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1. Photophysical properties of doxorubicin in solution 

The behavior of the drug doxorubicin is determined not only by its molecular 

structure, but also by the nature of solvent interactions established in biological sys-

tems. Considering that solvent highly influences the photophysical behavior of a mol-

ecule, the systematic analysis of its spectral features can give relevant physicochemi-

cal insight. Therefore, the understanding of microenvironment influence on spectro-

scopic properties of doxorubicin provides information that can be extrapolated to 

drug-solvent interactions in biological systems.  

Solvatochromic methods have been widely used to study solvent effects on pho-

tophysical properties (e.g. absorption maxima, emission maxima and Stokes’ shift) 

[1,2]. The multi-parameter Kamlet-Taft {α, β, π*} [3,4] and the Catalán {aSA, bSB, cSP, 

dSdP} [5] solvent scale, by solvatochromic data analysis, provide the contribution of 

interactions to the polarity effect on spectroscopic characteristics. Both models by tak-

ing in account non-specific and solute-solvent interaction, give a quantitative descrip-

tion of the solvatochromic shifts [6]. Catalán solvent scale (unlike the Kamlet-Taft sol-

vent scale) has the advantage to separate non-specific solvent effects into two inde-

pendent parameters (polarizability and dipolarity). 

The Kamlet-Taft solvent scale uses the π*, α and β parameters (polarity/polarizabil-

ity, acidity and basicity, respectively, of a given solvent) to study solute-solvent interac-

tions, following Equation S.1. The basicity and acidity (characterized by hydrogen bond 

acceptor ability and hydrogen bond donor ability, respectively) are specific interactions, 

whereas non-specific interactions include polarity and polarizability, characterized by the 

solvent ability (by its dielectric effect) to stabilize a charge or a dipole. 

� = �� + �� α + �� β + ��∗ π ∗                           (S.1) 

The estimated coefficients y0, aα, bβ and cπ* and the corresponding correlation coeffi-

cients for the multilinear regression analyses of the emission maxima, absorption maxima, 

Stokes’ shift and fluorescence quantum yield, using the Kamlet-Taft solvent scale, are dis-

played in Table S1. The Kamlet-Taft π*, α and β solvatochromic parameters were taken 

from [7]. 

The influence of solvents, on the same parameters, was also studied using the linear 

solvation energy relationship model of Catalán [8], given by Equation S.2 and Catalán 

parameters were taken from [9,10]. 

� =  �� +  ��� SA + ��� SB + ���SP +  ����SdP                    (S.2) 

where y0 is the physicochemical property in the gas phase, SA is the solvent acidity, 

SB is the solvent basicity, SP is the solvent polarizability and SdP is the solvent dipolarity. 

In this model, these solvent parameters are independent (but complementary) and re-

sponsible for multiple types of solute-solvent interactions. In this equation, ���, ���, ��� 
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and ���� are the regression coefficients that describe the sensitivity of the respective pa-

rameter to the solute-solvent interaction mechanisms.  

Both models take into account both specific and non-specific interactions, providing 

a quantitative description of the solvatochromic shifts [6]. However, Catalan’s model al-

lows the separation of non-specific solvent effects into polarity and polarizability. The re-

sults of the multiple regressions are displayed in Table S2. The multi-linear analysis of the 

obtained λem data of DOX as a function of {α, β, π*} shows a lower correlation coefficient 

(R = 0.87), when compared to the correlation obtained by the use of {SA, SB, SP, SdP} (R = 

0.99). This difference is significant, since in Kamlet-Taft model the solvent (di)polarity and 

polarizability effects are combined in π* parameter and in Catalan’s model they are split 

in SP and SdP parameters. Figure S1-A shows the linear relation between the λem calcu-

lated values using Catalán solvent scale versus the corresponding experimental values. 

Also, in Kamlet-Taft analysis, if {α, β} are used as independent variables (Equation S.3), 
the obtained correlation coefficient (R = 0.86) is similar to the original fit (R = 0.87).  

� = �� + �� α + �� β                               (S.3) 

Table S1. Estimated coefficients (y0, aα, bβ, cπ*), their standard errors and correlation coefficients (R) 

for the multiple linear regression analysis of λem , λabs, ∆ṽ and ФF as a function of the Kamlet-Taft 

solvent scale. The regression coefficients are expressed in nm for λem and λabs, in cm-1 for ∆ṽ and in 

10-2 for ФF. 

 y0 aα bβ cπ* R 

λem 589.(5) ± 4 -7.(8) ± 5 1.(1) ± 3 3.(3) ± 6.64 0.87 

λem 591.(7) ± 1 2.(6) ± 1 -9.(6) ± 3  0.86 

λabs 494.(5) ± 7 -8.(6)± 8 11.(4) ± 6 -16.(2)± 11 0.81 

∆ṽ [32.(4) ± 2]10-5 [1.(4) ± 2]10-5 [-4.(5) ± 1]10-5 [7.(9) ± 3]10-5 0.92 

ФF 0.07 ± 0.02 0.05 ± 0.03 -0.0006 ± 0.0188 -0.0009 ± 0.0266 0.89 

In Catalán analysis, the larger cSP coefficient estimate value compared to the esti-

mated {aSA, bSB, cSP, dSdP} in the analysis of λem (equation S.4) indicates that the change of λem 

maxima can be attributed to a change in polarizability of doxorubicin environment. In 

order to validate this, the relation between y = λem and the polarizability parameter SP was 

studied (equation S.5). 

� =  �� +  ��� SA + ��� SB +  ����SP                      (S.4) 

� =  �� +  ���SP                               (S.5) 

The correlation coefficient of 0.99 confirms the linear relationship in Table S2. How-

ever, only neglecting solvent dipolarity (Equation S.4, with {SA, SB, SP} as independent 

variables) produces a fit (R = 0.98) with almost the same quality as the original fit (R = 

0.99). These results demonstrate that solvent dipolarity can be neglected for small varia-

tions on λem, but solvent acidity, basicity and polarizability play an active role in the shift 

of DOX emission maxima.  

The multi-linear analysis of λabs data as a function of {SA, SB, SP, SdP} presents a 

better correlation (R = 0.98) compared to the analysis as a function of {α, β, π*} (R = 0.81) 

(Table S2). 
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Table S2. Estimated coefficients (y0, aSA, bSB,, cSP, dSdP), their standard errors and correlation coeffi-

cients (R) for the multiple linear regression analysis of λem , λabs, ∆ṽ and ФF as a function of the 

Catalán solvent scales. The regression coefficients are expressed in nm for λem and λabs, in cm-1 for 

∆ṽ and in 10-2 for ФF. 

 y0 aSA bSB cSP dSdP R 

λem 565.(4) ± 19 1.(1) ± 1 -2.(2) ± 4 32.(7) ± 21 2 ± 5 0.99 

λem 572.(4) ± 5 1.1 ± 0.7 - 3.(7) ± 1 25.(4) ± 7  0.98 

λem 564.(9) ± 5   35.(3) ± 8  0.89 

λabs 390.(4) ± 38 9 ± 1 24.78 ± 8.63 114.(7) ± 41 8.(4) ± 10 0.98 

λabs 419.(4) ± 13 9.(5) ± 1 18.77 ± 3.92 84.(5) ± 17  0.97 

λabs 489.(5) ± 7    -4.(3) ± 9 0.17 

∆ṽ (69 ± 22)10-5 (-4 ± 1) 10-5 (-11 ± 5)10-5 (-39 ± 24)10-5 (-3 ± 6)10-5 0.97 

∆ṽ (59.(6) ± 6)10-5 (-4 ± 8) 10-5 (-9 ± 1)10-5 (-29 ± 8)10-5  0.96 

∆ṽ (34.(5) ± 3)10-5    (2 ± 4)10-5 0.17 

ФF 0.3 ± 0.2 -0.01 ± 0.01 -0.02 ± 0.03 -0.28 ± 0.18 -0.08 ± 0.07 0.94 

ФF 0.05 ± 0.02 -0.01 ± 0.01   0.02 ± 0.01 - 0.01 ± 0.03 0.88 

ФF 0.11 ± 0.05 -0.02 ± 0.01  - 0.09 ± 0.07  0.80 

A good linear relationship (R = 0.98) was found between the experimental λabs values 

and the λabs calculated values according to Equation S.2, using the estimated values of ���, 

���, ��� and ���� (Figure S1-B). Similar to what was verified for λem, the multi-linear fit 

of λabs data as a function of {SA, SB, SP} as independent variables, according to Equation 

S.4, revealed a correlation coefficient of 0.97, which is nearly the same as the original fit 

(Equation S.2). The same analysis was made as a function of {SdP}, according to Equation 

S.6, and a poor relationship was found between λabs and SdP (R = 0.17). The results confirm 

that solvent dipolarity is not critical, primarily, in λabs shifts. 

� =  �� +  ����SdP                               (S.6) 

For Stokes’ shift (∆ṽ), Kamlet-Taft analysis produces a good fit (R = 0.92), but Catalán 

analysis (R = 0.97) outperforms it. In Figure S1-C it is represented the linear relationship 

between experimental and calculated ∆ṽ obtained by the multiple linear regression anal-

ysis according to Catalán model. In Catalán analysis, if {SA, SB, SP} are used as independ-

ent variables in the linear equation to fit y = ∆ṽ (Equation S.4), the correlation coefficient 

(R = 0.96) is similar to the one obtained as a function of {SA, SB, SP, SdP}. This result indi-

cates that solvent dipolarity is not a critical parameter to describe Stokes’ shift. This is also 

corroborated by the poor correlation coefficient (R = 0.17) obtained by the linear fit of y = 

∆ṽ as a function of SdP (Equation S.6). 

The multi-linear analysis of ФF data as a function of {α, β, π*} is less adequate to de-

scribe ФF values, since it presents a lower correlation (R = 0.89), when compared to the 

analysis as a function of {SA, SB, SP, SdP} (R = 0.94). The linear relationship between ex-

perimental and calculated values, according to Catalán solvent scale, is represented in 

Figure S1-D. The Catálan analysis of ФF as a function of {SA, SP, SdP} as independent var-

iables (Equation S.7) gives rise to a relatively good fit (R = 0.88). This result is an indication 

that small changes on ФF are not primarily influenced by solvents basicity. Furthermore, 

the same analysis was made as a function of {SA, SP}, with an R value of 0.80. This result 

indicates that solvents dipolarity can be neglected for small ФF variations. 

� =  �� +  ��� SA +  ����SP +  ����SdP                      (S.7) 

  



 4 of 7 
 

 

  
(A) (B) 

  
(C) (D) 

Figure S1. Linear relationship of the experimental and calculated (A) λem (R = 0.99); (B) λabs 

(R = 0.98); (C) ∆ṽ (R = 0.97); and (D) ФF (R = 0.96) of Doxorubicin obtained by the multiple linear 

regression analysis according to Catalán solvent scale. 

2. TEM image and DLS correlation curves of SMLs 

 

Figure S2. TEM image of solid magnetoliposomes at a lower magnification. 
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Figure S3. DLS correlation curves for solid magnetoliposomes. A: SMLs of DPPC; B: SMLs of 

DPPC/Ch; C: SMLs of DPPC/DSPE-PEG. 

3. Drug release kinetics and mathematical modelling of release profile 

The Weibull model, which is a distribution function, is expressed in terms of the drug 

fraction accumulated (�) in solution on the time � by Equation S.8 [11]: 

� = 1 − ����(����)
�
�                                    (S.8) 

where � is a scale parameter that defines the timescale of the process, �� represents 

the latency time of the release process (often being zero), and � is a formal parameter that 

characterizes the type of curve (b = 1 is exponential; b > 1 is sigmoid, with ascendant cur-

vature delimited by an inflection point; and b < 1 is parabolic, displaying high initial slope 

and a consistent exponential character).  

The first-order kinetic model follows the Equation S.9 [12]: 

�(%) =  �� × (1 − ����)                                 (S.9) 
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where F(%) is the percentage of released drug, �� represents the total amount of the 

drug released, � represents the first-order rate constant and � the time. Considering that 

the total drug release varied between experiments,  �� was considered as a variable. 

The Korsmeyer–Peppas model (power law) is a more comprehensive semi-empirical 

equation that establishes an exponential relationship between release and time, following 

Equation S.10 [13]: 

��
��

� = � ∙ ��                                  (S.10) 

where ��  and �� are the concentrations at time 0 and �, respectively, � is the rate 

constant and � is the transport exponent. When � < 0.45, the release mechanism is diffu-

sion-controlled (Fickian release), 0.45 < � < 0.89 indicates a combination of diffusion and 

erosion drug release (non-Fickian release), 0.89 < � < 1 indicates a relaxation-controlled 

release, and in the case of � > 1, the release is controlled by swelling and chain relaxation. 

The constant values and coefficient of determination obtained for each model are summa-

rized in Table S3 (for DPPC-based SMLs) and Table S4 (for DPPC/DSPE-PEG-based 

SMLs). 

Table S3. Obtained constant values by the fitting of each mathematical model to the kinetic data 

and respective coefficient of determination (R2), according to the temperature and pH variation for 

DPPC-based SMLs. 

 Temperature ymax(%) ± SD 
Weibull First-order Korsmeyer-Peppas 

B a R2 k R2 K n R2 

pH=5.5 
42 °C 25 ± 2 1.18 0.29 0.99 0.35 0.99 10.76 0.30 0.88 

37 °C 9 ± 1 0.89 0.37 0.94 0.34 0.93 3.74 0.28 0.90 

pH=7.4 
42 °C 6.5 ± 0.2 1.59 0.71 0.96 0.82 0.94 4.66 0.14 0.74 

37 °C 4 ± 1 0.83 0.34 0.88 0.27 0.88 2.64 0.28 0.83 

Table S4. Obtained constant values by the fitting of each mathematical model to the kinetic data 

and respective coefficient of determination (R2), according to the temperature and pH variation for 

DPPC/DSPE-PEG-based SMLs. 

 Temperature ymax(%) ± SD 
Weibull First-order Korsmeyer-Peppas 

b a R2 k R2 K n R2 

pH=5.5 
42 °C 14 ± 1 0.14 0.93 0.99 0.34 0.99 2.570 0.52 0.98 

37 °C 5 ± 1 0.07 2.59 0.95 0.35 0.85 2.83 0.33 0.63 

pH=7.4 
42 °C 7 ± 3 0.34 0.88 0.87 0.31 0.87 1.87 0.33 0.93 

37 °C 9 ± 1 0.33 1.58 0.97 0.40 0.95 3.37 0.30 0.74 
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