 
compared with Dox-C82 and in much higher uptake in 
comparison with only Dox incubated cells. The higher uptake of 
Dox-C82-cRGD had significant improvement in cytotoxicity to 
cells at a low dose. 

4.3 GRAPHENE 

The graphene, though parent to all carbon nanomaterials, is 
most recent among discovered carbon nanomaterial and is getting 
increasing research attention to explore this new material for drug 
delivery along with numerous other applications. Graphene is a 
single layer of sp2 hybridized carbon atoms arranged in a planer 
honeycomb like two-dimensional (2D) crystal lattice.76 It has 
evoked enormous interest throughout the scientific community 
since its first appearance in 200477 as due to its unique structure 
and geometry, graphene possesses remarkable physical–chemical 
properties including half‐integer quantum Hall effect, ballistic 
electron transport, a high Young’s modulus, excellent electrical 
and thermal conductivity, high fracture strength, fast mobility of 
charge carriers, large surface area, and good biological 
compatibility.78 These properties make graphene ideal materials 
for evaluation and application in a broad range of applications, 
ranging from quantum physics, nano-electronics, nanoenergy 
materials research, chemical application in nanocatalysis as well 
as engineering field applications of nanocomposites materials and 
biological materials.79 

In the field of nanobiotechnology and nanomedicine,80,81 
graphene, graphene oxide and their composites with other 
materials have emerged as new biomaterials for explorations in 
different exciting research advances in area of biological sciences, 
biotechnology and medical sciences such as development of a new 
generation of biosensors, nanocarriers for drug and gene delivery; 
and development of nanoprobes for cellular organelles, cells and 
biological imaging.60,82 

The graphene has been evaluated for the delivery of Dox by 
direct adsorption on the graphene surface as well as by 
intermediate molecules-based attachment. The non-covalent 
adsorption brought the good loading due to stacking impact of 
Dox and Graphene while the release profile of Dox from complex 
has not been suitable for the application. The molecular 
attachment intermediated by molecules, such as polymers, PEG 
and other has also been attempted for delivery studies of Dox 
giving the mixed results mainly depending upon the 
characteristics of interaction between Dox and intermediating 
molecules.83,84 

5.	DENDRIMERS		

Dendrimers are used as a delivery vehicle for various 
anticancer drugs. The structure and tunable surface functionality 
of dendrimers allow the encapsulation/conjugation of multiple 
entities, either in the core or on the surface, rendering them ideal 
carriers for various anticancer drugs.85 

Jesus and colleagues86 explored the possibility of a 2,2-bis 
(hydroxymethyl) propanoic acid-based dendritic scaffold as a 
delivery carrier for Dox in vitro and in vivo. This dendritic 
nanoformulation, which contains Dox covalently bound through a 
hydrazone linkage to a high molecular weight 3-arm polyethylene 
oxide; exhibits reduced cytotoxicity in vitro. However, in vivo 
biodistribution experiments showed minimal accumulation of 
Dox-dendrimer conjugate in vital organs, including the liver and 
heart, and increased the half-life of Dox compared to the free 
drug. Thus, it was hypothesized that proper choices of nanocarrier 
systems could increase the circulation half-life to effectively 
exploit the enhanced permeation retention (EPR) effect 
phenomenon and thus have potential to increase the efficacy of the 
drug. 

In an attempt to improve the efficacy of Dox, Lai and 
colleagues87 utilized photochemical internalization (PCI) 
technology for site-specific delivery of membrane-impermeable 
macromolecules from endocytic vesicles into the cytosol. PCI 
technology has been demonstrated to successfully enhance the 
cytotoxicity of cancerous tissue by destroying the cytoplasmic 
membrane and facilitating the release of macromolecules 
entrapped in cytoplasmic vesicles. PAMAM dendrimers were 
conjugated to Dox through the amide (PAMAM–amide–Dox) or 
the hydrazone (PAMAM–hyd–Dox) bonds. Two different PCI 
strategies referred to as ‘light after’, and ‘light before’, where 
exposure to light is either after or before treatment with Dox, 
respectively, were applied to evaluate the cytotoxic effects of 
these Dox PAMAM conjugates against Ca9-22, gingival 
carcinoma, cells. It was observed that only the ‘light after’ PCI 
treatment significantly increased the nuclear accumulation of Dox 
from the PAMAM-hyd-DOX conjugates and thus exhibited higher 
cytotoxicity, probably due to the synergistic effects. Both PCI 
strategies failed to improve the cytotoxicity of PAMAM-amide-
DOX conjugates. 

6.	LIPOPHILIC	SYSTEMS	(FATTY	ACID	CONJUGATES)	

Dox is a highly hydrophilic organic drug, and this property 
could be leading to its pharmacological profile, biodistribution, 
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and excretion kinetics. Small organic molecules could be 
developed on Dox molecular structure for improving towards 
desired pharmacological profile. Our laboratory has been actively 
engaged in pharmacological profile modifications of anti-cancer 
and anti-HIV drugs using various molecules and concepts of 
concerted delivery systems.88–95 

 

 

Figure 16. Different amine functionalized lipophilic derivatives of 
Dox. 

 

Figure 17. Cytotoxicity profile of Dox and derivatives in cancer cells. 
Anti-proliferation activity was lost with amidation, as shown in 
CCRF-CEM Leukemia cells. A similar pattern was observed with 
MDA-MB-468, SK-OV-3, and HT-29 cells. Figure adapted from ref 
[96] with permission. (Copyright Elsevier)  

Dox has a primary amine on sugar section, which can be 
functionalized with different very small to large alkyl groups to 
modulate the lipophilic/hydrophilic characteristic towards 

improved prolonged availability of the drug for action. Using 
acylation, different alkyl chain lengths were introduced at the 
amine group by single step amidation reaction (Figure 16). 
However, in vitro cellular assays showed that these amide 
derivatives have negligible cytotoxicity compared to Dox (Figure 
17). Simply acetylation (-COCH3) of amine (Compound 10, 
Figure 16) itself caused the loss of anti-cancer activity as shown 
by anti-proliferation assay for CCRF-CEM leukemia cells (bar 
graph for compound 10 in Figure 17). A similar pattern was 
observed with all fatty amide derivatives of Dox in different 
cancer cells (MDA-MB-468, SK-OV-3, and HT-29). This loss of 
activity on amine functionalization indicate the importance of 
amine group in target binding (Topo-II) and further attributed to 
the difficulty of amide bond hydrolysis under physiological 
conditions.96 

Considering the importance to keep the amine free, the 
lipophilic derivatives of Dox succinate were synthesized and 
assessed for anticancer activity and nuclear localization.97 The free 
amine at the 3’ carbon atom of Dox was first protected with a 
fluorenylmethyloxycarbonyl (Fmoc) group to prevent conjugation 
in this position. Fmoc-Dox was then chemically modified at the 
14’ carbon atom by the addition of succinic anhydride to form the 
succinate (Figure 18). Fmoc-Dox succinate then underwent 
esterification or amidation, followed by Fmoc deprotection to 
generate the respective alkyl ester 27 or amides 23-26 in the form 
of lipophilic fatty acyl-Dox conjugates (Figure 18). Acyl 
substituents of various lengths were incorporated into Fmoc-Dox 
succinate to assess their influences on nuclear delivery and 
therapeutic activity in human ovarian adenocarcinoma (SK-OV-
3), leukemia (CCRF-CEM), breast adenocarcinoma (MDA-MB-
468, MDA-MB-361), and colon adenocarcinoma (HT-29) cells.97 

In vitro antiproliferative experiments showed that the myristoyl 
amide-Dox 25 and other acyl derivatives possessed a nearly 
equivalent pattern of antiproliferative activity (Figure 19) to that 
of free Dox. Notably, the introduction of succinyl group on the 
14’C-OH position of Dox (Compound 28, Figure 18 and Figure 
19) did not influence the alternation of antiproliferative activity of 
Dox in all the cell types used in the assay. For each cell line, 25 
was observed to have relatively better cell anti-proliferative 
activity among the reported fatty acyl-Dox conjugates and has 
comparable activity when compared to non-conjugated Dox (1). 
Compound 25 has also been assessed for nuclear localization in 
SK-OV-3 cells. Since Dox fluorescences in the visible 
electromagnetic region, the subcellular localization of 25in SK-
OV-3 was monitored by fluorescence-activated cell sorter (FACS) 
analysis. It was observed in FACS analysis that the myristoyl 
amide-Dox 25 uptake in SK-OV-3 cells showed enhanced cellular 
uptake by approximately a factor of 3 times in comparison to the 
uptake of unconjugated Dox. Further, fatty acyl Dox compound 
25 gets localized in the cell membrane, the labile succinate ester 
or amide bonds at the 14’ carbon atom are hydrolyzed to release 
Dox into the nucleus for DNA intercalation. The intercalated 
Dox–DNA becomes immune to the action of topoisomerase II, 
which is thus unable to cleave the DNA for replication leading to 
inhibition of cell proliferation. The improved uptake and thus 
enhanced antiproliferative activity in various human cancer cells  
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could be due to increased lipophilicity of fatty acyl-Dox 
conjugates responsible for efficient nuclear localization. Among 
the reported fatty acyl derivatives, compound 25 possesses the 
optimal lipophilic chain length for enhanced permeability through 
the plasma membrane and the optimal balance of hydrophilicity 
(Dox) and lipophilicity (fatty chain) of the conjugate. 

 

 

 

Figure 19. Antiproliferative activity of Dox-acyl derivatives in 
leukemia (CCRF-CEM) and ovarian (SK-OV-03) cancer cells. 
Adapted from ref [97] with permission. Copyright ACS.  

Similar results have been observed for lipophilic derivatives 
linked through hydrazone linkage at carbonyl group of Dox.98 
Similarly, the 14-OH derivatization with cholesterol,99 hyaluronic 
acid,100 and other lipophilic groups has shown better in vitro and 
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Figure 18. Chemical synthesis of 14-Dox acyl derivatives. 
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in vivo pharmacological properties of Dox including reduced 
cardiotoxicity. The cholesteryl doxorubicin derivatives reported 
by Choi et al.99 indicated the similar type of results as observed 
with fatty acyl derivatives (discussed above). The group 
synthesized Dox-amine functionalized cholesterol derivatives, 
which showed the loss in the antiproliferative activity of Dox 
derivative, indicating and supporting the concept of the 
requirement of the free amino group of Dox as an important site 
for its cancer cell inhibition. The introduction of cholesterol via a 
linker (compound 29 and 30, Figure 20) at position 14’-OH 
showed the retention of antiproliferative activity along with 
showing the improved uptake inside the cells. The overall 
preliminary results with Dox-cholesterol derivatives are in line 
with the detailed results observed with Dox-fatty acyl derivatives 
reported by our group (discussed above). 

 

 
Figure 20. The cholesterol derivatives of Dox reported by Choi et. 
al.99 

7.	PEPTIDE	SYSTEMS	

The peptide systems for delivery applications have been 
preferred molecules of choice due to their natural occurrence, 
controlled synthesis, and expected higher biocompatibility. 
Through extensive evaluations, a number of the linear and cyclic 
peptide havebeen rationalized by different research groups for 
drug and nucleotide delivery applications.101 The extensive library 
of peptides of differing chain lengths and sequences brought the 
molecular architectural properties of these molecules towards the 
generation of applicative concepts. The literature on the 
abundance of the library of novel peptide systems has emerged as 
a source for designing modular transporters for nuclear drug 
delivery. Many natural peptide systems have been known to 
undergo preferred internalization into cells and served the basis 
for the understanding of the mechanism of their nuclear 
importation. However, some internalization mechanisms are still 
unclear and give impetus to designing and synthesis of more 
variations of peptide structures. This preferential cellular 
internalization activity of selected peptides (known as Cell 
Penetrating Peptides (CPP))102 has been exploited by several 
research groups for enhancing nuclear drug delivery. Moreover, 
the peptides have been further conjugated to other delivery 
systems to improve the target delivery besides having been used 
as stand-alone to drug delivery applications.103 

The natural peptide sequences have served the basis for 
evaluation for application. For example, the TAT-NLS-peptide 

(YGRKKRRQRRR) 31 (Figure 21) from the HIV-1 TAT protein 
is known to traverse the nuclear membrane into the nucleoplasm 
and thus has been conjugated to several drug delivery systems for 
achieving enhanced delivery.104 The TAT-peptide is easily 
recognized by the importin transport receptors IMPα-β1 or IMPβ1 
for nuclear entry through the nuclear pore complex (NPCs). 

The TAT-peptides conjugated on to mesoporous silica 
nanoparticles (MSNs-TAT) are able to deliver and release 
pharmaceutical molecules, such as Dox, into the nucleus.105 Pan et 
al. has reported the synthesis of MSNs-TAT nanoparticles with a 
range of diameters of 25, 50, 67, and 105 nm as obtained by TAT-
peptide esterification on the surface of MSNs and further 
evaluation of nuclear delivery in cervical cancer HeLa cells.105 
Nuclear internalization of nanoparticle peptide conjugate was 
monitored by conjugating the green fluorescein isothiocyanate 
FITC on the TAT peptide. The internalization results indicated 
that after 24h, the MSNs-TAT nanoparticles with a diameter size 
of 67 and 105 nm did not localize in the nucleus (means could not 
transport across a nuclear membrane). The large size nanoparticles 
remained primarily on the nuclear membrane as their larger 
diameters hindered their entry through the nuclear pore complex 
NPC. The observation was contrasting with small size 
nanoparticles. MSNs-TAT nanoparticles with diameter size of 25 
and 50 nm entered the nucleus within 4 h. Furthermore, Dox was 
conjugated on the MSN-TAT nanoparticles, and it was observed 
that Dox-loadedMSNs-TAT (DOX@MSNs-TAT) nanoconjugate 
with diameter of 25 nm entered the nuclei of HeLa cells 
successfully. Comparatively, the free Dox and DOX@MSNs 
without the TAT-peptide had a negligible transportation across 
nuclear membrane. These results were supplemented with 
Transmission electron microscopy (TEM) images which indicated 
reinforced nuclear entry of 25 and 50 nm MSNs-TAT and no 
nuclear entry by 67 and 105 nm diameter sized MSNs-TAT. The 
MSNs nanoparticles of varying sizes without the TAT peptide got 
internalized into the cytoplasm, but were not found in the 
nucleoplasm. Conclusively, the MSNs-TAT with a diameter of 50 
nm or smaller can efficiently target the nucleus and deliver Dox 
into the nucleus. This indicates that the TAT peptide served as a 
crucial nuclear localization signals(NLS) for binding to the 
importin transport receptors, allowing transport through the 
nucleoporins of the nuclear pore complex (NPCs). 

The nuclear delivery efficiency of TAT peptide has been 
utilized by many researchers for delivery genes (DNA fragments 
and siRNA) to the nucleus.106 TAT-peptide has also been 
employed in conjunction with other NLS peptides107 to improve 
nuclear delivery and has also been utilized with different other 
nanoparticles.101 

Figure 21. Chemical structure of TAT peptide YGRKKRRQRRR. 
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Taking the lead from natural peptides, the designing of peptide 
for preferential cellular uptake has been an exciting field. The 
optimum charge balancing using different amino acids 
(negatively, positively charged and neutral amino acid), variation 
in charge densities by different sequences of selected amino acids 
and along with their design architectures (linear and cyclic) as 
well as length variation of peptides and balanced hydrophilicity-
lipophilicity form the fundamental methodology for enhanced 
interaction with cellular membrane and crossing over through 
pores. Considering the above conceptual fundamental molecular 
structure basis of CPPs, we have designed a number of linear and 
cyclic peptides using Arginine (R) and Tryptophan (W) and other 
amino acids variations for drug delivery applications (Figure 
22)108 and self-assembling of peptides in nanostructures.109 

Furthermore, Dox was conjugated to synthesized peptides 36 
and 37 (linear as well as cyclic peptides) via its 14’C-OH using a 
linker between the peptide and the drug, as shown in Figure 23. 
As the synthesized peptides have preferential uptake in the 
cancerous cells, the Dox-CPP conjugates accumulated more in the 

cells. The Dox-CPP conjugate has anti-proliferative profile 
comparable to free Dox as shown by the Inhibition of leukemia 
CCRF-CEM, ovarian SK-OV-3, colon HCT-116, and breast 
MDA-MB-468 cells by CPP-Dox compounds (1 μM) after 
24−120 h incubation. The simple mixture of linear (RW)4 peptide 
+ Dox and Cyclic (RW)4 + Dox had similar antiproliferative as 
that of CPP-Dox conjugates 36 and 37 (Figure 24). This indicates 
that conjugation of Dox with peptides through 14’C-OH lead to 
retention of antiproliferative activity of parent Dox, which is in 
conformity with fatty acyl–Dox conjugate (23-27). Further, the 
fluorescence imaging of cells incubated with free Dox and CPP-
Dox 37 showed better accumulation as well as retention of CPP-
Dox 37 inside the cells as shown in Figure 25 for imaging after 24 
h of incubation. CPP-Dox 37, thus, showed retention of the 
therapeutic profile (anti-proliferation activity) with the better 
uptake and retention for the anti-cancer activity of the Dox drug in 
different cancer cells, an observation in line with the Dox-fatty 
acyl derivatives ( 23-27).110 
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Figure 22. Representative chemical structures of recent examples of cyclic peptides a) [WR]4 32b)[ER]4 33 c)[FK]4 34, and 
d) [WR]4 35 evaluated for drug delivery applications.
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Figure 24. Representative graph for Inhibition of CCRF-CEM cells 
by control DMSO, free Dox, a mixture of peptides and Dox, and 
synthesized peptide-Dox conjugates 36, 37 at 1 μM concentration 
after 24−120 h of incubation. Similar results are shown in SK-OV-3, 
HCT-116, and MDA-MB-468 as reported by Shirazi et. al.110 
Reproduced with permission. Copyright ACS. 

The Dox attachment to CPP [C(WR)4K] via S-S linkage was 
reported by Darwish et al.111 The amine group of Dox was reacted 
with 2-iminothiolane hydrochloride (Traut's reagent) under 

optimal conditions of basic medium 
to generate Dox-SH, containing an 
amidine with a free sulfhydryl group. 
Dox-SH was activated by reacting 
with pyridyl disulfide (Pyr-SS-Pyr) in 
acidic medium and obtained the 
corresponding more reactive Dox-SS-
Pyr. This activated Dox-SS-Pyr 
containing a disulfide bridge 
permitted the conjugation of Dox 
with the thiol group in the cysteine of 
the cyclicpeptide [C(WR)4K] with 
extrusion of pyridine-2-thione (Figure 
26). The CPP-SS-Dox conjugate 
show comparable anti-proliferative 
activity as that of Dox at 5 µM 
concentration.111 It remains to be 
determined the type of lysis taking 
place; whether it is S-S cleavage from 
conjugate or at the amidine group to 
release the free Dox inside the cell for 
activity. In previous case, a reduced 
or loss of activity would be observed 
as noted with any functionalization at 
amine group of Dox.96 

 
 

 

Figure 25. Cellular uptake profile of free Dox and Dox-CPP 
compound 37 at 1h and 24h as reported by Shirazi et. al.110 
Reproduced with permission. Copyright ACS. 
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Figure 23. Conjugation of Dox with linear and cyclic Peptides using a linker. 
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he observation of desired pharmacological properties and anti-
cancer activity with fatty acyl and peptide conjugates of Dox has 
opened upon the venue for the exploration of further designed 
peptides and conjugates having promising clinical applications. 

CONCLUSION	

In conclusion, the nanoparticulate based (mostly inorganic 
nanoparticle) delivery systems have not been successful in 
providing the desired improvement in the delivery and efficacy of 
Dox. The different nanoparticulate systems posed issues in an 
amount of drug loading (drug/vehicle ratio) along with reduced 
release kinetics of drug from nanoconjugate. Many of the reported 
polymer/lipid-bound or direct nanoparticle-attached Dox release 
Dox partially. For example, The PEO-TMA-FA coated magnetic 
nanoparticles system of Maeng et al. released only 56% of total 
Dox in 24 h at pH 5.1; the PEGylated SPION system of Yang et 

al. released 35% of Dox after 24 h at 
pH 5.3 and 40% after more than 75 h; 
the copolymer coated SPION system 
of Fang et al. released 55% of Dox in 
72 h at pH 5.5; and the PEI-PEGylated 
system of Kievit et al. released a 
maximum 30% of Dox at pH range 
4.5-7.5. Second, the released kinetics 
data need to be critically analyzed as 
any released Dox get adsorbed on 
dialysis membrane or get precipitated 
on centrifugation tubes during the   
experimental analysis. The loss in 
activity of Dox on conjugation was 
more prominent for covalent 
functionalization done using amine 
group of Dox compared to other 
functionalizations. The covalently 
bound Dox attached using amine 
group usually shows less activity due 
to the difficultly to get hydrolyze 
amide linkage. The lipophilic 
functionalization at 17 OH or carbonyl 
group with acyl (or alkyl) and 
cholesterol lipids has produced Dox 
derivative with desired 
pharmacological profile as reflected in 
their in vitro and in vivo evaluation 
suggesting for clinical applications. 
Further developments are warranted to 
explore the potential delivery tools for 
Dox. 
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