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EVALUATION OF SYRINGIC ACID-LOADED BORONIC 
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PRUNDEANU7, Diana Iulia SAVU8, Daniela BERGER9 

Nanotechnology addresses a current issue in cancer treatment, the non-

specificity of cytotoxic agents associated with severe side effects. Mesoporous silica-

based systems emerged as promising drug delivery vehicles that can be modified to 

target tumoral cells in order to achieve a better therapeutic effect. Herein, MCM-41 

silica was functionalized with a boronic acid derivative, as a targeting agent 

towards breast cancer cells, and loaded with syringic acid, a phenolic acid with a 

reported antitumoral potential. The resulting system’s cytotoxicity and 

internalization into cells were evaluated on breast cancer cells and compared to 

human fibroblasts. 
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1. Introduction 

Cancer incidence is steadily increasing worldwide, being associated with 

not only environmental factors, but also a large number of internal factors, from 

impaired cellular function to mutations and oxidative stress [1-3]. Novel treatment 

options emerge as a need to solve the increasing concerns regarding drug 

resistance in cancer therapy, as well as to avoid the adverse effects of 

conventional chemotherapy. Phenolic compounds have emerged as compounds 

that can be used in cancer therapy, owing mainly to their antioxidant activity [4]. 

At the same time, there is an increasing interest in developing targeted drug 

delivery systems, which can selectively bind to receptors present in tumoral cells, 

overcoming the disadvantages of classical treatment options [5]. 

Using drug delivery systems as effective chemotherapeutic agents is a 

requirement that can be met by various nanoplatforms, such as liposomes, 

polymer micelles, iron oxide nanoparticles and mesoporous silica nanoparticles 

(MSN) [6]. The latter are among the most versatile carriers, as their specific 

surface area usually ranges up to 1000 m2/g, possessing tunable properties, such 

as pore size and particle dimensions and shape, as well as an easily tailorable 

surface properties, owing to the presence of silanol groups [7].  

Functionalization of MSN surface can be used to achieve both targeting 

and controlled delivery of a biomolecule towards the affected site [8-10]. 

Depending on the functional group characteristics, the loading capacity with 

biomolecules can be improved, agglomeration of the particles can be prevented, or 

the solubilization of biomolecules can be drastically enhanced [11]. Functional 

groups could also exhibit targeting capacity towards different receptors 

overexpressed by cancer cells. Such a moiety is boronic acid, which can target 

sialic acid receptors from the cancer cells surface [12-14]. Xu et al. prepared 

4-carboxyphenylboronic (4-CPBA) acid-decorated micelles for co-delivery of 

camptothecin and gemcitabine and found an increased cellular internalization for 

the co-delivery system in MCF-7/ADR breast cancer cells [15]. MSN were also 

functionalized using 3-CPBA and capped with polyacrylic acid for the targeted 

delivery of cumin aldehyde in breast tumoral cells, resulting in induced apoptosis 

through mitochondrial damage and a reduction in growth of mammal tumor in 

female mice [16].  

Phenolic compounds are gaining interest in biomedical field, owing to 

their antibacterial activity [17], antioxidant effect [18], and antitumoral properties 

[19]. Phenolic acids are usually derivatives of benzoic acid or cinnamic acid. 

Syringic acid is a benzoic acid derivative, naturally present in dates, grapes, 

mulberries or honey [20], exhibiting antitumoral potential against skin cancer 

[21], human colorectal cancer [22], and hamster buccal pouch carcinogenesis [23]. 

There is also evidence that syringic acid aids in suppressing breast cancer cell 

proliferation, when combined with another phytochemical, vitexin [24]. The 
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antidiabetic activity of syringic acid was tested on diabetic rats, resulting in a 

decrease in blood glucose towards normal concentrations [25]. Black mulberry 

extract, having syringic acid as major component, was shown to present 

antidepressant and neuroprotective effects on mice [26]. Moreover, embedding of 

syringic acid into a gelatin/ZnO nanocomposite led to anticancer activity against 

hepatocellular carcinoma [27]. 

In this study, 4-carboxyphenilboronic acid was bound to the surface of 

MCM-41 silica and compared to a composite consisting in 4-CPBA physically 

adsorbed onto aminopropyl-modified MCM-41 carrier. Syringic acid was loaded 

onto the boronic acid-functionalized carrier mesopores and its cytotoxic effect 

was tested in vitro, on both a breast tumoral cells (BT474) and a normal human 

cell line (BJ fibroblasts). It is possible to visualize the internalization of these 

nanoparticles in cells, in their natural environment, using a technique that records 

the light scattered on the nanometric details of the samples [28]. 

2. Experimental 

All reagents used in this study were of analytical grade purchased from 

Sigma-Aldrich and were used as received. 

2.1 Synthesis of mesoporous carriers modified with functional groups 

Mesoporous silica nanoparticles were prepared according to the reference 

[17]. Two types of functionalized materials were obtained and denoted 

MCM-NH2 and MCM-B, containing aminopropyl and 4-carboxyphenilboronic 

(4-CPBA) acid moieties, respectively. Briefly, a 40% wt. boronic acid derivative 

was adsorbed onto MCM-41 silica through impregnation technique. Afterwards, 

(3-aminopropyl)triethoxysilane (APTES) functionalization was conducted at 

reflux using 100 mg silica containing 4-CPBA, considering a 1/0.15 silica/APTES 

molar ratio, in 12 mL dry toluene, 15 h. The resulting solid was separated through 

centrifugation and washed with synthesis solvent, acetone, and ethanol, and 

labelled MCM-B. A similar procedure was used for MCM-NH2, without 4-CPBA 

impregnation step. For comparison, one sample with CPBA adsorbed onto MCM-

NH2 carrier was also obtained and denoted as CPBA@MCM-NH2. 

2.2 Preparation of syringic acid-loaded samples 

Syringic acid-containing composites were prepared using impregnation 

method, considering syringic acid/support mass ratio of 1/4 for both MCM-NH2 

and MCM-B materials. A 50 mg/mL methanolic solution of syringic acid was 

poured on vacuum dried silica-type supports. 

2.3 Syringic acid release experiments 

Syringic acid (SA) release experiments were carried out using a Shimadzu 

UV-1800 spectrophotometer. The phenolic acid release profiles and its dissolution 
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curve were acquired in phosphate buffer solution (PBS) pH 5.5, at 37°C, for 24 h, 

considering a maximum 300 g/mL syringic acid concentration. The absorbance 

of the release medium was measured at 260 nm, quantifying syringic acid based 

on a standard curve (y=0.047*x, R2=0.9979, in the concentration range of 1-25 

µg/mL). 

2.4 Characterization of materials 

Structural characterization of the carriers was examined through small-

angle and wide-angle X-ray diffraction (Rigaku Miniflex II equipment). FTIR 

spectra were measured in potassium bromide on a Bruker Tensor 27 spectrometer 

between 4000 to 400 cm-1 with 64 scans. Thermal analysis (TG-DTA) was 

performed with a Netzsch STA 2500 Regulus instrument, to determine the organic 

group content in the functionalized carriers. The samples were heated from 30°C 

to 800°C with 10°C/min rate, in synthetic air (50 mL/min). Scanning electron 

microscopy (SEM) images were recorded using a Tescan Vega 3 LMH 

microscope and employed to investigate the morphology of resulting materials. 

Nitrogen adsorption/desorption isotherms (Micromeritics Tristar II Plus) were 

recorded to study the porosity of boronic acid-functionalized sample. The BET 

method was used to determine the specific surface area from isotherms and the 

total pore volume was measured at relative pressure P/P0 =0.99. 

2.5 Cytotoxicity evaluation 

Cellular viability was quantitatively determined (MTT assay) on human 

dermal BJ fibroblasts and on BT474 ductal breast carcinoma cells. The protocol of 

cytotoxicity evaluation was described in our previous paper [29]. In brief, cells 

were seeded in 96-well plates (2000 cells/well) in culture medium and incubated 

for 24 h and then, after culture medium removal, fresh medium containing 

different doses of samples treatment (0, 100, 150, 200, 250 µg/mL), and 

equivalent concentrations of syringic acid (20% w/w of composites quantity). 

Blank samples were also prepared (silica-type particles suspensions /syringic acid 

solution without cells) to eliminate possible interferences. 

Cells were seeded in plates at a concentration of 2000 cells/well in 

complete culture medium (DMEM supplemented with 10% FBS and 0.1% 

Penicillin-Streptomycin) and incubated for 24 h under standard conditions (37°C, 

5% CO2, 95% humidity) to allow attachment. After this time, the culture medium 

was removed and replaced with fresh medium containing different equivalent 

concentrations of nanoparticles (0, 100, 150, 200, 250 µg/mL), and equivalent 

concentrations of syringic acid (20% w/w of the nanoparticle quantity). Blank 

samples were also prepared (nanoparticle/syringic acid suspensions without cells) 

to eliminate possible interferences. 
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Samples based on MSN and syringic acid were sterilized under UV 

irradiation (12 h), and then stock suspensions/solution of 2 mg/mL were prepared 

using culture medium for the solid samples and DMSO for syringic acid. Cells 

were incubated with particles for 72 h. After this, the culture medium containing 

sample was removed from the cells and replaced with medium containing 10% 

MTT. Cells were incubated with MTT for 1-2 hours under standard temperature 

and humidity conditions. After this period, the medium was removed, and the 

resulting crystals were dissolved in dimethyl sulfoxide. The absorbance of the 

supernatant was recorded at 570 nm by a Tecan plate reader. The blank 

absorbance was subtracted from the sample absorbance, and cell viabilities were 

computed relative to the negative control. Results were presented as mean value ± 

standard deviation. 

2.6 Internalization assessment 

Evaluation of the nanoparticles internalization was performed using the 

CytoViva hyperspectral microscopy system. It is configured to work in 

transmission, enhanced dark field mode (EDFM). It uses an oil-immersion 

condenser with patented cardioid shape, as well as illumination through an optical 

fiber with a liquid core, which ensures the formation of images with almost zero 

background, on which the details of the samples can be seen very brightly. The 

light scattered on these nanometric details arrives through the objective on a 

special video camera (Pixelfly 1392 × 1040 - pixel resolution, 6.45 × 6.45 µm 

pixel size, 7.3 to 13.5 fps, 5 µs-60 s exposure time range, 62% quantum 

efficiency), which has a spectrophotometer in front (ImSpector V10E, Specim 

Finland, equipped with a transmission diffraction grating). This configuration 

ensures 1.28 nm spectral resolution in 400-1000 nm range and 107.5 nm spatial 

resolution.  

The settings used to record the images in which the cells and nanoparticles 

can be seen were: 0.8NA for 60x objective, exposure time in hundreds of 

milliseconds range to ensure intensities under 5000 units on each image, 

maximum spatial resolution and lines number. Hyperspectral images (HSI) are 

recorded and preprocessed under ENVI software; the first step being the lamp 

correction for all images following the procedure from CytoViva User Manual, 

Sec.6.3 [30]. This procedure removes the effects from the lamp spectrum so that 

sample details and spectral features are seen more clearly. 

3. Results and discussion 

3.1 Characterization of functionalized carriers 

Small-angle X-ray diffraction was carried out to investigate the structure 

of pristine MCM 41, silica functionalized with boronic acid groups, MCM-B, and 

aminopropyl-functionalized silica, MCM-NH2. Small-angle X-ray diffractogram 
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for MCM-41 shows the formation of mesoporous structure with a hexagonal pore 

framework, specific for this type of silica. MCM-NH2 carrier displayed a decrease 

in intensity of the (100) Bragg reflection from 2θ2°, when compared to MCM-

41, as a result of a reduction in the degree of pore array order. This effect is more 

pronounced in the case of MCM-B carrier, as the boronic acid functional group 

has larger dimensions compared to aminopropyl groups. The decrease in intensity 

for the (100) reflection could also be evidence for the presence of organic groups 

inside the silica mesopores, as the groups decrease the electron density between 

the silica framework and mesopore. 
 

 
Fig 1. Small-angle XRD patterns for pristine MCM-41 and functionalized nanoparticles 

 

FTIR spectroscopy highlights the functional moieties presence, which are 

bound to the silica surface. In the case of pristine silica, characteristic vibration 

bands of silica are observed. Symmetric and asymmetric stretching vibrations of 

Si-O-Si bonds are seen at 800 cm-1 and in the range of 1000 cm-1 to 1180 cm-1, 

while the deformation and stretching vibrations of silanol groups are noticed at 

460 cm-1 and 900 cm-1, respectively. Additionally, the broad band of medium 

intensity in 3400-3600 cm-1 domain is attributed to the stretching vibrations of 

hydroxyl groups from silica surface. The deformation band of physically adsorbed 

water molecules can be observed at 1630 cm-1. In the case of MCM-NH2, 

additional bands associated to functional groups can be noticed, such as the 

stretching vibrations of C-H bonds from aliphatic CH2 groups (2980-2875 cm-1), 

as well as deformation vibration of -NH2 groups at 1509 cm-1. 

The modification of silica surface with the boronic acid derivative was 

also monitored by FTIR spectroscopy (Fig. 2). Thus, the vibration bands of 

functional groups are observed. Specifically, at 3036 cm-1, the vibration band of 

C-H bonds of the aromatic nucleus is present. The intense asymmetric stretching 

vibration of C=O bond of carboxyl groups from boronic acid derivative at 1680 

cm-1 is also observed in the sample where 4-CPBA was absorbed onto silica 

mesopores. This band is shifted to 1635 cm-1 for MCM-B and overlapping with 



Evaluation of syringic acid-loaded boronic acid functionalized mesoporous silica properties     11 

the vibration band of physically adsorbed water. The vibration at 1380 cm-1 is 

associated with stretching vibration of B-O bonds. The vibration band at 1530 

cm-1 is associated with bending vibration of N-H bond from amide group, being 

shifted compared to that in MCM-NH2. The stretching vibrations of hydroxyl 

groups bound to the boron atom are present as a shoulder at 3200 cm-1 in the 

broad characteristic silica vibration band due to hydroxyl groups. The binding of 

boronic acid-derivative was also confirmed by the smaller specific surface area of 

MCM-B (104 m2/g) and the decrease in pore volume to 0.39 cm3/g compared to 

pure silica (887 m2/g and 0.89 cm3/g, respectively) [17]. 
 

 
Fig. 2. FTIR spectra of functionalized MCM-41 samples and for 4-carboxyphenylboronic acid. 

 

 
Fig. 3. SEM micrographs of functionalized carriers: A–MCM-NH2, B–MCM-B. 

 

The morphology of silica particles functionalized with aminopropyl 

groups, and respectively with the boronic acid derivative, was investigated 

through scanning electron microscopy (Fig. 3). Both samples display spherical 

particles, with an agglomeration tendency. 

Thermal analysis (DTA-TG) of MCM-B carrier (Fig. 4) revealed an 

endothermic effect associated with a mass loss of 4.2% attributed to the 

evaporation of the adsorbed water, followed by two sharp exothermic effects 
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caused by the combustion of organic groups, at 310°C and 390°C, respectively, 

followed by a weaker exothermic effect at 552°C. The total mass loss associated 

with the exothermic effects was 19.6%. Boronic acid derivative decomposition in 

the same conditions leads to a residue of 25.7% at 800°C (Fig. 4). 

The DTA curve of the MCM-NH2 carrier exhibits an endothermic event 

associated with a mass loss of 4.1% attributed to the desorption of water from the 

functionalized silica mesopores, followed by two main exothermic events 

associated to the decomposition of aminopropyl groups. The maximum rate of 

decomposition is lower compared to the MCM-B carrier, occurring at 287°C and 

325°C. The total loss associated with the exothermic effects is 19.1% (Fig. 4). 
 

 
Fig. 4. Thermogravimetric analysis of functionalized carries 

 

3.2 Characterization of composites containing syringic acid 

X-ray diffraction shows that syringic acid is mostly found in the pores of 

the support adsorbed in amorphous state (Fig. 5A). In the case of boronic acid 

derivative-functionalized silica, a small diffraction peak at ~25° (2) can be 

observed, associated with a small amount of crystalline syringic acid, probably 

because its low total pore volume. 

FTIR spectroscopy evidenced the presence of syringic acid molecules in 

the considered silica supports. In the case of syringic acid-loaded MCM-B 

support, the vibration bands characteristic to syringic acid can be observed at 

1680 cm-1, 1531 cm-1 (assigned to carboxyl groups), 1460 cm-1 (attributed to the 

deformation vibration of the C-H bond of methoxy groups), and 691 cm-1, 

assigned to the out-of-plane deformation of phenolic groups (Fig. 5B). 
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Fig. 5. Wide-angle XRD patterns of syringic acid-loaded mesoporous silica-type carriers 

(A) and FTIR spectra of syringic acid and SA@MCM-B sample 

 

3.3 Release profiles of syringic acid from silica-type carriers 

From both MCM-41 supports, syringic acid displays a fast release profile 

(Fig. 6), exhibiting a pronounced burst effect. The release profile was faster than 

the solubilization of crystalline syringic acid in the release medium, indicating 

that being a small molecule in amorphous state into mesopores of the silica 

carrier, it did not exhibit strong interactions with the carriers. Syringic acid is 

completely released after 3h. 

There is no important difference in the release profile among the two 

samples. Therefore, the sample containing boronic acid groups was further tested 

in vitro, as the boronic acid derivative is a promising functional group that can be 

used for targeting tumoral cells. 
Table 1 

Kinetic parameters of the release profiles of syringic acid-loaded samples 

Sample 
kdiff, 

103min-1 

kdes, 

103min-1 

kads, 

103min-1 

∆G, 

1021J 
R2 

Cumulative 

release 

after 24 h, 

(%) 

SA* 25.94 6.97 3.89 2.50 0.9998 98.92 

SA@MCM-NH2 33.64 0.94 0.03 14.78 0.9983 99.58± 

SA@MCM-B 40.60 5.91 0.10 17.46 0.9998 99.95±1.11 
*Kinetic parameters for SA are displayed only for comparison, with no physical significance. 

 

Both syringic acid delivery profiles were fitted by three-parameter model 

[31] and the kinetic parameters are shown in Table 1.  
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Fig. 6. Release profiles of syringic acid-loaded samples in PBS pH 5.5 

 

This model can be used to better explain the dissolution processes from 

porous matrices, as it assigns a physical meaning to the kinetic parameters as 

follows: kdiff is proportional to the rate of the burst stage, kdes is directly 

proportional to the rate in the sustained release stage, and the adsorption-

desorption equilibrium is described by the value of free molar energy, ΔG, that 

determined the amount of released biologically active compound in the burst 

stage. The diffusion constant is much larger than kdes and kads for both carriers, 

suggesting that syringic acid release is mostly achieved through diffusion. The 

rate constants of desorption are larger than those of adsorption in both cases, 

suggesting weak interactions between the carrier’s surface and phenolic acid. ΔG 

has similar values for both carriers, showing that a large amount of natural 

compound was delivered in the burst stage. 

3.4 Cytotoxicity assessment 

The biocompatibility against human BJ fibroblasts was evaluated for 

MCM-B, CPBA@MCM-NH2 and SA@MCM-B. The silica carrier functionalized 

with 4-CPBA, MCM-B, had a biocompatible behaviour on BJ dermal cell line 

after 72 h incubation time (Fig. 7A), with cellular viability greater than 80 % for 

all tested concentrations, in the range of 100-250 g/mL. The sample containing 

syringic acid, SA@MCM-B, did not exhibit toxicity to healthy cells, either. The 

presence of the phenylboronic acid loaded on MCM-NH2 silica pores 

(CPBA@MCM-NH2) did not induce significant cytotoxic effects (Fig. 8a) in the 

tested concentration range (100-250 μg/mL). 

BT474 ductal breast cancer cells exposed to CPBA@MCM-NH2 and 

MCM-B nanoparticles showed a decreased of cell viability after 72 h incubation 

directly proportional to the treatment dose increasing, with a more pronounced 

effect for CPBA@MCM-NH2, probably because of the presence of a larger 
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quantity of CPBA (Fig. 8B). Syringic acid adsorption into MCM-B enhanced 

cytotoxicity effect of syringic acid (statistically significant from 200 µg/mL). Cell 

viability decreased with increasing the concentration of SA@MCM-B, (72 % at 

maximum concentration), but the effect was not statistically significant. By 

incorporating SA into MCM-B carrier, its antiproliferative effect against breast 

cancer cells significantly increased. 
 

 

Fig. 7. Biocompatibility on BJ human dermal fibroblasts (A) and cytotoxicity on BT474 ductal 

breast carcinoma (B) of MCM-B, CPBA@MCM-NH2, SA-loaded MCM-B and syringic acid 

alone, after 72 h incubation time; (* significant for p < 0.05 compared to syringic acid, • 

significant for p < 0.05 compared to control) 

3.5 Assessment of nanoparticles internalization into the cell lines 

The samples internalization into cells was studied on BJ fibroblasts and 

BT 474 ductal breast carcinoma cells, in their natural environment, without any 

chemical markers, after 24 h incubation of the cells with sample particles.  

Fig. 9 shows the hyperspectral images obtained for CPBA@MCM-NH2, 

MCM-B and SA@MCM-B cells. In the case of BJ fibroblasts, cells are mainly 

isolated on the glass slides, the nanoparticles are uniformly distributed within the 

cytoplasm, they did not enter the nucleus and did not accumulate either at the 

membrane edge or at the nuclear border in the endoplasmic reticulum. It was also 

observed that some cells did not internalize the particles. In the case of BT 474 

cell line, cells grow in colonies, most of the cells internalized the nanoparticles, 

and the particles did not enter the nucleus or accumulate either at the membrane 

edge or at the nuclear border in the endoplasmic reticulum. This suggests a better 

internalization of the particles on the cancer cell line, which could be attributed to 

the targeting capacity of 4-carboxyphenylboronic acid. 
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Fig. 9. Hyperspectral images of BJ dermal fibroblasts and BT 474 ductal breast carcinoma cell 

lines showing the Internalization of nanoparticles (white dots): A–CPBA@MCM-NH2, 

B-MCM-B, C–SA@MCM-B. 

6. Conclusions 

MCM-41-type mesoporous silica was functionalized using 

4-carboxyphenylboronic acid and then loaded with syringic acid resulting in a 

composite material with 20 %(wt) phenolic acid content. The release profile of 

syringic acid from boronic acid-functionalized support showed a fast delivery, 

probably because of weak interactions with the carrier’s surface. In vitro 

cytotoxicity tests of syringic acid-loaded sample displayed a good 

biocompatibility on BJ dermal fibroblasts for all tested concentrations. The 

cytotoxicity on breast cancer cells increased with increasing the treatment dose, 

with significantly larger effects at 200 and 250 µg/mL, compared to free syringic 

acid. Samples containing boronic acid-derivative and syringic acid were better 

internalized by cancerous cells, which could be attributed to 

4-carboxyphenylboronic acid targeting capacity. 
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