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Self assembled nanocages from DNA-protoporphyrin hybrid molecules 

Vandana Singha, Mohan Monishab, Roy Anindyab and Prolay Dasa*

DNA-organic hybrid molecular building blocks are generated by 

covalent conjugation of the carboxyl groups of Protoporphyrin 

IX with the amine functional groups of modified DNA oligomers. 

The hybrids are used to engineer DNA nanocages by self-

assembly of the complementary DNA-organic molecule 

conjugates. The nanocages were found to be lined up in head to 

tail fashion under the selective ionic strength of the solution. 

Computational approach revealed the area and volume acquired 

by each DNA-organic hybrid nanocages. 

 

The current trends in structural DNA nanotechnology are to create 

predictable DNA nanostructures that involve DNA-organic hybrid 

molecules.1 These hybrid molecular building blocks based 

nanostructures find potential applications as probe, creation of 

proteins arrays, molecular electronics, single nucleotide 

polymorphism, RNAomics, drug encapsulation and delivery, light 

harvesting, bio sensing and others.2-10 DNA-organic hybrids have the 

added advantages of better base pair fidelity, stability, directionality 

and DNA economy.11-13 However, apart from offering stability and 

flexible directionality, the electronic and physical properties of the 

organic molecule in the DNA-organic hybrids often remains 

unexplored. DNA organic hybrid nanostructures have the potential 

to harbour a combination drug. Such combinations may be created 

by using two different organic molecules to be linked to DNA in the 

nanostructures. Cage like DNA-nanostructures has also been shown 

to encapsulate various proteins.14-15 Herein, we report the facile 

creation of nanocages from DNA-protoporphyrin IX (PpIX) hybrid 

molecular building blocks through self-assembly and explore their 

applications that involve the self-assembled nanocages as well as the 

organic molecule PpIX. 

       PpIX has been explored explicitly for potential applications in 

photodynamic therapy (PDT).16-18  There are certain advantages of 

using PpIX as the organic counterpart in DNA-organic hybrid 

molecules as it is biomimetic in origin.19 PpIX is a π-electron rich 

light sensitive molecule and thus envisioned to have multiple 

applications involving conductivity, FRET, ROS and sensing 

Volatile Organic Compounds (VOCs).20-24 Recently, cationic 

Porphyrin–tetrapeptide conjugates were synthesized which are good 

candidates for peptide delivery.25 Free base Porphyrin acting as 

molecular glue is used to assemble non-complementary DNA 

sequences at ionic strength greater than 60 mM.26 Although, 

Porphyrin has been conjugated with DNA to create various 

nanoassemblies, PpIX, an important member of the Porphyrin family 

has not featured in any of the nanostructures that involve a Porphyrin 

compound. As such, there is no report of DNA- PpIX based creation 

of distinct nanostructures. For the first time, we report the formation 

of definite nanostructures in the form of cages from the 

hybridization based self-assembly of complementary DNA that is 

covalently conjugated to PpIX (Scheme 1). 
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Scheme 1: Creation of nanocages from DNA-PpIX hybrid conjugates by self-assembly 

 

 

The DCC/NHS mediated chemistry was used to couple the carboxyl 

groups of PpIX separately with the 5’amine terminated 12 bases 

long single strand DNA (ssDNA, ODN1) and its complementary 

strand (ODN2). Due to the presence of two carboxyl groups in PpIX, 

two reaction products were formed depending on the number of 

ssDNA that are coupled to a single PpIX molecule (Figure 1). The 

basicity of the medium favours the conjugation of oligonucleotides 

with PpIX, which is reflected in a higher yield of (ODN1)2-PpIX and 

(ODN2)2-PpIX by ~33% at pH 8 than at pH 7. The monoconjugated 

and the diconjugated ODN-PpIX species are well separated in 

denaturing PAGE (Figure 1, †ESI 1 and †ES1 2). The upper bands 

in the denaturing PAGE corresponds to the diconjugated (ODN1)2-

PpIX and (ODN2)2-PpIX, while the lower bands correspond to 

ODN1-PpIX, ODN2-PpIX and unreacted ODNs. The (ODN1)2-

PpIX and (ODN2)2-PpIX were extracted from the gel and purified 

for auxiliary characterizations and subsequent self-assembly 

experiments.   

 

 

 

 

 

 

 

 

Fig.1 25% denaturing PAGE showing successful conjugation of PpIX with 
ODN1 and ODN2. 
 

The resulting two DNA-PpIX conjugates formed were further 

confirmed by HPLC and MALDI-ToF Mass Spectrometry (MS) 

(supplementary information, †ESI 3-5 and †ESI 6-9). Through 

MALDI-ToF mass spectrometry, it was observed that both the single 

conjugated and diconjugated oligonucleotides-PpIX conjugates are 

formed. The % intensity of diconjugates, (ODN1)2-PpIX and 

(ODN2)2-PpIX was more as compared to the single conjugated 

ODN1-PpIX and ODN2-PpIX (†ESI 3). The peaks that were 

observed in HPLC corresponds to the unreacted DNA, single and di-

conjugated DNA-PpIX and unreacted PpIX (†ESI 6). With covalent 
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attachment of a hydrophobic molecule like PpIX to ssDNA, the 

retention time increases than normal DNA, which is even more for 

the species that contains two ssDNA attached to a single PpIX 

molecule. Higher peak intensity for the di-conjugates further 

confirms preferable formation of the hybrid under the given reaction 

conditions.27 

 

Fig.2 10% Native PAGE gel showing formation of higher ordered structure 

from self-assembly (ODN1)2-PpIX-(ODN2)2-PpIX in 250 mM NaCl and  

10 mM MgCl2 and 10 mM TE 

 

 

The diconjugated DNA-PpIX hybrids (ODN1)2-PpIX and (ODN2)2-

PpIX were hybridized in the presence of sodium chloride that lead to 

the self-assembly of the DNA-PpIX hybrids (supplementary 

information). Solution mixture of (ODN1)2-PpIX (1 nmol) and 

(ODN2)2-PpIX (1 nmol) was heated to 90 ºC and then slowly cooled 

to 20 ºC with a ramp of 0.1ºC/s in the presence of 10 mM TE, 10mM 

magnesium chloride and 250 mM NaCl. This hybridization lead to 

the formation of higher ordered structures that are characterized 

indirectly and directly by various analytical techniques. Native 

PAGE shows the formation of DNA bands corresponding to the 

dimeric form of ODN1-ODN2 (12 x 2 x 2 = 48 bases). However, 

smeared bands with low gel mobility was also observed for the self-

assembled (ODN1)2-PpIX and (ODN2)2-PpIX. These bands indicate 

that higher order structures are prominently formed at the 

hybridization condition used (Figure 2). The position of the bands 

with respect to the ladder and discreteness suggest that self-assembly 

lead to the distribution of higher ordered structures where four or 

more dimeric units (equivalent to ~200 bp and more) may be aligned 

together. Occurrence of higher ordered structures upon self-

assembly of hybrids was further confirmed by Dynamic Light 

Scattering studies (DLS). The DNA duplex has a pitch of 0.33 

nm/base pair and a diameter of 2 nm. However, cumulant apparent 

hydrodynamic radius of around ~54 nm was recorded following 

hybridization of (ODN1)2-PpIX and (ODN2)2-PpIX (†ESI 10 and 

†ESI 11). The particle size inferred from DLS, points towards the 

aggregation of self-assembled DNA hybrids.  

 

Thermal Melting temperature (Tm) of self-assembled  (ODN1)2-

PpIX and (ODN2)2-PpIX increased by 3°C as compared to  the Tm 

of ODN1-ODN2, which is 54°C (Figure 3). The increase in thermal 

melting of self-assembled hybrids are attributed to the reduced 

configurational entropy and ion cloud sharing of the surrounding 

duplex DNA, coupled with increasing sticky end associations due to 

self-assembly.13,28,29 The melting temperature of ODN1-ODN2 

remains unchanged in the presence of free PpIX molecule at 

concentration equivalent to that in the DNA-PpIX hybrids. This 

indicates that an increase in melting temperature is not due to 

intercalation of PpIX on the DNA. 

 

 

Fig.3 Thermal melting profile of normal ODN1-ODN2 and (ODN1)2 –PpIX -
(ODN2)2-PpIX. 
 
 

The direct evidence of nano-assemblies formation was given by 

AFM studies (Figure 4). Cage like morphology was observed for the 

self-assembled (ODN1)2-PpIX-(ODN2)2-PpIX. Each cage like 

structure formed is of ~10 nm pertaining to head to tail distances of 

suffixed PpIX at both the ends of DNA nanocages. Interestingly, 

these dispersed 2D cages are also found to be aggregated in head to 

tail fashion to form staircase case like ordered structures. This 
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phenomenon is not uncommon for pi-electron rich Porphyrin type 

molecules. Such molecules are inclined to interact with neighbouring 

similar molecules at elevated salt concentration.30 This also explains 

the higher order bands in the native PAGE (Figure 2). A wide 

distribution of these aggregates results in multiple bands with limited 

mobility in the PAGE.   

 

 
 
Fig.4 AFM image showing self assembled (ODN1)2-PpIX- (ODN2)2-PpIX 
leading to the formation explicit 2D nanocages 
 

The CD spectrum of the self-assembled DNA-PpIX conjugates in 

the presence of 250 mM of NaCl were markedly different from the 

normal hybridized oligonucleotide duplex (Figure 5). The changes in 

the positive and negative band at 280 and 245 nm respectively, for 

the self-assembled structures indicate a conformational constraint in 

the DNA duplex. (DNA)2-PpIX conjugates tend to aggregate due to 

п-п stacking of the aromatic PpIX.31 The significant changes in the 

characteristic peak of DNA below 250 nm is attributed to the head to 

tail attachment of DNA- PpIX conjugate and loss of helicity upon 

cage formation of extended structures. Decrease in molar positive 

(~31%) and negative ellipticity (~68%) of (ODN1)2-PpIX-(ODN2)2-

PpIX suggests deformation in the native B form of the DNA.  

 

 

Fig.5 Circular dichroism of normal ODN1-ODN2 and (ODN1)2 –PpIX -
(ODN2)2-PpIX 
 
The emission spectra of self -assembled (ODN1)2-PpIX and 

(ODN2)2-PpIX are distinctly different from the diconjugated hybrids 

(Figure 6). At excitation wavelength of 400 nm, there is a 

considerable decrease in the intensity of the signature emission 

peaks of (ODN1)2-PpIX at 627 nm and 691 nm in (ODN1)2-PpIX-

(ODN2)2-PpIX at 250 mM concentration of salt. The bands with low 

intensity is attributed to the residual non-stacked PpIX at two ends of 

each system.32 As the concentration of salt is increased to 350 mM, 

more of (ODN1)2-PpIX and (ODN2)2-PpIX aggregate together in 

head to tail fashion at 25 oC. This results in further decrease in 

intensity of emission of PpIX. However, the unaltered peak position 

of PpIX in the emission spectrum of the self-assembly indicate that 

the photo-physical properties of PpIX is retained in the 

nanostructure. The emission spectra further confirm that closed loop 

structure formation does not take place upon hybridization, that 

would alter the spectra significantly. Such structures were also not 

observed in AFM studies since the probability of their formation is 

entropically and enthalpically disfavoured.32 
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Fig.6 Emission spectra of PpIX, (ODN1)2-PpIX, (ODN1)2-PpIX-(ODN2)2-
PpIX (λ exc= 400 nm). Number of nanocages depicted are symbolic to denote 
more aggregation at higher salt concentration. 
 

Computational methods were engaged to theoretically evaluate the 

dimension of the nanocages formed from self assembly of (ODN1)2-

PpIX and (ODN2)2-PpIX. Each of these Protoporphyrin IX 

conjugated ssDNA structures was associated to constitute the DNA 

nanocages, where each of the di-conjugated DNA- PpIX units are 

held together by the hydrophobic interactions. The total length of a 

single DNA nanocage was found to be approximately 9.6 nm. This is 

in excellent agreement with the experimentally determined length 

from AFM studies. The total surface area and the volume of each 

DNA nanocage unit was found to be 8406 Å2 and 22640 Å3 

respectively (Figure 7 and †ESI 12). These were calculated using 

3V: cavity, channel and cleft volume calculator and extractor.33,34 

 

  

 

Fig.7 Computational studies depicting explicit nanocages formation. The 
structure of DNA and PpIX are represented in sticks with carbon, nitrogen, 
oxygen and phosphate atoms shown in green, blue, red and orange colors 
respectively using the PyMol molecular graphics system with head to tail 
length of 9.6 nm.  
 
 

The use of solution phase chemistry to synthesize DNA-organic 

molecules has proved to be a simpler alternative to DNA synthesizer 

based approach. Post-synthetically created DNA-organic hybrids 

exhibit better directionality and DNA economy while creating a 

nanostructure. The use of 5’ -NH2 terminated oligonucleotides for 

conjugation with PpIX is a novice effort to be used in molecular 

recognition. Previously, we have reported the creation of DNA-PpIX 

conjugate that was used as a FRET acceptor for ROS generation.24 

Here, we have demonstrated the creation of distinct nanostructures 

from self-complementary DNA strands that are covalently attached 

to PpIX. The conjugates are well characterized and subsequently 

self-assembled through DNA hybridization. The self-assembly lead 

to the formation of cage like structures whose length and dimensions 

are determined by the length of the DNA sequence. Furthermore, 

such nanocages were found to align themselves in head to tail 

position forming extended structures resembling a ladder. 

Hypothetically, a 1-dimensional linear array formation is also a 

possibility, where two DNA-PpIX hybrids would be held together 

with a single DNA duplex formation. This would engage the two 

hybrids in every alternate position and go hand-in-hand to form 

extended linear arrays. However, such structures were not detected 

under the given experimental conditions. This indicates towards the 

significant contribution of the PpIX molecule to influence the 

outcome of the DNA-self assembly. It is desired that the electronic 

and photophysical properties of the organic counterpart in DNA-

organic hybrids be retained to introduce versatility in the 

nanostructure for multifaceted applications. The DNA-PpIX 

nanostructures could find potential applications in biochip formation, 

coherent ROS generation and also to hold proteins, drug molecules 

or other nanoparticles. Alternatively, the DNA strands can be wisely 

chosen to be aptamers for relevant cell surface marker proteins, 

whereby release of a cargo can be envisaged by the opening of the 

nanocages due to DNA-protein interaction. 
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