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Templated Assembly of Metal Nanoparticles on DNA–SWCNT 
Hybrids Towards Optoelectronic Tunability  
Zechariah Mengrani,a,† Houlin Yu, a,† Weiying Hong,a Devis Di Tommaso *,a and Matteo Palma *,a 

DNA is a programmable scaffold for the assembly of low-
dimensional heterostructures. Here, we report the formation of 0D-
1D nanohybrds via two distinct strategies, utilising DNA as a 
template and a linker moiety in the controlled assembly of metal 
sulfide nanoparticles onto single-walled carbon nanotubes.

Integrating low-dimensional materials into functional 
heterostructures offers a powerful strategy for designing 
nanomaterials that combine two or more distinct components, 
in a structure with enhanced or synergistic properties.1 Single-
walled carbon nanotubes (SWCNTs) are promising 1D building 
blocks and scaffolds for this, due to their physical, chemical, and 
mechanical properties,2-4  and high charge carrier mobility that 
can facilitate charge transfer at interfaces.5,6 Synergistically 
combining SWCNTs with metal nanoparticles (NPs) for example 
could enable optoelectronic tunable 1D-0D hybrids.5,7

In this context, controlling the interface between the two 
materials, in terms of spatial separation and chemical linkage, is 
crucial as these influence the heterostructure's optoelectronic 
properties, 8 governing key processes such as photon 
absorption and charge transfer.9 Various methods have been 
developed to form nanohybrids of SWCNTs with NPs, including 
covalent functionalisation,10,11 non-covalent modifications,12,13 
including via moieties that can π-π stack onto the SWCNTs.14-15 
These approaches however, present limitations. Covalent 
functionalisation can disrupt the intrinsic electronic properties 
of SWCNTs,16 while bridging moieties may introduce interfacial 
barriers hindering charge transfer. Moreover, most methods 
result in indiscriminate loading of NPs onto the SWCNTs.17–19 

DNA has emerged as a useful material for the non-covalent 
functionalisation of SWCNTs, by helically wrapping the 
nanotubes through the interaction of DNA nucleobases via the 
π-conjugated carbon surface, via π-π stacking, with high 
stability and chiral selectivity.20 This enables high solution 
dispersibility while preserving nanotubes intrinsic features. 

Moreover, DNA can further act as a programmable linker21–23 

and scaffold.24-27 However, despite its potential, DNA-mediated 
seeding of NPs onto SWCNTs has been only sparsely explored, 

25,28 and its influence on the morphology of the hybrids and their 
optoelectronic properties remains largely uncharacterised. 

Here, we employ DNA as a template to grow PbS, CdS, and 
Ag2S NPs onto SWCNTs using two complementary strategies 
(Scheme 1): (i) seeding metal cations onto short DNA strands 
that hybridise to the DNA wrapping the SWCNT, 26,27  producing 
predominantly single-NP attachment; (ii) in-situ seeding onto 
the DNA wrapping the SWCNT,25 producing a denser, 
nanoparticle decoration along the tube. In the DNA-
hybridisation route, short DNA strands complementary to the 
wrapping strand of the SWCNT were seeded with metal 
precursors (e.g., Pb(NO3)2, Cd(NO3)2). These seeded short 
strands then hybridise—by design—with a section of the 
wrapping strand of the SWCNT, before Na₂S addition for 
nanoparticles growth.24 Depending on the metal ion used, the 
binding can occur either on the phosphate backbone of the 
DNA, on the nucleobases, or on both sites via coulomb and 
coordinate interactions.29 Given the thermodynamic strength of 
the duplex formation between complementary strands, 
hybridisation is expected to proceed even in the presence of 
coordinated metal ions: metal ion-associated oligonucleotides 
have been shown to retain hybridisation capability.26,27 In 
contrast, the in-situ seeding method involves introducing metal 
precursors into the DNA-wrapped SWCNTs solutions prior to 
Na2S addition, enabling NPs nucleation and growth directly on 
the DNA-wrapped nanotube.25 A (GT)20 sequence was 
employed as previously reported;25 all other DNA sequences 
used in this study were designed specifically for this work. [See 
the supporting information (SI) for the experimental details of 
both methodologies]. The nanohybrids were characterised and 
compared using atomic force microscopy (AFM), UV-Vis, 
Raman, and photoluminescence (PL) spectroscopy.
We employed (6,5) chirality-enriched SWCNTs wrapped with 
single-stranded DNA (see the SI) due to their distinct excitonic 
transitions and to ensure optical features correspond to a single 
species. Each metal sulfide NP (PbS, CdS, Ag₂S) was synthesized 
independently using single-metal precursor solutions under 
rigorously separated conditions. Sulfide addition under these
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Scheme 1: Strategies for seeding metal NPs on DNA–SWCNT. (i) DNA hybridisation 
method: short DNA strands pre-seeded with metal precursors hybridise with the DNA 
wrapping the SWCNT, enabling site-specific nanoparticle attachment. (ii)  In-situ seeding 
method: metal precursors are introduced directly into DNA–SWCNT solutions, leading to 
in-situ NPs nucleation and dense decoration along the nanotube surface.

conditions leads to the formation of the corresponding metal 
sulfide.24 No mixed-metal systems were present at any stage of 
synthesis. AFM was used to identify the successful formation of 
CNT-NP nanohybrids, once cast from solution on muscovite 
mica surfaces, assessing the spatial distribution of metal-sulfide 
NPs on the DNA-wrapped SWCNTs. Figure 1a shows a 
representative topographical AFM image of heterostructures 
formed by the DNA-hybridisation assembly strategy (i), while 
Figure 1b shows the in-situ growth methodology (ii). The DNA 
hybridisation method leads to isolated NPs attachment, where 
single NPs can be seen to bind to one SWCNT, with average sizes 
of PbS: 5.6±1.5 nm; CdS: 4.5±1.5 nm; and Ag₂S: 6.9±2.8 nm 
(Figure S1-3). The yield of formation of nanohybrids, defined as 
the number of CNTs displaying a NP, varies between metal 
systems; AFM revealed it to be 39% for PbS-, 25% for CdS-, and 
37% for Ag2S-CNTs. This indicates that duplex formation is 
preserved and yield differences arise from metal-dependent 
nucleation behaviour rather than inhibited hybridization. 

By contrast, the CNT-NP hybrids assembled by the in-situ 
method (Figure 1b) display a bead-on-a-string morphology of 
NPs along the SWCNTs. Ag2S displays slightly more clustered 
distributions compared to PbS and CdS. Average sizes were 
found to be 4.3±1.7 nm for PbS, 3.76±1 nm for CdS, and 4.9±2.8 
nm for Ag2S. The yield of formation was 26% for PbS-CNTs, 31% 
for CdS-CNTs, and 22% for Ag2S-CNTs (Figure S1-3). The NP 
density along the SWCNTs produced by this method ranges 
from 1 to 10 NPs per 500 nm CNT, with a typical value of ~4–7 
NPs (Figure S4). Control experiments employing non-
complementary strands and preformed nanoparticles 
confirmed the role of duplex-mediated templating, assessing 
nonspecific adsorption: nanohybrid formation does not occur 
without complementary strands (Figure S6), and in-situ seeding 
is required to form uniformly distributed nanohybrids (Fig. S6).

The distinct morphologies and heights of the NPs seen 
across the two methods can be attributed to differences in the 
functionalisation route. Variation in the height (Figure S7) can 
arise from the number of nucleation sites. It is reasonable to 
assume that following the in-situ method, there is a higher 
nucleation site density compared with the DNA hybridisation 
methodology. A high density of nucleation sites likely leads to 
competition from precursors and limited growth of individual 
particles, resulting in smaller average sizes.30 Indeed, in the DNA 

hybridisation approach, the metal ion seeding is localised on the 
short complementary strand before salt addition for growth, 
resulting in lower surface coverage, more isolated connections, 
and larger NP sizes. Differently, during the in-situ 
functionalisation, metal ions can pre-associate with the entire 
SWCNT-wrapping DNA (phosphate backbone). Upon sulfide 
addition, these ion–DNA complexes act as multi-localised 
nucleation sites, promoting denser NP formation. 

Figure 1: AFM images of DNA-wrapped (6,5) SWCNTs decorated with Ag2S NPs via two 
methods. (a) DNA Hybridisation (one-to-one attachment of NPs to SWCNTs), (b) Height 
profile of the SWCNT and the metal NP.  (c) In-situ method (approximately 4–7 NPs per 
500 nm of SWCNT length as shown in Figure S4), (d) Height profile of the SWCNT and the 
metal NP.

The difference observed in the particle density and 
attachment is expected to modulate the electronic coupling 
between the NPs and SWCNTs, thereby affecting the optical 
characteristics. In order to investigate this, we performed a 
series of spectroscopic measurements on all the CNT-NP 
hybrids. The UV–vis spectra of the various nanohybrids show a 
peak shifting in the absorption spectra of DNA–SWCNT hybrids 
upon attachment of the metal sulfide NPs. Figure S5a shows the 
first excitonic absorption peak (E₁₁) of the enriched (6,5) chirality 
SWCNTs used here, before (pristine, ~991 nm) and after 
attachment of PbS, CdS, and Ag2S NPs through the DNA 
hybridisation method; Figure S5b shows the corresponding 
spectra for in-situ NPs growth. The DNA hybridisation method 
results in shifts of ~1-2 nm for PbS and CdS, and a shift of 5 nm 
for Ag2S. For the in-situ method in all cases, the characteristic 
SWCNT E₁₁ absorption peak shifts to a longer wavelength ~3-5 
nm (lower energy) upon NP functionalization. This red shift 
likely reflects electronic coupling between the NPs and SWCNTs. 
Two key physical mechanisms are known to contribute to these 
spectral shifts: (i) dielectric screening, where the polarizable 
environment of the NPs reduces the Coulomb attraction 
between the electron–hole pair in the SWCNT exciton, thereby 
lowering the exciton binding energy and the optical gap;31 (ii) 
charge-transfer doping, in which the injected or withdrawn 
charge carriers cause many-body bandgap renormalisation, 
further lowering the energy of the E₁₁ transition.32 A shift of the 
E₁₁ peak is well-documented in doped or dielectric-shelled 
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SWCNTs.31,32 From our findings, we can see that the magnitude 
of the red shift varies depending on the NP type and most 
notably attachment method, with in-situ growth resulting in a 
larger red shift of ~3-4nm compared to the DNA hybridisation 
method( ~1-2nm) for PbS and CdS attachment. For Ag2S, the 
magnitude of the shift is the same across the methods (~5 nm). 
The larger red shifts observed for PbS and CdS can be attributed 
to the NP loading, as the in-situ functionalisation route 
promotes a greater density of NPs, likely more intimately 
coupled onto the nanotubes compared to what the 
hybridisation strategy produces. In contrast, Ag2S shows similar 
shifts for both strategies despite differences in the NP loading. 
This suggests that the Ag₂S optical transition is less sensitive to 
differences in nanoparticle coverage or interfacial coupling with 
the CNT compared to PbS and CdS. The shifts are relatively small 
in absolute terms for (6,5) SWCNTs, implying that while the 
bandgap is measurably perturbed, the electronic structure of 
the carbon nanotubes is likely not drastically altered.33,34 This 
likely originates from the NP attachment occurring through 
non-covalent, non-destructive interactions, hence preserving 
the intrinsic properties of the SWCNTs.35 

Raman spectroscopy allowed us to probe the structural and 
electronic changes induced by NP loading on the SWCNTs.36 
Figure 2a,b displays the G-band of the nanohybrids compared 
to the pristine SWCNTs, with Figure 2c,d displaying the 2D or G’ 
band. The broadening or shifting of these key peaks is a strong 
indicator of doping or strain effects on the SWCNTs.34 When 
comparing the two methods, the DNA hybridisation leads to a 
small upshift of ~1-2 cm-1 in the G band compared to a strong 
downshift for the in-situ method of up to 6 cm-1 seen for the 
Ag2S addition. As neither methodology leads to defect 
formation in the SWCNTs, it is reasonable to attribute any 
optical changes to electronic effects.  The small upshift in the G-
band seen in the DNA hybridisation method can be ascribed to 
a weak doping effect of the NPs on the SWCNT37, with a large 
downshift seen in the in-situ method attributed to a stronger 
doping of the SWCNTs. The stronger downshift observed for 
Ag₂S may arise from differences in local NP–SWCNT interactions 
and structural perturbations stemming from more clustered 
distributions of NPs on the SWCNT (Figure S3c), in addition to 
doping effects. No distinct difference in the G’ band compared 
to the other NPs is seen, further supporting this (see below). 

The G’ band is more sensitive to electronic changes in the 
system, such as Fermi level shifts.32 There are no noticeable 
changes seen in the DNA hybridisation method, with a 
noticeable red-shifting of ~4-6 cm-1 seen in the in-situ method. 
This can be attributed to electron-induced doping with a red 
shift in the G’ band, generally associated with N-type doping.38 
From these observations, we ascribe the optical modulations 
predominantly to subtle electronic interactions rather than 
structural changes of the SWCNTs. To further assess the impact 
of NPs on the SWCNT properties, we characterised our 
nanohybrids via PL spectroscopy. Representative spectra 
selected from multiple independent measurements are shown 
in Figure 3. The key emission peak for pristine (6,5) SWCNTs 
corresponds to the E11 transition at 994nm. 

Figure 2: Raman spectra of nanohybrids (532 nm excitation):
(a, b) G-band; (c, d) G′-band from (a, c) of nanohybrids via the DNA hybridisation 
and (b, d) in-situ seeding methods. 

Enhancement or quenching refers to relative changes in the 
measured PL intensity compared to the reference SWCNT 
sample. For the DNA hybridisation method, we observe a CNT 
PL intensity enhancement of 8% for PbS and 1% for CdS, but a 
13% quenching for Ag2S-CNT heterostructures (Figure 3a). It is 
reasonable to assume that in the DNA hybridisation method, 
metal ions preferentially bind to the DNA scaffold rather than 
forming metal sulfide nanoparticles. The PL response, 
therefore, reflects competing contributions from residual metal 
ions and sparsely formed nanoparticles. Pb²⁺ induces an 
increase in PL intensity,39 and additional electron donation from 
PbS to the SWCNTs further increases the emission intensity 
(Figure S9). In contrast, Cd²⁺ causes a decrease in PL intensity,39 
whereas CdS promotes PL enhancement via electron transfer to 
the nanotubes (Figure S9); these opposing effects are likely the 
reason for the minimal PL change (~1%) observed for CdS-
SWCNTs. For the Ag system, although Ag₂S nanoparticles can 
donate electrons to the SWCNTs (Figure S9) and increase PL 
intensity, this contribution is outweighed by ion-induced 
quenching,40 leading to an overall decrease in PL intensity. This 
behaviour is further supported by the intrinsic sensitivity of Ag2S 
to non-radiative pathways (Ag+-trapped hole recombination), 
which are exacerbated when electronic coupling between the 
NP and the SWCNT is weak.41-43

For the in-situ method, fewer free metal ions remain 
because the precursors preferentially nucleate into 
nanoparticles on the DNA–SWCNT template, leading to multiple 
nanoparticles per nanotube. This creates numerous 
electronically coupled interfaces, increasing electron transfer 
from the NPs to the SWCNTs, stronger peak shift, and greater 
effect on the  CNT PL emission: an increase of 14-17% was 
observed for all three NPs (Figure 3b).44,45 The strong coupling 
achieved through direct seeding is particularly important for 
Ag₂S, whose band alignment sits near a critical threshold where 
small changes in distance and coupling determine whether 
electron injection or hole extraction dominates. Ag₂S known 
susceptibility to surface-mediated quenching, means that only 
in the in-situ configuration—where many NPs make intimate 
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contact with the SWCNT—does electron transfer outweigh 
ion-induced quenching.  Conversely, CdS and PbS exhibit robust 
electron-donor behaviour across different surface 
environments, with CdS demonstrating field- and 
surface-dependent charge-transfer signatures46,47 and PbS/CdS 
systems showing strong electron-transfer contributions even in 
assembled films,48 explaining why they produce PL 
enhancement in both synthesis routes. Collectively, these 
results indicate that the distinct PL behaviours arise from a 
convergence of factors: ion-specific interactions with DNA, 
nanoparticle number and proximity, and the 
band-alignment-driven balance between quenching and 
electron-injection pathways.

We further observed PL peak shifting for the different 
nanohybrids and methods. Nanohybrids prepared via DNA 
hybridisation exhibit more varied behaviour, with PbS showing 
a blue shift while CdS and Ag₂S display red shifts. The blue shift 
observed for PbS may reflect stronger quantum confinement 
effects or changes in surface passivation,49 while the larger shift 
observed for Ag₂S likely reflects the strong sensitivity of its 
emission to surface states and interfacial interactions within the 
CNT environment.50 In contrast, the in-situ seeding 
methodology induces a distinct red shift in the PL emission 
across all the nanohybrids, indicative of bandgap 
renormalisation affecting both absorption and emission in 
these heterostructures.50-51 A clearer indication of the peak 
shifting observed, and a comparison between the two methods 
are shown in Figure S10.

Figure 3: Steady-state photoluminescence characterization of SWCNT- based hybrids 
(under 575 nm excitation) obtained via the (a) DNA hybridisation and (b) in-situ methods. 
Full representative spectra are shown in Figure S11.

In conclusion, we investigated two distinct DNA-mediated 
functionalisation routes for the assembly of PbS, CdS, and Ag2S 
NPs onto SWCNTs:  via DNA hybridisation and in-situ seeding of 
cation precursors. AFM imaging demonstrated a clear 
distinction in the NPS density on CNTs obtained from the two 
strategies. Spectroscopic analysis revealed the impact on the 
optoelectronic properties of the hybrids. Our results showcase 
DNA templating as a valuable strategy to engineer 0D-1D 
heterostructures, providing design principles to modulate the 
local density environment towards (potential) programmable 
electronic coupling tunability. The application of this approach 
to different low-dimensional optoelectronic systems opens 
opportunities for the construction of nanoscale 
photodetectors, biosensors, and optoelectronic devices.52
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Data availability
All data used in this study are available in the published article and in the supplementary information (SI). SI: detailed 
experimental procedures and further characterization data.
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