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Abstract 

 

Single-walled carbon nanotubes have been identified as promising materials for drug 

delivery due to their large specific surface area, their ability to pass through the cell 

membrane without damaging it and their physicochemical properties, allowing their 

surface to be easily functionalised. Additionally, their optical properties permit 

investigation in biological media in the near infrared (the “biological window”). In this 

paper, adsorption of doxorubicin on single-walled carbon nanotubes dispersed with 

carboxymethylcellulose salt is monitored by absorption and fluorescence spectroscopy 

in the visible and near infrared. We confirm that fluorescence-coupled Raman 

spectroscopy in the near infrared is a useful tool for probing the adsorption of drugs on 

single-walled carbon nanotubes in a sub-monolayer regime. By combining spectroscopic 

studies of doxorubicin in the visible range, we propose a protocol for quantifying the 

amount of adsorbed drug over a broad range of concentrations. 

 

1. Introduction 

In recent years, the intersection of nanotechnology and pharmacology has given rise to 

novel approaches in biosensing [1],[2],[3],[4] and drug delivery [5],[6],[7],[8]. Among 

the myriad of nanomaterials explored for these applications, single-walled carbon 

nanotubes (SWCNT) have emerged as promising candidates due to their high surface 

area, high aspect ratio and various physico-chemical routes for functionalizing their 

surface [2],[3],[4],[6],[8],[9]. Moreover, semiconducting SWCNT display exceptional 

optical properties including a diameter-dependent bandgap within the near infrared 

(NIR), associated with narrow and strong absorption and fluorescence (FL) NIR 

signatures in a spectral range corresponding to the « biological window » [2],[3],[4]. 

These optical signatures are due to excitonic transitions associated to electron-hole pairs 

having a diameter larger than the nanotube diameter so that the exciton binding energy, 



and consequently the energy and intensity of the optical signatures, are very sensitive to 

the local dielectric environment of the nanotubes [2],[10],[11],[12]. In this context, 

optical spectroscopy stands out as a powerful tool for probing the intricate details of 

molecular adsorption at the nanoscale. 

To disperse nanotubes in water and biological media for drug carrier applications, 

detergents and inorganic surfactants are generally avoided because of low 

biocompatibility and their tendency to form dense packings that cover all of the 

nanotube surface [13]. In contrast, natural polymers and polyelectrolytes are widely 

used as they can disperse nanotubes by wrapping around them, leaving large areas 

available at the surface of nanotubes for interactions with aromatic drug molecules via 

-stacking [6],[9],[14]. Consequently, aromatic molecules can be adsorbed by simple 

mixing, forming “forest–scrub”-like assemblies on nanotubes with the macromolecules 

extending into water to impart solubility and aromatic molecules densely populating the 

nanotube sidewall (see eg [14]). 

Adsorption of various drugs onto carbon nanotubes has been investigated, and primarily 

aromatic anti-cancer drugs, such as doxorubicin (DOX), a member of the anthracycline 

class of drugs which has been used widely for conventional chemotherapy since the 60s 

despite its toxicity [15]. DOX has been widely used as a reference drug for studies on 

CNT adsorption, taking advantage of its fluorescent properties, dominated by a strong FL 

signal around 595 nm in water [16] which allows detection in biological systems at sub-

micromolar concentrations [17]. DOX adsorption onto SWCNT leads to a decrease of its 

absorption and FL signals. Such quenching is characteristic of -stacking onto nanotubes 

[14]. Therefore, optical spectroscopy of DOX within the visible range can be used to 

probe adsorption onto, and release from SWCNT in vitro [18]. Moreover, the strong FL 

signal of SWCNT within NIR can be used to detect and image nanotubes both in vitro 

[19],[20] and in vivo [21],[22]. Furthermore, the sensitivity of NIR FL to the local 

dielectric environment can be used to probe the adsorption of molecular species on the 

nanotubes [23],[24]. In the case of drugs, the NIR FL signal of SWCNT was used to 

quantify exposure to doxorubicine in vivo [25],[26] or in vitro [27], with limits of 

detection as low as 0.1 M [26]. However, to our best knowledge, coupling the FL signals 

of drugs and SWCNT to probe adsorption over a broad range of coverage has never been 

achieved so far. 



In this paper, we present an optical spectroscopic study of the quantitative adsorption of 

DOX onto the surface of SWCNT dispersed with carboxymethylcellulose sodium salt 

(CMC). We correlate absorption and FL measurements in the visible and NIR regions to 

probe the stacking interactions of DOX and the local dielectric environment of SWCNT, 

respectively, and achieve a quantitative analysis of the adsorption and coverage of DOX 

on SWCNT/CMC complexes over a broad range of DOX/SWCNT mass ratio. 

 

2. Methodology/Experimental 

Purified HiPCO single-walled carbon nanotubes were purchased from NanoIntegris. 

Hydrochloride doxorubicin and carboxymethylcellulose sodium salt (ref C5678, Mw=90 

kDa, degree of substitution -defined as the average number of sodium carboxymethyl 

group per anhydroglucose unit- between 0,65 and 0,9) were purchased from Sigma-

Aldrich. SWCNT/CMC aqueous dispersions were prepared by mixing 20 mg of SWCNT 

powder and 200 mg of CMC in 20 mL of deionized water, ie with initial concentrations 

0.1 wt% (1 g/L) SWCNT / 1 wt% (10 g/L) CMC. This mixture was tip-sonicated for 1h 

with duty cycles of 50% and an average power of 45 W in an ice bath to avoid 

overheating, and then centrifuged for 1h at a maximum acceleration of 18335 g (rotor 

maximum radius 7.8 cm, angle 30°, rotating speed 14500 rpm). 80% of the supernatant 

was collected to exclude the remaining bundles of SWCNT, then diluted 200 times. The 

final SWCNT concentration was determined from the measurement of the absorbance at 

650 nm after centrifugation. 

On the other hand, a DOX solution at 1g/L was prepared by dissolving 5 mg of DOX 

powder in 5 mL of deionized water, and then diluted to concentrations between 1 and 

257 µM in deionized water. For concentrations above 10 M, the DOX solutions were 

filtered using polycarbonate filters with 0.22 µm pores to remove DOX aggregates, which 

could interfere with subsequent adsorption on the nanotubes [23],[28],[29]. These DOX 

solutions were analyzed by UV-visible absorption spectroscopy before and after 

filtration to determine the absorption coefficient and the actual concentrations (see ST1 

and fig. S1 in supp. Info.). Finally, 1.5 mL of some of these DOX solutions were mixed with 

1.5 mL SWCNT/CMC complexes to yield samples with a constant SWCNT concentration 

2.2±0.2 mg/L, and various DOX/SWCNT mass ratio, ranging from 0.1 to 30 (samples A 



to K). On the other hand, an additional sample (L) was prepared with a tenfold smaller 

concentration of SWCNT and a DOX/SWCNT mass ratio of 100. The list of samples with 

their precise SWCNT and DOX concentrations is presented in Table 1. 

 

 

Sample 

SWCNT concentration 

(mg/L) 

DOX concentration  

(µM) 

DOX/SWCNT mass 

ratio 

A 2.2 ± 0.2 1.1 ± 0.3 0.30 ± 0.11 

B 2.2 ± 0.2 2.0 ± 0.3 0.49 ± 0.12 

C 2.2 ± 0.2 2.1 ± 0.3 0.51 ± 0.12 

D 2.2 ± 0.2 2.8 ± 0.3 0.69 ± 0.14 

E 2.2 ± 0.2 4.6 ± 0.3 1.14 ± 0.18 

F 2.2 ± 0.2 10.0 ± 0.5 2.47 ± 0.35 

G 2.2 ± 0.2 19.9 ± 0.5 4.92 ± 0.57 

H 2.2 ± 0.2 40.5 ± 0.5 10.00 ± 1.06 

I 2.2 ± 0.2 59.2 ± 0.6 14.63 ± 1.48 

J 2.2 ± 0.2 98.1 ± 0.6 24.24 ± 2.35 

K 2.2 ± 0.2 124.9 ± 0.7 30.86 ± 2.98 

L 0.22 ± 0.02 45.7 ± 0.3 112.90 ± 11.01 

 

Table 1: Concentrations of SWCNT in the SWCNT/CMC aqueous suspension and DOX in the 

aqueous solution before mixing them, and corresponding DOX/SWCNT mass ratio in the 

mixtures. Sample H (highlighted in orange) was selected as a reference sample throughout 

the paper. For samples A to E and L, the DOX concentration was calculated from the 

weighted mass, account for losses and incorporating error bars due to adsorption on glass 

surfaces. For samples F to K (grey lines) the DOX concentration was measured after 

filtration by UV-vis absorption spectroscopy. 

 

Once equilibrium was reached, after 1h as monitored spectroscopically, samples were 

filtered through polycarbonate filters with 0.22 µm pores to separate the 

SWCNT/CMC/DOX complexes from free DOX in solution. To avoid adsorption of free DOX 

molecules on the filter, the latter was pre-saturated with another DOX solution, at the 

same concentration as the filtered sample, prior to filtration. Using these precautions, we 



verified that the filtration does not alter the DOX concentration. On the other hand, we 

confirmed that no SWCNT pass through the filter in a SWCNT/CMC dispersion although 

a substantial amount of free CMC -not bound to the SWNCT/CMC complexes- does. Given 

the easy adsorption of DOX on glass surfaces [30], only one vial and one pipette were 

used for each sample in order to minimize the losses and the corresponding uncertainty 

on the concentration. The vials were also wrapped in aluminium foil to protect DOX from 

the effects of light [31]. All experiments were carried out using freshly purchased DOX 

powder, shielded from light and stored at 5°C. 

 

All spectroscopic measurements were performed at 22°C, using Hellma fluorescence 

fused quartz cuvettes thoroughly cleaned by plasma O2 at 500 mTorr for 15 minutes 

between each measurement. Absorption measurements were performed with a Cary 

200 Varian UV-vis-NIR absorption spectrophotometer between 380 and 1400 nm. 

Absorption spectra were corrected for water signal. Doxorubicin is known to self-

associate in dimers within the range of concentrations studied [32],[33]. The spectral 

profiles of monomers and dimers display some differences, and the peak absorbance of 

DOX is known to be about 30% larger for monomers, dominating at low concentrations, 

whereas dimers are predominant at high concentrations. However, an isosbestic point 

exists at 540 nm, where the absorption coefficient is the same for monomers and dimers 

(see Supplementary text ST1). The Beer-Lamber law was therefore applied for 

measurements at 540 nm with a molar absorption coefficient of 4486 L.mol-1. cm-1 (fig. 

S1a) to determine the concentration of DOX in filtered solutions (the measured decrease 

in concentration due to filtration was on the order of 10%). 

 

Doxorubicin monomers being fluorescent in aqueous solutions, measurements were also 

performed with a Cary Eclipse Varian fluorescence (FL) spectrophotometer between 300 

and 900 nm. FL spectra of filtered DOX solutions and complexes were acquired following 

excitation at 490 nm. The FL spectra of DOX solutions as a function of DOX concentration 

are reported and commented in Supp. Info. (ST2 and fig. S2).  The spectra presented 

hereafter were corrected for inner filter effects following the method used by Kasparek 

et al. [34]. 

 



NIR fluorescence spectra of SWCNT and complexes were measured with a Bruker 

RFS100 coupled Raman-FL spectrometer equipped with an Nd:YAG laser line for 

excitation at 1064 nm and a N2-cooled Ge detector for acquisitions between 900 and 

1700 nm.   

  

3. Results and discussion 

3.1. Absorption of DOX in the visible spectrum 

Adsorption of DOX onto SWCNT was first investigated for sample H (DOX/SWCNT mass 

ratio approx. 10, see details in table 1) by UV-vis-NIR absorption spectroscopy between 

380 and 1350 nm (figure 1). This spectral range includes the absorption range of DOX 

and that of SWCNT and is limited by the absorption of water above 1350 nm. The 

absorption spectrum of an aqueous DOX solution features a broad and intense band 

between 400 and 600 nm, with a peak around 480 nm, assigned to a  transition of 

the quinonoid structure, as well as a bump around 535 nm [35]. The absorption 

spectrum of SWCNT exhibits a series of broad, overlapping peaks in the NIR, assigned to 

excitonic transitions associated with the band gap of semiconducting SWCNT, with 

various diameters and chiral angles within HiPCO samples. As anticipated, the 

absorption spectrum of the mixture exhibits signatures of both materials. However, the 

DOX signal shows a noticeable drop and a distinct profile change, indicating adsorption 

of DOX molecules onto SWCNT/CMC complexes- or potentially onto free CMC. Indeed, 

when DOX is mixed with an aqueous solution of CMC at concentrations up to those used 

to prepare sample H, pronounced spectral changes are observed, reflecting 

intermolecular interactions, the most notable being the emergence of an additional 

bump around 550 nm at higher CMC concentrations (see figure S3, similar trends were 

also reported in reference [35] for CMC/DOX complexes prepared with comparable DOX 

concentrations and much higher CMC concentrations). Additionally, a systematic redshift 

of the SWCNT absorption peaks was observed in the NIR, as shown in the inset of fig. 1. 

These redshifts are indicative of structural reorganisation around the nanotubes, along 

with concomitant changes in their dielectric environment, further supporting the 

adsorption of DOX onto SWCNT/CMC complexes.  



 

Figure 1. Absorption spectra of sample H (purple) compared with those of its two 

components of same concentration: DOX solution at 40.5±0.5 M (orange) and 

SWCNT/CMC complexes at 2.2±0.2 mg.L-1 (black). Inset: NIR part of the spectra, 

emphasizing the redshift of SWCNT absorption peaks, which are assigned to series of chiral 

indices based on typical results for HiPCO nanotubes [36],[37]. 

 

In order to assess the respective contributions of free DOX and DOX adsorbed onto 

SWCNT/CMC complexes, the two fractions were separated by filtration. The absorbance 

of the free DOX fraction at the isosbectic point is only approximately 4 % of the initial 

DOX solution (fig. 2). Normalization of spectra (fig. S5) further reveals that the spectral 

profile of free DOX closely matches that of the initial DOX solution, notably lacking any 

additional bump around 550 nm. By comparing this spectral profile with those in fig. S3, 

one can conclude that 30% is the upper limit for passing CMC through the filter. On the 

other hand, it is important to consider whether the very low intensity of the free DOX 

signal might partially arise from adsorption onto free CMC passing through the filter. 

This hypothesis is excluded by the observation that DOX absorbance at the isosbestic 

point (540 nm) remains constant within 10% in CMC solutions, even at higher CMC 



concentrations (fig. S5). Based on the calibration curve of fig. S1a, a free DOX ratio f 

about 4 % of the initial DOX concentration can be determined, and consequently an 

adsorbed DOX ratio H0.96. The mass ratio of adsorbed DOX to SWCNT 

 
    

      
 
   

 can be calculated using the following equation: 

 
    

      
 
   

=   
    

      
  

which leads to a mass ratio of about 10 for adsorbed DOX in sample H. To get more 

information on adsorbed DOX, its spectrum can be calculated as the difference between 

the spectrum of the sample and the sum of the spectra of its two components, ie free 

DOX and the SWCNT/CMC complex. The spectrum of adsorbed DOX is shifted by about 

12 nm (fig. 2 and S5). This shift, assigned to intermolecular interactions within the 

DOX/SWCNT/CMC complexes, provides an intrinsic signature of adsorbed DOX.  

In order to estimate the corresponding surface coverage, we refer to the molecular 

dynamics calculation of adsorption onto pristine SWCNT in an armchair conformation 

(7,7) by Kordzadeh et al, which shows that the first layer of DOX molecules stack 

preferentially parallel to the external surface of the SWCNT [38],[39]. Considering that 

the surface of the aromatic part of the DOX molecules is about 70±10 Å², and the 

external specific area of individual nanotubes is 1315 m².g-1 [2], the order of magnitude 

of the DOX/SWCNT mass ratio for a compact monolayer of DOX adsorbed parallel to the 

external surface of individual SWCNT is estimated to about 1.7±0.2, and about the twice, 

3.4±0.4 for a monolayer of dimers. These orders of magnitude do not vary significantly 

within the range 0.7-1.3 nm, typical of HiPCO nanotubes. On the other hand, it is 

important to note that this mass ratio is most likely overestimated in our samples, as the 

external specific surface of SWCNT decreases significantly when they are packed into 

small bundles, and to a lesser extent due to the partial coverage of SWCNT by CMC. On 

the contrary, the potential confinement of a small portion of DOX molecules inside the 

nanotubes would have an opposite effect [38],[39],[40]. The DOX/SWCNT mass fraction 

in sample H far exceeds the estimated value for a compact monolayer of dimers in a 

parallel configuration. This  suggests that DOX molecules form a multilayered, 

hierarchical assembly on the SWCNT/CMC complexes, with a substantial amount likely 

adsorbed on the CMC, as illustrated in the right panel of figure 2. Further experimental 

measurements, eg isothermal titration calorimetry [41] or small angle neutron 



scattering with isotopic labelling, and/or numerical simulations, will be required to 

describe more precisely the binding and organization of the DOX molecules on the 

SWCNT/CMC complexes in this multilayer regime.  

The quenching ratio for adsorbed DOX is related to the relative decrease in absorbance 

at 540 nm (Aads) with respect to that of the DOX component (ADOX): 

      
    

     
 

For sample H, the quenching ratio was determined to be H0.18.  

 

 

Figure 2. Left: Absorption spectra in the spectral range of the main absorption peak of 

DOX for sample H: free DOX obtained by filtration (green), reference DOX solution at 

40.5±0.5 M (orange), and absorbed DOX (dot-dashed blue), calculated as the differential 

spectrum between that of sample H and the sum of its two components. Right: sketch of the 

three samples. 

 



To investigate whether higher concentrations of DOX can be adsorbed onto SWCNT/CMC 

complexes, the absorption spectrum of sample K (DOX concentration 124.9±0.5 µM, see 

details in table 1) is compared with the spectra of its two individual components in fig. 

S6a. Similar to sample H, sample K exhibits a significant decrease of the DOX signal, as 

well as a redshift of the SWCNT absorption peaks in the NIR region (inset of fig. S6a). 

After filtration, the signal of free DOX in sample K is approximately 4% of the signal of 

the initial DOX solution’s signal (fig. S6b), comparable to sample H. The adsorbed DOX 

ratio for sample K, K0.96, translates to a mass ratio of approximately 30, nearly 

ninefold higher than the expected for a compact monolayer of dimers, further 

supporting the formation of hierarchical DOX multilayers on the SWCNT/CMC 

complexes. On the other hand, the relative absorbance ratio of adsorbed DOX is slightly 

larger than for sample H, resulting in a slightly reduced quenching ratio K0.09, 

suggesting that quenching is weaker for DOX molecules adsorbed farther from the 

SWCNT surface and the first adsorbed monolayer.  

Finally, at lower DOX concentrations, sample F (fig. S7a and S7b) exhibits comparable 

qualitative and quantitative changes, though with a marginally smaller adsorbed DOX 

fraction, F 0.93. This corresponds to an adsorbed DOX mass ratio of about 2.5, a value 

intermediate between the expected ones for compact monolayers of monomers and 

dimers. Notably, the quenching ratio, F0.25, is slightly larger than observed for higher 

DOX concentrations, supporting enhanced quenching efficiency for molecules or dimers 

within the first adsorbed monolayer. 

For samples (F to K) prepared with a DOX/SWCNT ratio between 2.5 and 30, the 

adsorbed DOX ratio lies between 0.9 and 0.97, without any significant DOX 

concentration dependence, as shown in fig. 3 (data are also reported in table S1). For 

these series of samples, the absorption quenching ratio lies between 0.25 and 0.09, with 

a decreasing trend for increasing DOX concentrations (fig. 3 and table S1). These results 

demonstrate that large amounts of DOX can be adsorbed on SWCNT/CMC complexes, up 

to about 30 times the mass of the SWCNT in this study, ie much more than a molecular 

monolayer. On the other hand, the adsorbed and quenching ratio could not be measured 

accurately for DOX concentrations below 10 M (ie DOX/SWCNT mass fractions below 

2.4) because of their low absorption signals. 



 

Figure 3. Variation of the fraction of adsorbed DOX and quenching ratio (left), along with 

the mass ratio of adsorbed DOX to SWCNT (right), as a function of DOX/SWCNT mass ratio, 

as measured from visible absorption (full symbols) and fluorescence (open symbols) 

spectroscopies. 

 

3.2. Fluorescence of DOX in the visible spectral range 

Adsorption of DOX on SWCNT can also be investigated by fluorescence spectroscopy in 

the visible. The DOX signal displays 2 maxima at 562 nm and 592 nm (the second being 

the most intense) and a shoulder around 638 nm, whether it is pure or mixed with 

SWCNT/CMC (see fig. 4 for sample H). A strong drop of intensity is observed for sample 

H with respect to the initial DOX solution (fig. 4). After filtration, the FL intensity of free 

DOX is even more reduced, to approximately 3% of the initial DOX solution’s intensity. A 

significant decrease of intensity -though with no substantial spectral change- is also 

observed when DOX is mixed with an aqueous solution of CMC (fig. S4 and figure 3 in 

reference [35]). Given that the filtered solution contains less than 30% of the CMC used 

to prepare sample H, the signal from free DOX may be attenuated by adsorption onto free 

CMC in the filtered solution, but by no more than 25%. Therefore, the ratio of free DOX 

can be estimated from the calibration method described in ST2 to be about 3±1%, very 

close to the ratio calculated from the absorption measurements (fig. 3 and Table S1), 

corresponding to FL,H0.97±0.01. The drop in FL intensities is similar for all samples. 

Adsorbed DOX fractions calculated from absorption and fluorescence spectra are 

comparable for all samples, as shown in fig. 3 and Table S1.  



 

Figure 4: Fluorescence spectra of sample H (purple), compared to its DOX component at 

40.5±0.5 M (orange) and free DOX obtained after filtration (green) 

 

On the other hand, the FL quenching ratio is significantly larger than the absorption 

quenching ratio for all samples, between 0.92 and 0.99, indicating that FL yield is more 

sensitive to intramolecular interactions than the absorption transition dipole moment, 

as usually observed in optical spectroscopy [42]. No significant concentration 

dependence is observed (fig. 3). 

These results show that both absorption and fluorescence of DOX in the visible spectral 

range are relevant approaches for monitoring and quantifying DOX adsorption onto 

SWCNT/CMC complexes. 

 

3.3. NIR Raman/FL of SWCNT 

 

Additionally, the adsorption of DOX on SWCNT can be monitored by measuring the FL 

signal of SWCNT in the NIR. Coupled Raman/FL spectra for sample H are shown in figure 



5, featuring a dual x-axis: wavelength at the bottom and Raman shift on the top. The 

SWCNT/CMC spectrum displays characteristic Raman signatures of SWCNT, including a 

G band at 1591 cm-1, a radial breathing mode (RBM) at 265 cm-1, assigned to 

semiconducting resonant nanotubes with a diameter of about 0.9 nm. Superimposed to 

these narrow Raman peaks, 4 broad FL signals can be observed. The increasing FL signal 

at low wavelength is assigned to the resonant FL of SWCNT with chiral indices (10,2) 

excited with a laser energy close to their optical gap. The first FL band around 1130 nm 

is assigned to chiral indices (7,6), (9,4), (8,4) and (9,2) SWCNT, the second around 1200 

nm to (8,6), (11,3) and (12,1) SWCNT, and the third around 1280 nm to an electron-

phonon side band (EPS) of (9,5), (8,7), (10,3) and (10,5) [36],[37]. These four FL 

signatures are labelled in figure 5 with only the first in each series, corresponding to the 

largest FL intensity observed in an aqueous suspension dispersed with bile salts [36]. 

The strong FL intensities confirm that the nanotubes are dispersed individually or in 

small bundles [43]. The positions of the Raman peaks are not modified upon addition of 

DOX, which indicates no significant strain or doping on the SWCNT [44], and their 

intensities are not expected to be either. By contrast, all FL bands are significantly 

redshifted, similarly to what is observed in the absorption spectra (insets in fig. 1, S6a 

and S7a). These are the signatures corresponding to changes in the local dielectric 

environment of SWCNT, consequent to the adsorption of DOX onto the CMC/SWCNT 

complexes. Redshifts in the FL of SWCNT are typically observed when the effective 

dielectric constant of the surrounding environment increases, leading to dielectric 

screening of the Coulomb interaction and renormalization of the optical bandgap [45]. In 

complex DOX/CMC/water environments, numerical calculations will be necessary to 

better interpret the redshifts. Additionally, a notable increase in the relative intensities of 

the FL bands (compared to the Raman peaks) was observed, inferring that complexes 

undergo reorganization, thereby leading to a decreasing number of FL-quenching sites 

upon adsorption of DOX at their surface [43],[46]. These FL-quenching sites could 

include, amongst others, pockets of water [46] or interactions between nanotubes [43]. 

Again, numerical simulations will be needed to gain further insight into the molecular 

mechanisms involved. 



  

Figure 5: Coupled Raman/FL spectra, excited with a 1064 nm laser line, of sample H 

(purple) compared to the SWCNT/CMC suspension at 2.2 mg.L-1 (black), showing 

systematic redshifts and increase in FL intensities 

 

Similar redshifts were observed for all samples (F to L) with DOX/SWCNT mass ratio 

above 2.5, indicating no significant structural differences in the vicinity of the nanotube 

surfaces for these samples. To gain deeper insight into the effect of DOX adsorption on FL 

energies, it is worth studying how Raman/FL spectra are affected by smaller DOX 

concentrations, in a sub-monolayer regime, ie at mass ratio smaller than that estimated 

for a monolayer. The spectral features as a function of DOX/SWCNT mass ratio are 

displayed in fig. 6. 



 

 

Figure 6 : Variation of the NIR Raman/FL spectra, excited with a 1064 nm laser line, as a 

function of DOX/SWCNT mass ratio. Spectra are arbitrarily shifted along the y axis for 

clarity. 

 

A continuous redshift of the four main bands is observed for samples A to E, indicating a 

continuous change of the local dielectric environment of the nanotubes. The relative FL 

intensities increase continuously as well. For a more precise estimation of the shifts, 

each spectrum was fitted with the sum of 6 Voigt functions, ie 2 corresponding to the 

RBM and G Raman peaks, and 4 corresponding to the FL bands (the maximum of the first 

one, assigned to the (10,2) being not resolved. Typical fits are displayed in fig. S8 and 

further discussed in ST4, and the corresponding redshifts are reported in fig. 7. 

 



 

Figure 7: Redshift of the 3 Voigt components used to fit the 3 main FL bands of the 

Raman/FL NIR spectra, as a function of DOX concentration (typical fits shown in fig. S8). 

 

These results confirm that the three main FL bands exhibit continuous redshifts in a sub-

monolayer regime, up to DOX/SWCNT mass ratio of approximately 1 (sample E). Smaller 

additional redshifts are observed for mass ratio about 10 (sample H) and 100 (sample 

L), though the latter cannot be directly compared with the others due to its preparation 

with a SWCNT concentration ten times smaller. This suggests that the FL wavelengths 

are primarily sensitive to the adsorption of the first DOX monolayer, as anticipated based 

on the excitons' sensitivity to the local dielectric environment. Furthermore, the 

redshifts of the (7,6) and (8,6) FL bands, corresponding to SWCNT diameters ranging 

from 0.83-0.91 nm and 0.95-1 nm, respectively, are comparable within the error margins 

This suggests that the local dielectric environments related to the DOX/CMC 

organizations at the nanotube surfaces are similar, with no strong diameter-dependence. 

In contrast, the redshifts are noticeably smaller for the (9,5) EPS band, which is 



attributed to a different physical mechanism involving the absorption of light by a bound 

exciton-phonon state [36],[37],[47]. 

 

4. Conclusion 

In this study, we show that the coverage rate of doxorubicin on SWCNT/CMC complexes 

can be quantitatively assessed by combining absorption and fluorescence spectroscopy 

studies of the drug and SWCNT in the visible and NIR, respectively. The adsorption ratio 

of DOX is high, ranging from 0.9 and 0.97, and does not exhibit any concentration 

dependency for DOX/SWCNT mass ratios between 2.5 and 30, making SWCNT/CMC 

complexes good candidates for carrying large amounts of drugs. We show that 

absorption and fluorescence spectra of SWCNT in the NIR are sensitive to the adsorption 

of DOX in the sub-monolayer regime, due to molecular reorganization around the 

nanotubes which modulates their local dielectric environment. These findings pave the 

way to further investigations to characterize kinetics of drug adsorption, coverage and 

release from SWCNT, whether drugs are fluorescent or not. 
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