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Abstract: The anticancer use of genistein (Gen) has been severely limited due to its low water solubility, low bioavail-
ability, and instability under experimental conditions. To overcome these limitations, we propose a formulation of a 
hybrid nanomaterial (HNM) based upon the incorporation of Gen into PEGylated silica nanoparticles (PEG-SiNPs) 
(Gen-PEG-SiHNM), where their physicochemical and biological effects on HT29 cells were evaluated. Genistein-
loaded PEGylated silica hybrid nanomaterials were obtained by a simple end effective aqueous dispersion method. 
Physicochemical properties were determined by its mean particle size, surface charge, amount of cargo, spectro-
scopic properties, release profiles and aqueous solubility. In vitro biological performance was carried out by evaluat-
ing its antioxidant capacity and elucidating its antiproliferative mechanistic. Results showed that small (ca. 33 nm) 
and spherical particles were obtained with positive surface charge (+9.54 mV). Infrared analyses determined that 
encapsulation of genistein was successfully achieved with an efficiency of 51%; it was observed that encapsulation 
process enhanced the aqueous dispersibility of genistein and cumulative release of genistein was pH-dependent. 
More important, after encapsulation data showed that Gen potentiated its antioxidant and antiproliferative effects 
on HT29 human colon cancer cells by the modulation of endogenous antioxidant enzymes and H2O2 production, 
which simultaneously activated two different processes of cell death (apoptosis and autophagy), unlike free genis-
tein that only activated one (apoptosis) in a lower proportion. Overall, our data support that Gen-PEG-SiHNM could 
be potentially used as alternative treatment for colorectal cancer in a near future.

Keywords: Colorectal cancer, genistein, PEGylated silica nanoparticles, hybrid nanomaterials, antiproliferative ef-
fects, mechanisms of programmed cell death

Introduction 

Colorectal cancer (CRC) is characterized by the 
unchecked division and survival of abnormal 
cells in the colon and/or rectum; it is the third 
most commonly diagnosed cancer in both men 
and women making it a major public health 
issued worldwide [1]. Unfortunately, chemo-
therapy, a common CRC treatment, show non-
specific targeting by anticancer agents [2] thus, 

chemotherapy is highly associated to the devel-
opment of long-term side effects, leading to 
increase a person’s risk of developing other 
types of cancer later in life [3]. In this regard, 
there is a great interest within biomedicine field 
in developing new strategies that minimize the 
side effects of the conventional ones [4]. Nano- 
technology-based materials have been emerg-
ing as promising tools to be used as alterna- 
tive therapeutics since it can enter the tissue/
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organs and exert its biological functions at mo- 
lecular level [5]. However, it has been observed 
that many nanotechnology-based drug delive- 
ry systems (such as nanoparticles, liposomes, 
among others) may compromise their thera-
peutic effects; for example, polymeric micelles 
have presented low drug incorporation stability 
and low drug loadings [6], residues from bio-
degradation of polymeric nanoparticles may 
produce allergenic responses in different tis-
sues/organs [7]. Quantum dots exhibit high tox-
icity associated to heavy metals [8]; fullerenes 
showed evidence of an increased oxidative 
stress in different cellular lines [9]. Therefore, 
the challenge in creating these new therapeutic 
strategies lies in producing nanomaterials (NM) 
with more accurate anticancer properties, low 
toxicity, low allergenic response and reduced 
side effects [10]. On the other hand, the incre- 
ased interest using natural dietary compounds 
for cancer treatments is due to their relevant 
role influencing and inhibiting the development, 
progression and metastasis of cancer, in addi-
tion to their great biocompatibility, low toxicity 
and allergenicity, minimal side effects, and 
avoiding multidrug resistance [11, 12]. Genis- 
tein (4’,5,7-trihydroxyisoflavone, Figure 1), the 
major soy bean isoflavone, is attracting atten-
tion due to its potential medicinal applications 
including antioxidant, antiradical, antiprolifera-
tive and antitumor properties [13]. Studies 
have evidenced that Gen is able to suppress 
the growth of hormone-dependent cancers, 
such as different lines of colon cancer cells [14] 
by affecting the expression of estrogen recep-
tor and some tumor suppressor genes, up- and 
downregulating the activity of some antioxidant 
enzymes and by decreasing production of reac-
tive oxygen species (ROS) [15, 16]. However, 
the clinical use of Gen as anticancer therapeu-
tic is hindered by its low water solubility, low 
oral bioaccessibility and bioavailability, and by 
its instability to high temperatures, pH, oxygen 
presence and other conditions [17, 18]. There- 

fore, the main objective of this work was to  
synthesize hybrid nanomaterials (HNM) based 
on encapsulation of Gen into PEGylated silica 
nanoparticles (PEG-SiNPs) through a simple 
aqueous dispersion method for overcoming  
the mentioned clinical limitations of Gen. Phy- 
sicochemical and in vitro biological properties 
(including antioxidant, toxicity and antiprolifera-
tive effects and molecular mechanisms on 
HT29 human colon cancer cells) of genistein-
PEGylated silica hybrid nanomaterials (Gen-
PEG-SiHNM) were addressed. Furthermore, 
PEGylation of nanoparticles was followed to 
overcome possible toxic effects of silica parti-
cles [19], since other PEGylated nanoparticles 
have exhibited high biocompatibility, low immu- 
ne and toxic responses, and extended circula-
tion time [20].

Materials and methods

Materials

Gen (MW 270.24 g/mol), TEOS (98%), APTES 
(99%), KBr, MTT, ABTS, K2S2O8, Trolox, disodi-
um fluorescein Lactate Dehydrogenase Activity 
Assay Kit, Trypsin/EDTA solution and Autophagy 
Assay Kit were purchased from Sigma Aldrich 
Co. (USA). AAPH was purchased from Wako 
Chemicals Inc. (USA). PEG-COOH (3000 g/mol) 
was obtained from Irish Biotech (Germany). 
EtOH, H2O2 (30%), Na2HPO4, KH2PO4, KCl, 
NH4OH (28-30%), and NaCl were obtained from 
J.T. Baker (USA). HT29 cells were purchased 
from American Type Culture Collection (ATCC, 
USA). FBS and antibiotic-antimicotic were pur-
chased from Gibco (Grand Island, NY). OxiSele- 
ct™ Catalase Activity Assay Kit and OxiSelect™ 
Superoxide Dismutase Activity Assay were ob- 
tained from Cell Biolabs Inc. In Situ Cell Death 
Detection Kit was purchased from Roche (Ger- 
many). Amplex® Red Hydrogen Peroxide/Per- 
oxidase Assay Kit was obtained from Invitrogen 
(Thermo Fisher Scientific, USA). DMEM was ob- 
tained from Invitrogen (ThermoFisher Scientific 
Inc., USA). Deionized water (diH2O) was used in 
all experiments.

Methods

Synthesis and functionalization: SiNPs were 
prepared by condensation of TEOS following 
slight modifications adapted from Vergara-
Castañeda et al. [21]. Reagents (EtOH, diH2O, 
TEOS. NaOH, molar ratios 23:2.4:0.11:1, res- 

Figure 1. Chemical structure of genistein.
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pectively) were sonicated for 3 h/room tem- 
perature, then samples were centrifuged (15 
min/5000 rpm) and pellet was dispersed in 
EtOH 80% and washed three times. Washed 
particles were dried at 80°C in a laboratory 
oven and then pulverized in an agate mortar 
and stored in free humidity desiccators until 
further use.

Before PEGylation, some SiNPs batches were 
firstly functionalized with APTES by dispersing  
1 g of SiNPs in aqueous solution under mag-
netic agitation for 4 h, and then adding 5 mL of 
APTES while keeping the suspension under 
magnetic stirring for 24 h at 60°C. APTES func-
tionalized SiNPs (APTES-SiNPs) were purified by 
centrifugation and then washed. APTES-SiNPs 
were dried, pulverized and stored for further 
use.

PEGylation process consisted in dispersing 0.1 
g of APTES-SiNPs in phosphate saline buffer 
(10 mM PBS, pH 8.6) during 2 h, then 0.5 mL of 
PEG-COOH (3 g dispersed in 10 mL of EtOH) 
was added and magnetically stirred for 36 h at 
45°C [22, 23]. PEGylated-silica nanoparticles 
(PEG-SiNPs) were collected by centrifugation, 
washed with diH2O repeatedly, dried at 30°C 
for 48 h, pulverized and stored in desiccators.

Synthesis of genistein-PEGylated silica hybrid 
nanomaterials (Gen-PEG-SiHNM)

After dispersing 0.1 g PEG-SiNPs in 10 mL of 10 
mM PBS (pH 8.6) for 2 h, 0.025 g of Gen was 
added and magnetically stirred during 24 h at 

40°C under darkness. Pure nitrogen (N2) was 
bubbled for 10 min to avoid Gen degradation  
by presence of oxygen. Formulated genistein-
PEGylated silica hybrid nanomaterials (Gen-
PEG-SiHNM) were collected by centrifugation, 
washed (3 cycles), dried (30°C/48 h), pulver-
ized, and stored in desiccators. Supernatant 
from washing processes were used to evaluate 
the amount of not encapsulated Gen by UV-Vis 
analyses. Figure 2 summarized the process of 
synthesis, functionalization and creation of the 
HNM.

Physicochemical characterizations 

Mean particle size, zeta potential (ζ), and mor-
phology: Mean particle size and surface charge 
(zeta potential, ζ) were determined using an 
Acoustisizer IIS (Colloidal Dynamics, USA). Sam- 
ples were dispersed in diH2O pH 7.2 (0.5 g/L), 
and analyses were carried out in triplicate of a 
minimum of five different batches of each NM 
formulated. Results are shown as mean ± stan-
dard error (SE). Morphology of NM and HNM 
was evaluated by transmission electron micro- 
scopy (TEM, JEOL JEM-1010, USA). Samples 
were placed in a 300-mesh copper Formvar-
coated grid and observed under 80-100 kV 
voltage acceleration at different amplificat- 
ions.

Diffuse Reflectance of Infrared by Fourier 
Transform (DRIFT)

Spectroscopic properties of NM and HNM were 
determined by diffuse reflectance of Infrared by 

Figure 2. Schematic representation of 
the development of hybrid nanomateri-
als formed with genistein and PEGylat-
ed silica nanoparticles.
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Fourier Transforms (DRIFT) using a Spectrum 
GX spectrophotometer (Perkin-Elmer, USA) with 
a diffuse reflectance accessory (Pike Techno- 
logy Model). 1 mg of sample and 98 mg of dried 
KBr were mixed and spectra were collected at 
4 cm-1 in the range of 400-4000 cm-1 (19 
scans); pure KBr background was subtracted 
from sample spectra.

Amount of encapsulated and non-encapsulat-
ed Gen

The amount of encapsulated and non-encapsu-
lated Gen was determined by UV-Vis analyses. 
HNM (≈ 50 mg) were dispersed in EtOH 80% by 
sonication during 2 h at 45°C, then solutions 
were centrifuged at 5000 rpm for 15 min. 
Supernatant was filtered through 0.45 µm 
syringe filters and an aliquot of filtered superna-
tant (1 mL) was mixed with 9 mL of MeOH and 
1 mL of 2% aluminum chloride (Al2Cl3) and 
maintained in darkness for 20 min. Finally, 
UV-Vis analyses were carried out at 420 nm. 
Calibrations curves were prepared using a 1 
mM Gen stock solution, using MeOH/2% Al2Cl3 
solution as a blank. Linear calibration curves (y 
= 0.0102x (μM) - 0.0101, r2 = 0.9974, n = 3) 
were obtained on different days (3) in the range 
of 6.75 μg to 135 μg/mL of Gen. The limit of 
detection (LOD) (calculated as slope + SD*3) 
and limit of quantification (LOQ) (calculated as 
slope + SD*10) were determined as 3.13 μg/
mL and 5.83 μg/mL, respectively. To determine 
the amount of non-incorporated Gen, solutions 
obtained from washing process of Gen incorpo-
ration into PEG-SiNPs were subjected to the 
same process described above. The amount of 
incorporated and not incorporated genistein 
was determined following the equation:

(%) 100%Gen Gen
Gen

T

R= #                                  (1)

Where GenR is the measured amount of incor-
porated and not incorporated genistein into 
PEGylated silica nanoparticles and GenT is the 
theoretical amount of Gen that should be pres-
ent assuming that all isoflavone was conjugat-
ed into PEGylated silica nanoparticles.

Genistein release profiles

The in vitro release profiles of Gen from PEG-
SiNPs were determined by modifying the proto-
col by Teng et al. [22]. Briefly, samples (50 mg) 
were placed in dialysis bags containing 10 mM 

PBS:EtOH (molar ratio 73:30 based on sink 
conditions of genistein) at pH 7.2 and 6.5; bags 
were placed in a container with more PBS:EtOH 
solutions and gentle magnetic stirring for 48 h. 
Aliquots (5 mL) were taken at different time 
intervals (from 1 to 48 h) and subjected to 
UV-Vis analyses (as described above) to deter-
mine the cumulative release of Gen. After each 
aliquot was taken, 5 mL of fresh PBS:EtOH solu-
tion was added. Experiments were performed 
at 37°C by triplicate. Results are expressed as 
mean ± SE.

Aqueous solubility

The aqueous solubility of free and encapsulat-
ed genistein was determined by following some 
modifications to a different established proto-
cols [24, 25]. Briefly, excess amounts of free 
and encapsulated genistein were added to 25 
mL of PBS 10 mM pH 7.2 and suspensions 
were kept under magnetically stirring at dark-
ness during 4 h maintaining an inert atmo-
sphere by bubbling N2 during 5 min. Then, sam-
ples were filtered through a 0.45 µm syringe 
filters and spectrophotometrically analyzed 
according the established conditions described 
in methodology section for determination of the 
amount of encapsulated genistein and release 
profiles.

In vitro biological performance

Antioxidant capacity: In vitro antioxidant capac-
ity of Gen, PEG-SiNPs and Gen-PEG-SiHNM was 
assessed by 2 different techniques; oxygen 
radical absorbance capacity (ORAC) and the 
Trolox equivalent antioxidant capacity (TEAC). 
ORAC assay was performed by slight modifica-
tions to the method described by Ou et al. [26]; 
this assay measures the ability of different 
components to inhibit the oxidation of fluores-
cein (fluorescence decay) induced by the per-
oxyl radical generator AAPH. Briefly, 1.5 mL of 
fluorescein (8.185 × 10-5 mM, diluted in phos-
phate buffer 75 mM, pH 7.4) was placed in a 
spectrofluorometric cuvette, then phosphate 
buffer (0.75 mL) and samples (3 µmol final con-
centration) were added and magnetically stirred 
during for 5 min at 37°C. AAPH solution (190 
mM in phosphate buffer 75 mM pH 7.4) was 
added to initiate the oxidation reaction. The 
fluorescence intensity (485 nm ex/525 em) 
was monitored every minute until fluorescence 
decay reached 10% of initial fluorescence. A 
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blank (PBS 75 mM pH 7.4) was run analyzed 
under the same conditions. Results (ORAC 
value) were reported as µmol Trolox equivalents 
(TE) per µmol of Gen. A standard curve was pre-
pared using the net area under the fluores-
cence decay curve (NAUC) of five concentra-
tions of Trolox:

NAUC = AUCsample - AUCblank                                (2)

AUC = 0.5 + f1/f0 + f2/f0 + f3/f0 + …… + f(10% f0)/
f0

The antiradical and reducing power of samples 
was analyzed by TEAC assay [27]. ABTS radi- 
cal cation (ABTS•+) was produced by reacting 
ABTS•+ (7 mM) with potassium persulfate (2.45 
mM); the solution was magnetically stirred and 
maintained in darkness at room temperature 
for 12-16 h. ABTS•+ radical was diluted with 
PBS buffer to give and absorbance (Abs) value 
of 0.700 ± 0.020 at 734 nm. For antioxidant 
capacity measurements, 10 µL of samples 
were mixed with 990 µL of the radical solution 
and Abs was monitored at 734 nm for 6 min, 
and reduction in absorbance at minute 6 was 
used to calculate TEAC value (eq. 3). All experi-
ments were analyzed by triplicate and a calibra-
tion curve was prepared with different concen-
tration of Trolox diluted in EtOH. Measurements 
of ΔAbs over 6 min for Trolox and samples were 
performed; Abs values were corrected for the 
solvent as follows:

ΔAbsTrolox or sample = (Abst=0 Trolox or sample - Abst=6 min 

Trolox or sample) - ΔAbssolvent (0-6 min)                             (3)

Where Abs = Absorbance at 734 nm.

In vitro cellular assays

In vitro antiproliferative properties, possible 
mechanisms of action and biocompatibility of 
synthesized HNMs were tested in HT29 human 
colon cells by various methodologies standard-
ized by our work group. Treatments were pre-
pared by dispersing samples (Gen, PEG-SiNPs, 
and Gen-PEG-SiHNM) into DMEM medium sup-
plemented with 2% FBS at different genistein 
concentrations (0-80 µM). 

The HT29 cells were seeded and maintained in 
DMEM medium supplemented with 10% FBS 
and 1% antibiotic/antimycotic at 37°C in 95% 
air and 5% CO2. HT29 cells subculture was car-
ried out by enzymatic digestion (Trypsin/EDTA 

solution, 0.05%/0.02%). Culture media was 
changed every 2-3 days.

Cellular viability and toxic effects

MTT assays were performed to determinate  
the effect of Gen-PEG-SiHNM on the percent-
age of cellular viability. Briefly, HT29 cells were 
seeded in triplicate at 1 × 104 cells/well in 96 
well plates. After 24 h, cells were synchroniz- 
ed changing the 10% FBS-DMEM by 2% FBS-
DMEM and incubated during 24 h more. Con- 
ditions were varied by adding different concen-
trations (0-80 µM) of treatments (Gen, PEG-
SiNPs, and Gen-PEG-SiHNM in 2% FBS-DMEM), 
and cells were further cultured under the condi-
tions previously mentioned for 24 h. Cell viabil-
ity was determined at 570 nm using a micro-
plate reader (SpectraMax 190, Molecular Devi- 
ces, USA). Results are expressed as percent-
age (%) of cell viability. All data points were per-
formed in duplicate and each experiment was 
repeated independently at least three times for 
statistical evaluation. 

In addition to cell viability assays, it was neces-
sary to demonstrate that such effect was not 
due to cytotoxicity, thus, cellular necrosis was 
evaluated by the Lactate Dehydrogenase (LDH) 
Activity Kit according to the provider’s instruc-
tions and adapting conditions to NM. Experi- 
ments were performed by triplicate of at least 
three different batches of each sample. Results 
are expressed as milliunits/mL of LDH, and it 
were reported as mean ± SE are obtained from 
three different experiments.

Evaluation of the mechanisms of action

The possible mechanism of the antiprolifera-
tive properties of HNM was evaluated through 
different assays which include the evaluation 
of cell programed death (apoptosis), and modu-
lation on the antioxidant enzymes activity and 
percentage of oxidative stress of the HT29 
cells. Firstly, the antiproliferative action of  
HNM was evaluated by the Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling 
(TUNEL) assay (Roche Molecular Biochemicals, 
Basel, Switzerland) following the manufactur-
er’s instructions. DNA fragmentation caused by 
the half maximal inhibitory concentration (IC50) 
on treated cells was determined through the 
observation of apoptotic cells randomly select-
ed under fluorescence microscope (Olympus 
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BX 51, Tokyo, Japan) at 200x magnification. 
Results are expressed as number of TUNEL-
positive cells observed in at least 15 different 
visual fields (mean ± SE).

Then, the role in the modulation of antioxidant 
enzymes activity and concentration of hydro-
gen peroxide in HT29 cells caused by treat-
ments were determined by in vitro kits assays. 
Catalase (CAT) activity was determined in HT29 
cells using the OxiSelectTM Catalase activity 
assay (Cell Biolabs, San Diego, CA, USA). Enzyme- 
specific activity was measured by spectropho-
tometry at 520 nm and expressed as units/ml 
of protein, where one unit of catalase activity 
was defined as 1 mmol H2O2 consumed per 
min. Superoxide dismutase (SOD) activity was 
determined using the OxiSelectTM Superoxide 
Dismutase Activity Kit Assay (Cell Biolabs, STA-
340, USA), by following the inhibition of chro-
mogenic reduction at 490 nm to generate su- 
peroxide anions. In the presence of SOD, super-
oxide anion concentration is reduced, yielding 
less colorimetric signal. SOD activity was shown 
in percentage of inhibition, and results are ex- 
pressed as mean ± SE of three different experi-
ments with three repetitions. 

The production of H2O2 in HT29 cells was deter-
mined by the Amplex® Red Hydrogen Peroxide/
Peroxidase Assay Kit (Invitrogen by Thermo Fi- 
sher Scientific, USA) following manufacturer’s 
instructions.

Finally, other mechanism of action was evalu-
ated by measuring autophagy by detecting the 
presence of autophagosomes by fluorescence 
(λex = 360 nm/λem = 520 nm) using the Auto- 
phagy Assay Kit (Sigma Aldrich, USA) following 
the provider’s instructions. To complement 

pylene oxide. Finally, cells were placed into 
epoxy resin during 5h with constant agitation, 
and then polymerized at 60°C/36 h. Slices of 
60-90 nm were obtained using an ultramicro-
tome, and collected in 200 mesh grids; cuts 
were contrasted with 2% uranyl acetate for 15 
min at 60°C and 5 min at room temperature 
and observed in TEM in conditions mentioned 
before.

Statistical analyses

Statistical analyses of physicochemical (size, 
polydispersity index, and ζ) and in vitro antioxi-
dant (ORAC and TEAC) properties were carried 
out with a one-way analysis of variance (ANOVA) 
followed with a Tukey test (P < 0.05). All statisti-
cal analyses of in vitro cellular assays were per-
formed by a two-way ANOVA followed by Dunnet 
test (P < 0.05).

Results and discussions 

Physicochemical characterization

To assess the potential use of synthesized 
HNMs in colon cancer therapeutics, their physi-
cochemical properties were evaluated; these 
include mean particle size, zeta potential (ζ), 
physical state, amount of encapsulated Gen, 
and in vitro cumulative release.

Mean particle size, zeta potential (ζ), and mor-
phology

Table 1 and Figure 3 show results obtained for 
mean particle size, polydispersity index, ζ, and 
morphology; all samples analyzed with DLS 
contained small particle sizes ca. 25-40 nm 
with low polydispersity index (≤ 0.5). Particle 

Table 1. Physicochemical properties of silica nanopar-
ticles, PEGylated silica nanoparticles, genistein-loaded 
PEGylated silica hybrid nanomaterials and genistein

Samples Mean particle 
size (nm)

Polydispersity 
index

ζ-potential  
(mV)

SiNPs 27.64 ± 1.88a 0.182 ± 0.05a -33.38 ± 3.59a

PEG-SiNPs 37.18 ± 3.13b 0.348 ± 0.09b +19.55 ± 1.89b

Gen-PEG-SiNHM 35.66 ± 2.05b 0.303 ± 0.07b +9.54 ± 0.994c

Genistein --- --- -22.15 ± 1.08d

SiNPs: silica nanoparticles; PEG-SiNPs: PEGylated-silica nanoparticles; 
Gen-PEG-SiHNM: genistein-PEGylated silica hybrid nanomaterials. Results 
are shown as mean ± standard error of four different batches analyzed 
by triplicate. Different letters (a, b, c, d) indicate statistical difference (P < 
0.05) between samples.

autophagy analyses, treated and fixed 
cells were observed by TEM. Briefly, 
cell (1 × 104 cells) were treated with 
IC50 of HNM (same concentration was 
used for Gen) during 24 h, then, tryp-
sinized cells were fixed in 3% glutaral-
dehyde in 0.1 M cacodylate buffer pH 
7.4 for 2 h and washed 3 times with 
same buffer. Post-fixation process of 
cells was carried out in 1% osmium 
tetroxide (diluted in same buffer), 
washed, and dehydrated with EtOH for 
30 min (starting with 30%, 50%, 70%, 
96%, and absolute), then cells were 
kept overnight in 1:1 epoxy resin: pro-
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sizes of PEGylated samples (PEG-SiNPs) incre- 
ased from 27 to 37 nm with respect to SiNPs; 
however, when Gen was incorporated to formu-
late HNM particle size did not change. Con- 
versely, zeta potential (ζ) values significantly 
varied for Gen, SiNPs, PEG-SiNPs and Gen-
PEG-SiHNM (-22.15, -33.38, +19.55, and + 
9.54 mV), respectively. It is noteworthy that 
these results confirmed that both PEG and Gen 
were successfully anchored onto the surface of 
silica particles; these findings agree with previ-
ous studies [28]. Additional characterization 
(aspect) of synthesized NMs is presented in 
Figure S1.

TEM micrographs (Figure 3) revealed spheri- 
cal morphologies of PEG-SiNPs and Gen-PEG-
SiHNM with particle aggregation; this aggrega-
tion is possibly due to electrostatic interactions 
between particles and the imaging grid (mesh 
copper Formvar-coated grid) during drying pro-
cess for TEM analyses. It has been established 
that size, ζ, and morphology may play an impor-
tant role within the biological performance of 
different NM, especially with cellular interac-
tion and cellular internalization [29]. Cellular 
internalization of NM is strongly size-depen-
dent; nanoparticles with ≤ 80 nm exhibit high 
cellular uptakes, unlike particles with ≥ 85 nm, 
where the internalization is significantly redu- 
ced. Additionally, these size features may have 
a significant impact on the toxicity of the parti-
cles [30]. Other studies have determined that ζ 
possess important implications in the interac-
tions between NM and cells. Findings of Chen 
et al. [31] demonstrated that different cancer 
cells (including colon cancer cells) possess 
negative surface charge due to its altered gly-

colysis; then, positive charged nanoparticles 
showed a greater cellular uptake than negative 
charged ones. Consequently, electrostatic in- 
teractions between particles and cells play  
an important role in cell uptake of NM. Finally, 
computational simulations have demonstrat- 
ed that morphology and shape of NM potenti-
ate cellular interactions/internalization, where 
spheroidal particles internalize 60% faster than 
other nanoparticles with different shapes [32]. 
According to this evidence, our results suggest 
that Gen-PEG-SiHNM could possess adequate 
physicochemical aspects that would increase 
interactions and possible therapeutic effects 
on HT29 cells, such as mean particles size (25-
40 nm), positive surface charge (+ 9.54 mV) 
and spherical shape.

FTIR analyses, amount of encapsulated Gen, 
and in vitro release profiles

Other physicochemical properties, including 
spectroscopic properties, amount of encapsu-
lated Gen and cumulative release profiles are 
shown in Figure 4. The fingerprint of standards 
(APTES, PEG, and Gen) and our developed sys-
tems was determined through DRIFT (Figure 
4A). Asymmetric and symmetric of both stretch-
ing and deformation modes peaks were obser- 
ved for APTES, including -NH2 (3376, 3221, 
1598, and 1450 cm-1), -CH2 (2944 cm-1 and 
2841 cm-1), Si-O-C and C-O (1200 cm-1 and 
1088 cm-1, respectively) and scissoring absorp-
tion bands of Si-O-Si bonds (691 cm-1 and 450 
cm-1); the identification of reported bands are in 
agreement with other works [33]. PEG-COOH 
exhibited bands related the stretching of O-H 
groups (3333 cm-1), and C-H bonds (2875 cm-1); 

Figure 3. TEM micrographies of silica nanoparticles (A), PEGylated silica nanoparticles (B), and genistein-loaded 
PEGylated silica hybrid nanomaterials (C).



Superior antiproliferative properties of hybrid nanomaterials

2313 Am J Transl Res 2018;10(8):2306-2323

C=O stretching absorption band (1658 cm-1), 
the scissoring and bending of C-H bonds (1459 
cm-1, 1347 cm-1, and 1304 cm-1) were also ob- 
served. The absorption bands at 1252, 1122, 
and 941 cm-1 are assigned to the stretching 
mode of C-O-C bonds. Other authors have re- 
ported similar bands when compared to our 
analysis [34]. Gen revealed absorption bands 
related to stretching vibrations of phenolic-OH 
groups (3411 and at 3109 cm-1), C=O (1649 
cm-1), aromatic C=C (from 1563 to 1494 cm-1) 
C-O bonds (1287 cm-1). Bending and stretching 
vibrations for C-H and C-C bonds were observed 
as well (1183 to 613 cm-1) [35]. SiNPs present-
ed a number of absorption bands that have 
been reported elsewhere [36] including O-H 
stretching in H-bonded water (3636 and 3214 
cm-1), asymmetric stretching vibrations of Si-O-

Si (1096 cm-1), asymmetric vibrations of Si-OH 
(950 cm-1), scissor bending vibrations of H-O- 
H groups (1630 cm-1), symmetric stretching 
bands of Si-O-Si (803 cm-1) and bending mo- 
de of Si-O-Si (467 cm-1). The weak absorption 
bands observed at 2950 cm-1 can be used to 
identify the presence of unreacted TEOS in the 
silica nanoparticles. SiNPs were subjected to 
APTES functionalization in order to generate 
interactions of NH groups of APTES and COOH 
groups of PEG by the formation of amide bond-
ing during PEGylation. Then, the DRIFT spectra 
of APTES-SiNPs showed differences in com- 
parison to SiNPs; two new absorption bands 
assigned to symmetric and asymmetric bend-
ing of NH2 were observed at 3636 cm-1 and 
1535 cm-1, the vibrational bands correspond-
ing to O-H groups (3111 and 1630 cm-1). Si-OH 

Figure 4. A. DRIFT spectra of APTES, PEG, genistein (Gen), silica nanoparticles (SiNPs), APTES-silica nanoparticles 
(APTES-SiNPs), PEGylated silica nanoparticles (PEG-SiNPs), and genistein-PEGylated silica hybrid nanomaterials 
(Gen-PEG-SiHNM). DRIFT spectrum represents the mean of 16 scans. B. Percentage of incorporated and not in-
corporated genistein into PEGylated silica nanoparticles (i), and cumulative release of genistein after 48 h of as-
sessment in PBS:EtOH buffer at pH 7.2 and 6.5 (ii). All results represent the mean ± SE of five different batches 
examined by triplicate. Determinations were carried out by UV-Vis spectroscopy at 420 nm.
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groups (950 cm-1) presented a slight reduction 
in intensity, suggesting NH2 groups substituted 
the OH groups by anchoring APTES in SiNPs 
surfaces. Similar results have been reported  
in other studies [21]. After PEGylation process, 
PEG-SiNPs presented numbered changes com-
pared to APTES-SiNPs; the NH2 band around 
3636 cm-1 vanished and the increased intensi-
ty observed between 3400 and 2800 c cm-1 is 
related to the presence of OH bonding in PEG 
[37], the vibration band at 2920 cm-1 is related 
to the stretching mode of C-H. The vibration 
band of carboxyl group (1640 cm-1) of PEG is 
minimized by the formation of type II and II 
amide bonds between COO-groups of PEG and 
NH2 groups of APTES, which can be observed 
at 1561 cm-1 and at 1329 cm-1 as other authors 
have reported [28, 38]. Also, the bands obser- 
ved at 1484, 1329, 1105, and 864 cm-1 are 
related to the stretching modes of C-O-C and 
bending modes of C-H bonds observed in PEG-
COOH spectra. These findings may be a clear 
proof that PEGylation step of APTES-SiNPs was 
successfully achieved. Finally, the spectrum  
of Gen-PEG-SiHNM showed a relatively strong 
band centered at 3016 cm-1, which may be 
related to the formation of hydrogen bonding 
between O-H groups of Gen and PEG. Additional- 
ly, other distinctive bands were observed in the 
region from 1639 to 459 cm-1 that may indi- 
cate that genistein was successfully incorpo-
rated into PEGylated silica nanoparticles and it 
changed the DRIFT spectra of these particles.

The determination of the maximum amount  
of a compound that a nanocarrier may retain 
(encapsulation efficiency, EE%) is an important 
parameter to evaluate because of its relation-
ship to stability, therapeutic effects and toxicity 
[39]. Therefore, the amount of incorporated 
and non-incorporated Gen into PEG-SiNPs was 
determined by UV-Vis analyses (Figure 4Bi). 
Results indicated that the maximum amount of 
Gen entrapped into PEG-SiNPs was ca. 58.2% 
± 5.16%, which means that ca. 14.54 mg (from 
20 mg originally used) of Gen were successfully 
incorporated into 100 mg of PEG-SiNPs (or 
0.145 mg Gen/mg PEG-SiNPs). Regarding the 
non-entrapped Gen, it was observed that ca. 
32.32% ± 4.73% of the isoflavone was not suc-
cessfully incorporated into PEG-SiNPs; howev-
er, from the initial 100% of Gen there is a loss 
of ca. 9.5% of Gen. A plausible scenario for this 
apparent mismatch of Gen amounts is trace-
able to isoflavone degradation by molecular 
oxygen present in the vials that were used to 
storing the washing solutions obtained during 
formulation of Gen-PEG-SiHNM.

The in vitro analyses of cumulative release of 
Gen were evaluated in order to have a better 
understanding how PEG-SiNPs could deliver 
the isoflavone at two pH values that are encoun-
tered in normal cells (pH 7.2) and mutated cells 
(pH range from 5.6 to 7.0) [40]. The release pro-
files of Gen from PEG-SiNPs (Figure 4Bii) reveal- 
ed a biphasic behavior in both pH at 37°C, first-

Figure 5. A. Spectrum UV-Vis of free and encapsulated genistein after filtration process through 0.45 µm syringe 
filters and dispersed in PBS 10 mM pH 7.2. B. Specific solubility of both free and encapsulated genistein in PBS 10 
mM pH 7.2 as a function of temperature (37°C). Data shown the mean ± standard error of three different batches 
with at least five repetitions. Different letters indicate significant difference (P < 0.05) between samples.
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ly, a typical burst release was observed during 
the first 12 h, and then the system showed a 
slow and gradual release up to 48 h. However, 
at pH 6.5 it was observed that release was fast-
er than in pH 7.2. Our results suggests that 
drug controlled release of PEG-grafted nano-
carrier is influenced by pH degradation of the 
polymer at 37°C [41], which could have impor-
tant implications in the antioxidant and antipro-
liferative properties of Gen-PEG-SiHNM.

Aqueous solubility of Gen and Gen-PEG-SiHNM 
was determined by UV-Vis analyses (Figure 5). 
Results showed that solubility of Gen in PBS  
10 mM pH 7.2 was significantly enhanced (P < 
0.05) after nanoencapsulation process (from 
4.098 ± 0.283 µg/mL to 9.864 ± 0.673 µg/
mL). Here, PEG is playing an important role to 
increasing the solubility not only of Gen, but the 
entire HNM due to the physicochemical charac-
teristics of the polymer that allow it to be used 
as a coating for the modification of drug-loaded 
nanostructured materials enhancing their wa- 
ter solubility, biocompatibility and bioaccesi- 
bility/bioavailability [42]. Therefore, PEG-SINPs 
appear to be a promising tool to improve the 
water solubility of Gen and Gen-like com-
pounds, impacting positively in their biological 
performance.

Finally, it was observed that HNM maintained 
good stability during a six months storage, 
where mean particle size, zeta potential, cargo, 
and morphology were not significantly affected 
(Table S1 and Figure S2). These findings sug-

gest that nanocarriers (PEG-SiNPs) could main-
tain the physical, chemical and biological sta-
bility of bioactive compounds under minimum 
storage conditions.

In vitro biological assays

Antioxidant capacity: The antioxidant capacity 
is an important parameter to evaluate because 
it may shed light on the mechanism of how  
a compound/approach could inhibit the side 
effects of free radicals or precursors of free 
radicals (e.g. transition metal ions); these radi-
cals trigger the development and prevalence of 
diseases related to oxidative stress such as 
cancer, neurological diseases, age-related cel-
lular degeneration, among others [43]. Conse- 
quently, the antioxidant capacity of the nano-
carriers (SiNPs-PEG), Gen and Gen-PEG-SiHNM 
was determined in vitro by 2 different assays; 
the oxygen radical absorbance capacity (ORAC) 
and the Trolox equivalent antioxidant capacity 
(TEAC) (Figure 6A, 6B, respectively). Results 
showed that SiNPs-PEG did not exhibit any anti-
oxidant activity, however, TEAC assay showed a 
negative value that could be related to the for-
mation of a complex between SiNPs-PEG and 
the final colorful product in the production of 
ABTS•+, increasing thus the absorption values 
of the reaction, as if more radical was forming. 
Regarding the antioxidant capacity of Gen and 
Gen-PEG-SiHNM, it was noticed that in both 
ORAC and TEAC, encapsulated Gen showed a 
significant increase (P < 0.05) in the anti-radi-
cal activity in comparison with free Gen. The 

Figure 6. Antioxidant capacity of silica nanoparticles (PEG-SiNPs), free genistein (Gen) and genistein-PEGylated 
silica hybrid nanomaterials (Gen-PEG-SiHNM) determined by (A) the oxygen radical absorbance capacity (ORAC) and 
(B) the Trolox equivalent antioxidant capacity (TEAC) assays. Results are expressed as mean ± SEM of three indi-
vidual experiments by triplicate. Different letters indicate statistical differences (P < 0.05) among samples analyzed 
by one way ANOVA followed by Tukey test.
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possible explanation of this behavior is that 
SiNPs-PEG were protecting Gen from the oxy-
gen that could be produced during incubation 
time; during this time, part of free Gen was 
degraded by presence of this molecular oxygen 
decreasing thus its antioxidant activity. Also, 
these results suggested that the improvement 
of the aqueous solubility of Gen (Figure 5) 
directly impact on the antioxidant effects ob- 
served by encapsulated isoflavone in compari-
son with the free one. Our findings are in agree-
ment with other studies that suggest that nano-
encapsulation improves the antioxidant activity 
of biocompounds mainly due to its protection, 
release kinetics, and increased aqueous solu-
bility in the reaction media [44, 45].

In vitro cellular assays

Cell viability and toxic effects: The effect of 
treatments on the viability of HT29 cells and  
its cytotoxic effects were determined by MTT 
assay and the lactate dehydrogenase activity 
(LDH), respectively, as it shown in Figure 7. Re- 
sults showed a dose-dependent response of 
Gen and Gen-PEG-SiHNM (Figure 7A) inhibiting 
proliferation of HT29 cells. Gen at concentra-
tions of 7, 15, 30, 40 μM decreases the cell 
viability in a 23.4, 36.1, 49.7 and 40.7%, res- 
pectively. Interestingly, the highest concentra-
tion of the non-encapsulated isoflavone (40 
μM) exhibited lower effect on cell viability. For 
this reason, it was not possible to find the half-
maximal inhibitory concentration (IC50) of Gen 
under the established conditions of the present 

study. Our findings also suggest that Gen, at 
certain concentrations, can stimulate the pro-
liferation of estrogen-dependent cancer cells, 
presumably through estrogen-receptors path-
ways [46]. Furthermore, Gen-PEG-SiHNM pro-
duced a statistically different reduction (P < 
0.05) on cell viability for all concentrations test-
ed in comparison with genistein reducing cell 
viability around 70%; IC50 of Gen-PEG-SiHNM 
was calculated at 24.43 μM. These results 
showed that incorporation of the isoflavone into 
PEGylated SiNPs enhances its antiproliferative 
properties, where the key may be the presence 
of PEG. This polymer has been used as coating 
to improve the water solubility and cell internal-
ization of different nanocarriers [47]; in our 
study, PEG improved the solubility of HNM in 
DMEM medium, which increased the antiprolif-
erative effect of the isoflavone. It is noteworthy 
that HNM formulations showed an improved 
effect inhibiting HT29 cell proliferation in com-
parison to other studies; for example, Si et al. 
[48] improved the anticancer properties of Gen 
in the growth of gastric cancer cells conjugat- 
ing the isoflavone onto chitosan-coated Fe3O4-
CMCH nanoparticles. Authors showed that 
after 72 h of exposition of gastric cancer cells 
at concentrations of 40 µM and 80 µM of both 
free and conjugated isoflavone, cell viability 
decreased around 60% and 75%, respectively. 
Gen-PEG-SiHNM at 24.43 µM reduces approxi-
mately the 70% of HT29 cancer cells viability 
after 24 h, which indicates that PEG-SiNPs is 
empowering the antiproliferative property of 

Figure 7. A. Cell viability (%) after 24 h of exposition to genistein (Gen), PEGylated silica nanoparticles (PEG-SiNPs), 
and genistein-PEGylated silica hybrid nanomaterials (Gen-PEG-SiHNM) determined by MTT assay. B. Lactate dehy-
drogenase (LDH) activity in HT29 cells after 24 h exposition with IC50 of Gen, PEG-SiNPs and Gen-PEH-SiHNM. Each 
value represent the mean of three independent experiments by triplicate ± SE. *indicate significant difference in 
comparison with control by Dunnet’s test (P < 0.05).
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Figure 8. TUNEL-positive cells observed after 24 h of exposition to genistein (Gen) and genistein-PEGylated silica hybrid nanomaterials (Gen-PEG-SiHNM) (AI). 
Results are expressed as the number of TUNEL-positive cells observed in at least 15 different fields (Mean ± SEM). Representative images of TUNEL staining de-
tection of apoptotic cells observed in at least 15 different fields (200x magnification), where control (1 and 2), Gen (3 and 4), and Gen-PEG-SiHNM (5 and 6) were 
observed at bright (1, 3, and 5) and fluorescence (2, 4, and 6) fields (AII). Superoxide dismutase (SOD, BI) and Catalase (CAT,) activities found in HT29 cells after 
24 h of exposition to IC50 of Gen and Gen-PEG-SiHNM treatments (BII). Data represent the mean of at least two different experiments evaluated by triplicate ± SE. 
H2O2 production (µM) found in HT29 cells after 24 h of exposition to IC50 of Gen and Gen-PEG-SiHNM treatments (C). The amount of PEG-SiNPs was the same used 
in Gen-PEG-SiHNM. *indicate statistical difference (P < 0.05) between treatments and control group analyzed by Dunnet’s test.
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Gen. Additionally, the carrier PEG-SiNPs did not 
limit the proliferation of HT29 cells, thus sug-
gesting that nanocarriers (PEG-SiNPs) may 
exhibit good biocompatibility. Other authors 
have reported that polymeric coatings such as 
PEG, increase biocompatibility of diverse inor-
ganic nanoparticles by inhibiting the induced 
cytotoxicity of such nanoparticles during the 
interactions with cell membrane and different 
cellular organelles [20].

To discern that the antiproliferative action 
exhibited by Gen or Gen-PEG-SiHNM was not 
related to cytotoxicity, the release of lactate 
dehydrogenase (LDH) from necrotic HT29 cells 
was determined using the IC50 obtained in MTT 
assay for HNM (≈ 24.4 µM) (7B). Our findings 
showed that neither Gen nor Gen-PEG-SiHNM 
produced cytotoxicity effects on HT29 cells; 
these findings represent a clear proof that the 
antiproliferative potency of HNM is only related 
to the anticancer properties of Gen and not by 
cytotoxic effects induced by the nanocarrier 
PEG-SiNPs.

Mechanisms of action

To understand how Gen-PEG-SiHNM had a 
greater reduction on HT29 cells than Gen, 
parameters such as apoptosis and the effect 
on the antioxidant enzymes activity and hydro-
gen peroxide (H2O2) production were assessed 
(Figure 8). Fluorescent TUNEL staining assay 
was used to determine cell apoptosis after 
exposition to Gen and Gen-PEG-SiHNM treat-
ments (Figure 8AI, 8AII). Results showed that 
24.43 μM (IC50) treatment of both Gen and 
Gen-PEG-SiHNM induced apoptosis in HT29 
cells, however, the number of apoptotic cells 
increased significantly (P < 0.05) when HT29 
cells were treated with Gen-PEG-SiHNM (from 
3.95 ± 0.27 to 6.58 ± 0.32 TUNEL-positive 
cells/field). A study conducted by Chang et al. 
[49] showed that inhibition of human oral can-
cer cells increased when cells were treated 
with curcumin-loaded PLGA nanoparticles 
when compared to free curcumin; curcumin-
loaded PLGA nanoparticles triggered apoptosis 
in a higher level than free curcumin because 

Figure 9. A. Autophagy’s activation in 
HT29 cells after 24 h of incubation 
with genistein (Gen) and Genistein-
PEGylated silica hybrid nanomaterials 
(Gen-PEG-HNM) at IC50 (24.3 μM). *in-
dicate statistical difference (P < 0.05) 
between treatments and control group 
analyzed by Dunnet’s test. B. Autopha-
gic structural analysis by TEM in HT29 
cells exposed to 23.43 µM of free or 
encapsulated Gen for 24 h. Arrows 
show the presence of autolysosomes 
formed after cells were exposed to 
treatments for 24 h. Untreated HT29 
cells were used as control. 
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PLGA nanoparticles improved the curcumin 
solubility in water, thus increasing the amount 
of curcumin delivered into cells during MTT 
assay.

The ability of Gen and Gen-PEG-SiHNM to mod-
ulate the activity of some endogenous antioxi-
dant enzymes of HT29 cells were assessed by 
CAT and SOD activities (Figure 8BI, 8BII) and 
the production of hydrogen peroxide (H2O2, 
Figure 8C). Results showed that only 24.43 μM 
of Gen-PEG-SiHNM increases significantly (P < 
0.05) SOD and CAT activities. On the other 
hand, it is shown that Gen and Gen-PEG-SiHNM 
significantly reduced H2O2 production in HT29 
cells. Such H2O2 reduction caused by free or 
encapsulated Gen may be due to the modula-
tion of the electron transport chain of the mito-
chondria as reported by Lagoa et al. [50]. They 
demonstrated that flavonoids are able to inhibit 
production of ROS by inhibiting the NADH: CoQ1 
oxidoreductase activity. High ROS concentra-
tion plays a key role regulating cell proliferation 
by suppressing antioxidant enzymatic activity 
in cancer cells [51], consequently the results of 
this work suggest that Gen-PEG-SiHNM are 
capable to modulate the concentration of ROS 
by upregulating the activity of SOD and CAT 
within HT29 cells, inducing thus, the apoptosis 
process in the human colon cancer cells (as 
observed in TUNEL analyses). These results are 
in agreement with scientific evidence that has 
shown that a low production of cellular H2O2 
combined with a upregulation of SOD and/or 
CAT activity is highly related with a programed 
cell death (apoptosis) [52, 53]. Interestingly, 
PEG-SiNPs (Figure 8C) produced more H2O2 in 
comparison with control, however we hypothe-
size that carrier could combine with the colorful 
compound formed during experimental reac-
tion, affecting thus optical density of final solu-
tion. Overall, our data is consistent with other 
studies that have demonstrated that nanoen-
capsulation of a bioactive compound improves 
its anticancer properties mainly by increasing 
its water solubility, cellular uptake, bioavailabil-
ity and downregulating the oxidative stress in 
cancer cells [49, 54].

Finally, we evaluated the autophagy level in 
HT29 cell as another mechanism of action in 
which treatments (Gen and Gen-PEG-SiHNM) 
could be simultaneously promoting cell death 
(Figure 9). Autophagy is a dynamic process in 

which sequestered cytoplasmic material (dam-
aged proteins or organelles) in double-mem-
brane intracellular structures (autophagoso- 
mes) is fused with lysosomes (autolysosomes) 
for degradation, promoting thus, another way of 
controlled cell death (type II cell death) [55]. 
Our data clearly demonstrate that Gen-PEG-
SiHNM significantly increment the activation of 
autophagy in HT29 cells in comparison with 
Gen (Figure 9A), a remarkable result due to the 
fact it is being shown HNM is promoting appar-
ently the cell death through two different mech-
anisms, apoptosis and autophagy, whereas 
Gen only activated this process by apoptosis in 
less proportion. To complement this, TEM was 
used as benchmark for autophagy study; as 
shown in Figure 9B, in untreated HT29 cells 
(control) the subcellular organelles were mor-
phologically normal, while those HT29 cells 
treated with 23.43 µM of Gen exhibited mini-
mal single-membrane vacuoles (autolysoso- 
mes), which indicated that autophagy was 
slightly activated by isoflavone. In HT29 cells 
treated with same concentration of Gen-PEG-
SiHNM (23.43 µM, IC50) it was observed that 
the number of autolysosomes significantly in- 
creased (P < 0.05) in comparison to free Gen, 
leading to a greater cell damage activating thus 
the programmed cell death via autophagy. It 
has been demonstrated that Gen may activate 
autophagy as programmed death cell, however 
its low bioavailability and low cellular uptake 
limits the activation of autophagy by the isofla-
vone [56]. It seems that physicochemical char-
acteristics of PEG-SiNPs, such as particle size, 
zeta potential and coating, could be influencing 
and enhancing the cellular uptake of Gen, sig-
nificantly enhancing the antiproliferative effect 
of isoflavone.

Conclusions

This work reports the development of a novel 
HNM based on genistein (Gen) and PEGylated 
silica nanoparticles (PEG-SiNPs) with improved 
biological properties to be used within biomedi-
cine field as alternative therapeutic for colorec-
tal cancer. Our data supports the successful 
production of this system that possesses ade-
quate properties of high interaction/internal-
ization into cells which include size, positive 
surface charge and a spherical morphology. 
Encapsulation of Gen had a noticeable effect  
in the improvement on the antioxidant capaci- 
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ty and antiproliferative properties of Gen by 
apparently enhancing Gen water solubility and 
a higher and sustained intracellular Gen levels 
within HT29 cells. Our results suggest that 
Gen-PEG-SiHNM exerted improved antiprolifer-
ative properties by modifying the antioxidant 
enzymatic activity and the oxidative stress level 
of HT29 cells; both properties are important for 
both proliferation and programed death of can-
cer cells. Furthermore, synthesized Gen-PEG-
SiHNM possess the ability to induce cell death 
leaded by apoptosis and autophagy without 
any side effects (null cytotoxicity), which sug-
gests that we were able to produce a biocom-
patible alternative therapeutic with potential 
applications for colorectal cancer therapy.

Currently, there is a great interest to simplify 
the methods to obtain functional nanomateri-
als, with the aim of reducing the cost of the final 
product, processing time, among other param-
eters. Some studies have established methods 
for PEGylation of silica nanoparticles, however 
the method reported in this work exhibit some 
advantages. For example Teng et al. [22] report-
ed a facile way to PEGylate mesoporous silica 
nanoparticles, where silica particles were firstly 
calcined and then amine-functionalized with 
APTES prior to PEGylation process. In the pres-
ent work, it was observed that if SiNPs were 
calcined, the amine-functionalization was al- 
most null; so, it was decided only to apply a dry 
process at 80°C, allowing silanol groups to 
remain in the surface of silica nanoparticles, 
which resulted in an excellent amine-function-
alization, that later served as binder for cova-
lently attachment of PEG. Therefore, the estab-
lished method of our work did not require 
sophisticated equipment to reach calcination 
temperatures (≥ 600°C), which resulted in a 
method with a lower energy consumption. Also, 
this step of remaining silanol groups enhance 
the processing time avoiding the hydroxylation 
process established for Uskokovic et al. [57] 
necessary to facilitate APTES-functionaliza- 
tion in calcined silica nanoparticles prior to 
PEGylation procedure. Regarding PEGylation 
process, some protocols have established the 
use of different reagents and solvents [57, 58] 
that may increase the cost of production of 
such coated-nanostructures. So, our method 
represents a simplistic way to obtain PEGylated 
silica nanoparticle by only using PBS, ethanol 
and temperatures of 60°C.

Additionally, our data showed that Gen-PEG-
SiHNM have an important impact promoting 
two cell death processes (apoptosis and auto- 
phagy) with less concentration (24.3 μM) than 
the study conducted by Prietsch et al. [59] 
where it was observed that Gen promotes the 
death of breast cancer cells (MCF7) in a dose-
dependent manner through apoptosis and auto- 
phagy simultaneously in a concentration of 50 
μM. As Gen-PEG-SiHNM are capable to stimu-
late HT29 cells death by activating both pro-
cesses, this could have important implications 
in two different aspects, firstly by helping to 
evade alterations in the programmed cell dea- 
th process, leading to avoid chemoresistance 
[60], and secondly, acting as sensitizing agents 
during cancer therapy, potentiating thus, the 
anticancer action of conventional chemothera-
peutics [61, 62].
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Figure S1. Aspect of samples evaluated in this study. Gen (A) is observed as a semi-hygroscopic beige powder; 
SiNPs (B) had the appearance of a white crystalline powder; PEG-SiNPs (C) was obtained as a fine white powder, 
very similar to the aspect of talc; Gen-PEG-SiHNM (D) had a very similar appearance to the PEG-SiNPs, a fine pow-
der, but with a slightly beige color, much like the original color of genistein.

Stability during storage

Samples of HNM obtained were placed in amber vials and stored in desiccators at room temperature. 
After 6 months, stability of formulated nanomaterials was determined evaluating its mean particle size, 
shape, surface charge, amount of loaded Gen according the methodology described previously.

Table S1. Mean particle size, ζ-potential, and percentage (EE%) of genistein-loaded PEGylated silica 
hybrid nanomaterials (Gen-PEG-SiHNM) after 6 months storage
Samples Storage Mean particle size (nm) Zeta potential (mV) EE%
Gen-PEG-SiHNM Initial 35.66 ± 2.05a + 9.54 ± 0.994a 58.2 ± 5.16a

6 months 30.91 ± 3.66a + 8.36 ± 1.037a 50.6 ± 3.73a

“a” indicates no significant difference (P < 0.05) between fresh and stored hybrid nanomaterials. Results are expressed as 
mean ± standard error of at least three different batches analyzed by triplicate.

Figure S2. Morphological analyses by TEM of Gen-PEG-SiHNM stored for 6 months; it can be observed that mean 
particle size and morphology remained after storage.


