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A. MATERIALS AND METHODS 

 

A1. On the colloidal stabilization by repulsive depletion forces 

The stabilization of colloids depends on the balance between repulsive and 

attractive forces, being unstable when attractive overcome the repulsive.
1
 On the 

course of Brownian motion, nanoparticles often collide and in these collisions they 

can be so attracted as to aggregate.
2
 Thus, they lose mobility and the more 

aggregation occurs, the heavier and less mobile they turn until they reach such a size 

that phase separation occurs.
2
 For a colloid to be stable, there must be something that 

hampers or decreases the attraction between particles, for example, electrostatic or 

steric stabilization.
1,2

 The first ensures that there is repulsion between the particles by 

electric charges of the same sign through the manifestation of coulombic forces. The 

second involves the use of polymeric materials (or long chain materials) adsorbed 

onto the particle surface, so that the approach of the chains results in an increase in 

the free energy of the system, causing sufficient repulsion to stabilize the colloid. The 

magnitude of the free energy variation depends on the characteristics of the chain-

chain interactions as well as the chain-medium interactions. Considering an aqueous 

dispersion and a liophilic polymer, for instance, an increase in the chain-chain 

interactions causes an increase in the free energy, resulting in repulsion.
1,2

 On the 

other hand, if the dispersing medium is a solvent with low interactivity, the chain-

chain interactions are favored, resulting in attraction.
1
 Since ΔG = ΔH - TΔS, the 

increase in the free energy (ΔG) resulting from the chain-chain interaction can be 

manifested through an increase in enthalpy (ΔH) and/or a decrease in entropy (ΔS).
1
 

The first involves the breaking of bonds between the polymer and the solvent as the 

chain-chain interactions increase, being independent of the temperature. The second 

involves the loss of conformational degrees of freedom as the chain-chain interactions 
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increase, being dependent of the temperature.
1
 However, these considerations depict 

homogeneous systems in which the polymeric chain is firmly adsorbed on the particle 

surface, disregarding possible sorption equilibrium, micelle formation
2
 or fluctuations 

in the distribution density of the polymeric chains throughout the volume. 

Considering a bit more complex suspension, composed of two particle species – large 

particles and small particles, the attraction or repulsion of the big particles is related to 

the entropic forces originated from the osmotic pressure and from the excluded 

volume effect.
3
 These forces are called depletion forces and they were firstly studied 

by Asakura and Oosawa, who developed a model that describes the depletion force 

for low concentrations of small particles.
4
 Their model considers large particles with 

diameters of D=2Rb in a solution of small particles with diameters of d=2Rs (Figure 

S1a). Around each particle there is a volume, called depletion zone, in which the 

centers of the small particles cannot penetrate (excluded volume effect). When two 

large particles approach each other in such a way that their depletion zones overlap 

(i.e. the excluded volume is reduced) and no small particle can occupy the space 

between the large particles, the difference between the local osmotic pressure and the 

bulk osmotic pressure results in an attractive force (Figure S1b).  

This force is purely entropic, as a decrease in the excluded volume increases the 

available volume for the small particles. According to Asakura-Oosawa,
3
 the 

depletion force Fd (Eq. 1) is null when the distance between two large particles is 

greater than or equal to the small particle diameter, and non-zero when this distance is 

smaller than the small particle diameter:  

 

𝐹𝑑 = {
0,                     ℎ ≥ 𝑑 + 𝐷
−𝑝0𝑆,            ℎ < 𝑑 + 𝐷

    Equation 1 
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Where h is the distance between the large particles, p0 = ρkBT (where ρ is the density 

number of the small particles) and S is the circular area associated to the overlapping 

volume. The Asakura-Oosawa model
3
 considers that the local density of small 

particles only changes when h < d + D. However, the local density of small particles 

varies due to the potential generated by two large particles, even for h = d + D. 

Therefore, the limitation of Asakura-Oosawa model to explain the depletion force lies 

in the fact that Fd will always be attractive (represented by the negative sign in Eq. 1). 

It is therefore sufficient to describe suspensions with low small particle concentrations, 

where the interactive potential between small particles is neglected. So, to overcome 

this limitation, one must use a theory derived from the perturbation theory of liquids,
4
 

which considers all the interactions occurring between all particles. At high 

concentrations of small particles, the correlation between them are so significant that 

they can interfere in the interactions so as to include a repulsive component.
5
 In such 

cases, a correlation function g(r) needs to be included, which is related to the 

depletion potential V(r) (Eq. 2), where r is the distance from the center of the large 

particle along the axis. This correlation function g(r) is then a factor that multiplies 

the bulk density ρ to provide a local density ρ(r) for a given particle (Eq. 3).   

 

𝑉(𝑟) = −𝑘𝐵𝑇𝑙𝑛𝑔(𝑟)     Equation 2 

𝜌(𝑟) = 𝜌𝑔(𝑟)      Equation 3 

 

To solve g(r) and then obtain an equation to the depletion potential that would 

consider a negative component, theories such as Ornstein-Zernike and Pervus-Yevick 

were used.
4
 Ornstein-Zernike considers that g(r) depends on the direct correlation 

between particles and on all the indirect correlations in the system.
4
 In summary, 
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therefore, it can be said that the depletion potential is closely related to the correlation 

between all particles that, in turn, is related to the local density. Theoretical 

simulations and experimental results of the depletion force show an oscillatory curve, 

with peaks (repulsion) and valleys (attraction) as a function of the large particles 

separation, as shown in Crocker et al. (1999) work.
5
 The authors show that at higher 

concentrations of small particles, the interactive potential curve starts to have an 

oscillatory profile, qualitatively associated to the layers of small particles. Once the 

interactive potential between large particles depend on their separation, when the 

separation is a multiple integer of the diameter of the small particles (2Rs), i.e. the 

separation between large particles correspond to an integer number of layers, the 

interactive potential is repulsive (Figure S1c). When the separation between large 

particles is not sufficient to accommodate an integer number of small particles, the 

interactive potential is attractive (Figure S1d). The scientific community believes that 

at high concentrations of small particles, these form layers around the large particles, 

hampering the attraction between them and originating the repulsion peaks.
5
 It is 

therefore possible to correlate the repulsive depletion force with the correlation length 

ξ (length scale that correlates two particles) of the small particles: the repulsion starts 

to appear when the large particles separation is greater than ξ.
6
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Figure S1. Illustration of the (a) depletion zone (or excluded volume), which 

thickness is Rs; (b) overlap of the depletion zones of two large particles, resulting in a 

reduction of the excluded volume; (c) repulsive and (d) attractive interactive potential 

of large particles as a function of their separation. (e) Photographs of MSNs (500 µg 

mL
−1

) colloidal suspensions in NaCl 0.9% in various PF127 concentrations (A= 0%; 

B= 0.1%; C= 1.0%; D= 5.0%) along 8 days. 
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A2. Colloidal stability of MSNs: quantification through ICP-OES 

 

The MSNs quantification on the colloidal stability assays was accomplished 

through ICP-OES. This spectrophotometric technique allows quantifying chemical 

elements through the emitted light intensity in specific wavelengths that are related to 

each element in the periodic table.
7
 The sample is atomized and ionized by plasma at 

high temperature (~6000 K), which causes not only the atoms dissociation but also a 

great amount of collisional excitation and ionization.
7
 Since the atoms and ions are in 

the excited state, they can decay to lower energy states and emit light in specific 

wavelengths, which is measured and used to determine the concentration of the 

elements of interest.
7
 Once the sample is composed by silica nanoparticles, which are 

very stable in neutral pH,
8,9

 it is necessary to ensure that the degradation of the 

particles into monomeric species of silicon is complete. Therefore, before the 

conducting the analyses, the nanoparticles left in the supernatant were degraded in pH 

11.6 by the addition of KOH solution (pH 12.0, 0.01 mol L
-1

). Keeping the pH higher 

than 11.0 ensures the silica dissolution (into HSiO
3- 

or SiO
3-

), while pHs between 4.0 

and 10.8 are suitable for particle growth and aggregation.
8
 To avoid damaging the 

equipment, the pH was neutralized (pH 7.0) with HCl (pH 2.0, 0.01 mol L
-1

) instants 

before each measurement, avoiding nucleation and particle growth in neutral pH.  

 

A3. Synthesis and characterization of hydrogel-hybrid systems  

 

DOX concentration in hybrid systems (1.25 mg mL
-1

) was calculated to reach 

1.5 mg kg
-1

 considering a 300 µL application and an average rat weight of 150 g. To 

accomplish the dissolution and release assay, the release medium was put carefully on 

the hydrogel surface as illustrated in Figure S2.  
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Figure S2. Illustration of the membraneless hydrogel dissolution method. 

 

A4. In vivo assay: prostate cancer induction 

 

Seventeen Fischer 344 rats (male, 7-week-old) were used in the in vivo study, 

while prostate cancer induction was performed in 13, following a new protocol 

developed by Fávaro et al.
20

 The new protocol uses a formulation for controlled 

release of the carcinogenic agent N-methyl-N-nitrosourea (MNU), which ensures the 

appearance of prostate cancer in 100% of the animals as well as the presence of pre-

malign lesions, making the model suitable to study prostatic carcinogenesis since 

these lesions are also present in human clinical status. The induction procedure 

consisted firstly by a daily subcutaneous injection of 100 mg kg
‒1

 testosterone 

cypionate diluted in 0.5 mL of peanut oil for three days. Then, the animals were 

anesthetized with 2% xylazine hydrochloride (5 mg kg
‒1

) and 10% ketamyne 

hydrochloride (60 mg kg
‒1

) for further perform of 0.5 cm suprapubic incision and 

inoculation of 0.2 mL of 15 mg kg
‒1

 MNU dissolved in 0.3 mL of sodium citrate (1 M, 

pH 6.0) and PF127 25%, which allows in situ gelation of the solution. After one week 

from the MNU inoculation, the animals received subcutaneous injections of 5 mg kg
‒1

 

testosterone cypionate diluted in 5 mL of peanut oil on alternate days for 120 days. 
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B. RESULTS 

 

B1. UV-Vis light absorption characterization of the components studied 

 

To ensure that DOX quantification could be accomplished through UV-Vis light 

absorption, the system components were characterized through this technique. From 

the results (Figure S3), it can be seen that DOX spectra presents an absorption peak at 

480 nm (chosen for the quantification) that does not overlap with MSNs, PF127 or 

BSA (used in DOX release assay) spectra.  

 

 

Figure S3. UV-Vis light absorption spectra of (a) DOX (125 µg mL
-1

), with the 

arrow indicating the peak at 480 nm, (b) MSNs (150 µg mL
-1

), (c) PF127 5% (w/w) 

and (d) BSA (500 µg mL
-1

). 
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B2. MSNs characterization: adsorption isotherms 

 

 

 

Figure S4. (a) Pore size distribution of MSNs indicating pores around 2 nm, (b) 

nitrogen sorption isotherm for MSNs. 

 

B3. ζ-potential of MSNs with increasing PF127 concentrations 

 

To confirm that the PF127 was adsorbing on the surface of the nanoparticles, a 

ζ-potential assay was performed for MSN-samples with increasing PF127 

concentrations. In the case of the MSNs colloidal suspension in water (ζ around –20.0 

mV), the stabilization occurs electrostatically by the repulsion of the negatively 

charged MSNs with deprotonated silanol surface groups. Based on the aggregation 

assay as a function of time, the ζ-potential assay was performed for samples with 
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PF127 concentrations from 0.1% to 1.0% (Figure S5). With the addition of 0.1wt% of 

PF127 (neutral polymer), the ζ-potential becomes considerably less negative (close to 

neutrality), indicating the interaction of PF127 on the nanoparticle surface. It is 

possible that PF127 is adsorbed on the surface of MSNs, but also that there is a 

micellar layer surrounding them (or both). In this case, to explain the MSNs colloidal 

stability it must be considered steric effects as well as depletion forces, i.e. the 

interactions of the MSNs with PF127 occurs in long and short ranges.  

 

 

Figure S5. ζ-potential of the MSNs (250 µg mL
-1

) as a function of the PF127 

concentration in 10x diluted PBS solution. 
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B4. Gelation temperature assay 

 

To determine the PF127 concentration to be used in the hybrid systems to 

ensure the hydrogel formation, we first considered the gelation temperature (Tgel) of 

PF127 solutions in different compositions. The systems would be administered via 

intraperitoneal in rats (Fischer 344), which body temperature is 35C. Therefore, the 

Tgel range considered acceptable for this purpose would be around 20C, which 

ensures an easier manipulation of the liquid formulation, preventing gelation inside 

syringe needles. Likewise, a Tgel too close to the rats’ body temperature could retard 

the hydrogel formation inside the animals, making the system to leak to other 

locations. 

At first, the Tgel assays were performed for PF127 in physiological saline 

solutions (Table S1) and then DOX and MSNs were included (Table S2). From the 

results illustrated in Table S1, PF127 concentrations lower than 15% were excluded, 

since the Tgel exceeded 30C, which could hinder or delay the gelation of the systems 

after the administration. Similarly, PF127 concentrations above 28% were also 

excluded since Tgel were too low and could im the manipulation of the solutions 

during the administration. After completing the Tgel assays for the systems containing 

MSNs and DOX, it was concluded that the PF127 composition that would better fit to 

in vivo assay was of 18%. 

 

Table S1. Tgel for PF127 in physiological saline solutions. 

%PF127 Tgel (C) %PF127 Tgel (C) 

30 9.5 ± 0.5 22 16.5 ± 0.5 

28 11.0 ± 0.5 18 21.0 ± 0.5 

25 14.0 ± 0.5 15 > 30.0 ± 0.5 
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Table S2. Tgel for PF-127 solutions containing MSNs and DOX. 

Condition %PF127 Tgel (C) Condition %PF127 Tgel (C) 

Absence of 

MSNs 

25 14.0 ± 0.5 MSNs 

(1 mg mL
-1

) 

 

25 14.0 ± 0.5 

22 17.0 ± 0.5 22 17.0 ± 0.5 

18 21.0 ± 0.5 18 21.0 ± 0.5 

* DOX concentration in all samples was 1.25 mg mL
-1 
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