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The aim of the present study is to evaluate the release profiles of Cefepime,1 a fourth generation  beta-
lactamic antibiotic, from MCM-41-NH2 materials. In order to achieve this goal, we synthesized the 
MCM-41 material for comparison, and we chose a completely new method for its functionalisation 
using p-aminobenzoic acid. There are many ways2-4 to anchor amino groups onto the MCM-41 surface, 
but amongst these, aminopropylsilanes seem to be the method of choice in all scientific articles. 
However, for oral intake, aminopropylsilanes pose a serious threat due to their toxic nature and higher 
reactivity. We considered replacing those materials with a less toxic functionalization reagent, the p-
aminobenzoic acid (vitamin Bx). This approach is both unique and innovative and can be a direction to 
follow in the functionalization of silica surfaces, mainly due to the toxicity of the amino-silane reagents 
and the availability of the p-aminobenzoic acid.  The Cefepime loading was done from ethanol solution, 
ensuring thus the procedure’s lack of toxicity. This technique has the advantage of a good antibiotic’s 
diffusion in the porous system of the MCM material, and that all the quantity of the antibiotic is 
delivered to the system with no losses. For the release profiles we used a modified HPLC system, the 
UV detector of this system providing more accurate readings and a continuous monitoring of the release profile. The functionalization of the 
active surface with –NH2 groups promotes a slower and more stable release, which can be associated with the stronger binding between 
those groups and the beta-lactamic antibiotic than in the case of unmodified MCM-41. We achieved this goal in a less toxic approach, by an 
original method, and with very satisfactory results. This effect can be variously exploited, either in oral intake drug delivery systems, or in 
other forms of drug delivery systems, like wound dressing materials. 
 
 

INTRODUCTION* 
 

Systemic administration of antibiotics in the 
case of prescribed treatment of bacterial infections 
often causes more problems than it solves, due to 
the fact that the major portion of the drug is wasted 
through systemic dispersion in the human body 
and only a small part goes where it is mostly 
needed, i.e. to the site of the infection. Also, 
another problem caused by the systemic 
administration is the incidence of bacterial 
resistance, which can nullify the treatment but does 
not relieve side effects.5 In order to minimize the 
side effects while taking full advantage of the 
antimicrobial effects, various drug delivery 
                                                           
* Corresponding author: dragosgudovan@gmail.com  

systems were used for antibiotics, such as porous 
systems (like MCM-41 and modified MCM-41),6 
different types of polymers (poly-ethylene glycol 
based),5 soy proteins,7 and others.  

Silica based materials (colloidal silica, glass 
fibers and fabrics, mesoporous silica, zeolites etc.) 
are extensively used for a wide variety of 
applications from industrial to environment and 
medical purposes and this variety of applications 
are mainly based due to the possibility of 
functionalization of the silica based materials.8-9 
The new functional groups attached to the silica 
backbone are responsible with the new or 
improved functionalities such as: better 
compatibility  with  other components, especially 
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when talking about composite materials,10-12 better 
absorption capacity8,13-15 or better loading capacity 
and finer delivery control of certain drugs.16-18 

MCM-41 materials and NH2 modified MCM-41 
materials were widely used for different purposes, 
among which controlled drug release.19 Usually the 
desired effect in drug release systems is to slow 
down the release rate in order to achieve a longer 
action time, but sometimes the linearity of the 
release curve is also an issue, the uniform loading 
of the pores being a challenging subject. Often, in 
the release curves, the first portion corresponds to 
a faster release rate due to the substance which is 
loosely bound to the surface of the material 
followed by a slower release of the more tightly 
bound substance in the pores of the material. NH2 
groups bound on the surface can provide a more 
stable release, due to the covalent bonding of the 
active substances to the modified surface of the 
material, thus slowing down the release rate of the 
substance present on the surface. 

At this moment, based on the literature data 
there are some very interesting papers dealing with 
the functionalization of silica based materials 
especially from the point of view of drug loading 
and delivery. Rosenholm and Linden17 were 
involved in establishing structure-activity 
relationships for mesoporous silica in drug delivery 
applications. In order to optimize the interaction 
between the support and the drug, amino 
functionalized mesoporous silica and an acidic 
drug (salicylic acid) were used. Two routes of 
amino-functionalization were chosen. Firstly, the 
amino-functionalization of the silica support was 
realized in post-synthesis conditions by grafting 3-
aminoprpyl-triethoxyxilane onto the surface under 
reflux in dry toluene at 1050C (APTES-SBA-15). 
Secondly, the amino-functionalization occurs by 
surface hyperbranching polymerization of 
poly(ethyleneimine) (PEI) onto the carboxy 
functionalized SBA-15. The carboxy 
functionalization was realized in the synthesis step 
by using 20% 2-cyanoethyltriethoxysilane and 
TEOS as described by Yang et al.20 followed by 
cyano groups hydrolysis under reflux in 48 wt% 
sulfuric acid at 950C, for 1day. Once the COOH-
SBA-15 support material was obtained The 
absorption capacity of salicylic acid was studied 
from aqueous solutions as well as from two 
organic solvents (toluene and cyclohexane) for 
bare SBA-15, APTES-SBA-15 and PEI-COOH-
SBA-15. The use of toluene as solvent was found 
to be un-efficient while the use of cyclohexane 

leads to 0.7µmol/m2 based on a monolayer 
absorption model for bare SBA-15 but increase 
well for APTES-SBA-15 (1.8 / 2.5 µmol/m2) and 
especially for PEI-COOH-SBA-15 (6.1 and 5.1 
µmol/m2) for toluene and respectively 
cyclohexane. In water, the best absorption occurs 
at slightly acidic conditions (3 – 3.5). the 
absorption capacity from aqueous solutions being 
0.35 / ~2 / ~16 µmol/m2 for bare SBA-15 / 
APTES-SBA-15 / PEI-SBA-15. 

Alnaief and Smirnova17 studied the effect of the 
surface functionalization of silica aerogel on the 
absorptive and release properties of ketoprofen. 
They found that the release rate is not strongly 
modified due to the amino-functionalization but, 
the loading capacity was found to be proportional 
with the degree of functionalization and the route 
of functionalization. The loading capacity of the 
bare silica aerogel was found to be les than 10wt% 
and increase to ~10wt% for 0.87µmol NH2/m2 
aerogel and up to ~21wt% for 2.44µmol NH2/m2 
aerogel (for gas phase functionalization) or up to 
~30% for ~7µmol NH2/m2 aerogel (for liquid 
phase functionalization). So, based on their results, 
Alnaief and Smirnova concluded that aerogels 
functionalization opens the possibility to design a 
high capacity carrier for a specific active 
substance, as well as to control the release of that 
substance in the corresponding media.   

MCM-41 materials were chosen due to the high 
surface area of this type of materials and the 
uniform pore volume and pore distribution. The 
pore size of this type of material varies between    
2-10 nm and the BET surface area between 900-
1300 m2/g,25-26 depending on the conditions and the 
reagents used during synthesis. The type IV 
isotherm sets the MCM-41 materials in the 
mesoporous region according to IUPAC,21 which 
assigns to this category all systems which have a 
pore diameter ranging between 2 and 50 nm. This 
particular pore diameter makes this type of systems 
suitable for loading with antibiotics due to the 
similarities in the volume occupied by the 
molecule and the volume of the pore itself. 

Cefepime, a fourth generation beta-lactamic 
antibiotic,22 was chosen for this study due to its 
novelty, relatively low bacterial resistance (based on 
its novelty and broad spectrum23  and due to the fact 
that it is not widely used, being prescribed to 
patients who already developed resistance to the 
previous generation of antibiotics). Cefepime has 
been successfully used in patients with severely 
weakened immune systems (such as those suffering 
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from cancer22), so the controlled release of 
cefepime, providing a sustained output of antibiotic, 
can be an useful approach in either reducing the 
dosage required or in increasing the efficiency of the 
antibiotic and reducing the curing time.  

In the literature different types of delivery 
systems prove to be suitable for drug delivery 
applications, amongst those being layered double 
hydroxides,24 polymeric nanocarriers27-28 and 
super-paramagnetic iron-oxide nanoparticles.29 
Each type of delivery system presents a set of 
advantages and drawbacks, the main theme being 
the fitness for purpose, each delivery system trying 
to fulfill a particular task, either to deliver the 
therapeutic load more slowly or to deliver it at a 
particular location. There are no delivery systems 
which are universal that is why each delivery 
system is perfect for the right task.  

The main purpose of this paper was to analyze 
the possibility of using para-aminobenzoic acid as 
functionalization agent of MCM41 followed by 
loading with cefepime, a model antibiotic drug and 
finally studying its delivery. The development of 
alternative functionalization agents is essential 
because of the wide variety of support materials 
and drugs as well as the necessity of developing 
systems with predefined delivery characteristics 
(delivery rate, loading capacity, recovery rate, 
etc.).  

EXPERIMENTAL 

Para-aminobenzoic acid (PABA) (reagent grade), Ethyl 
acetate (reagent grade), Cefepime hydrochloride (reagent grade), 
Tetraethylorthosilicate (TEOS) (reagent grade), SiCl4 (reagent 
grade), Ethanol (reagent grade), Ammonium hydroxide solution 
25% (reagent grade) and 3-aminopropyltrimethoxysilane 
(APTMS) (reagent grade) were purchased from Sigma Aldrich 
and used as such without further purification. 
Cetyltrimethylammonium-bromide (CTAB) (reagent grade) was 
purchased from Fluka and used as such. 

The method for the synthesis of MCM-41 material is the 
one described by H.I. Melendez-Ortiz et al.2 with minor 
modifications.6 The product was analyzed by FT-IR before 
and after the functionalization step in order to confirm the –
NH2 groups grafting. The hexagonal structure of MCM-41 
was confirmed through HR-TEM microscopy.  

400 mg of MCM-41 were mixed together with 4 mL        
of ethanol in a 8 mL reaction vessel, then 1 mL of                    
3-aminopropyltrimethoxysilane was added and the vessel was 
tightly sealed and left overnight in the oven at 80°C. After 
cooling, the reaction product was recovered by filtration and 
washed 4 times with 10 mL of ethanol. After drying, the final 
MCM-41-NH2 material was analyzed by FT-IR in order to 
assess the success of the grafting.  

400 mg of MCM-41 were mixed together with 4 mL of 
ethanol in an 8 mL reaction vessel, then 1 mL SiCl4 (1mL 

TEOS) was added. The reaction vessel was kept for 7 hours in 
the oven, at 105°C. After cooling, the vessel was 
depressurized and the material was recovered by filtration and 
washed 4 times with 10 mL of ethanol. After drying the 
grafting was assessed via FT-IR analysis. The material 
functionalized with SiCl4 (TEOS) was again placed in the 
reaction vessel. On top 2 mL of solution PABA/Ethyl acetate 
(1:1) were added. The reaction vessel was maintained at 
105°C for 7 hours. The reaction product was recovered by 
filtration, and washed 4 times with 10 mL of ethanol. The final 
reaction product, MCM-41-SiCl4-PABA (MCM-41-TEOS-
PABA), was dried and the grafting was assessed through FT-
IR spectroscopy. 

The loading with Cefepime was done at room temperature. 
The cefepime loading was done for both MCM-41 parent 
material and MCM-41-NH2 and MCM-41-PABA. 100 mg of 
material were ground together with 30 mg of cefepime, and  
10 mL of ethanol were added in order to help the antibiotic 
diffuse in the porous system.6  

All FT-IR spectra were recorded using a Zn-Se window   
µ-ATR fitted on a Thermo Nicolet 6700 spectrometer. The 
samples were prepared into a fine powder before analysis. 
HR-TEM images were recorded using a TecnaiTM G2 F30 S-
Twin microscope, equipped with a STEM/HAADF detector. 

The determination of the release profiles was made using a 
modified HPLC system. The loaded material samples were 
placed inside a container made from filter paper which was 
suspended in a beaker containing 150 mL of type II water 
(according to ASTM D 1193-99). The release profile was 
recorded continuously using the pump and the UV-Vis 
detector of the system. In order to have a continuous loop both 
the inlet and the outlet of the system were placed inside the 
beaker. Magnetic stirring was used for the homogenization of 
the beaker’s content. In order to assess the amount of cefepime 
effectively released from the mesopores, a calibration curve 
was used. For the calibration curve different amounts of pure 
cefepime were placed inside the container under the same 
conditions as the ones used for measuring the sample. From 
the linear regression (y=a*x+b), the parameters obtained were 
a=27.033, b=23.605 and the coefficient of determination 
obtained was r2=0.9995. 

RESULTS AND DISSCUSION 

 The HR-TEM images (see Fig. 1) show that 
after the NH2 groups grafting and surface 
treatment, the mesoporous surface of the MCM-41 
material remains unaffected, moreover the pore 
size remains in the 2-3 nm region. According to 
IUPAC, mesoporous materials must have a pore 
diameter situated between 2 and 50 nm. The 
material we synthesized qualifies for this range, as 
resulted from TEM measurements. 
 The FT-IR spectra in Fig. 2 provide a relevant 
picture over the different various stages. The FT-
IR proved to be a quick, easy to use and useful 
method in the detection of the changes that took 
place in the various steps of the functionalization 
process and also after the loading with cefepime. 
For TEOS as reagent, the FT-IR spectra shows the 
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initial surface modification of the MCM-41 
material with TEOS, which is afterwards replaced 
by the PABA characteristic groups. The cefepime 
loading can also be assessed based on the 
characteristic groups of cefepime. In the case of 
SiCl4 reagent the difference is not highly 
significant, the Si-Cl groups being rapidly 
hydrolyzed in humid atmospheric conditions to Si-
OH groups with HCl release. In this case the 
reagent provides a further activation of the 
silanolic surface, enabling a quicker coupling of 
the PABA reagent. 

Desorption curves in Fig. 3 were recorded using 
a modified HPLC system6. As it is to be expected, 
the desorption curves are slightly similar in 
behaviour. The bonding capacity is given by the 
PABA reagent and both SiCl4 and TEOS reagents 
are but linkers. Since the cefepime has affinity for 
the NH2 groups of the PABA reagent, the only 
purpose of the primary functionalization reagent is 
to help the organic reagent bind to the silica 
surface. In the case of cefepime, the difference in 
release rate is minor. However, concerning 
biocompatibility issues, SiCl4 is a better choice due 
to the decomposition of the Si-Cl reactive groups. 
 The desorption curves in Fig. 4 show a 
significant decrease in the velocity of the release 
rate when compared to the desorption rate from the 
unmodified MCM-41 material. The unmodified 
material has a faster release in the first 10 minutes, 
followed by a much slower release. The NH2 
groups modified material has a more stable release, 
with a slight variation between 10 and 20 minutes. 
The behaviour of the NH2 material is closer to 

linearity and much more predictable. M. Alnaief 
and I. Smirnova18 postulated that amino groups 
grafting provides a minor change in the release 
curves and that the only change resides in the 
loading capacity. The results obtained by them 
confirm this in the case of ketoprofen. In the casse 
of antibiotics, our data shows that the release 
kinetics is different and that in the case of amino-
grafted materials it tends to a linear behavior. 
 Comparing the post-synthesis grafting of 
amino-groups, a significant difference in behaviour 
can be noticed, when grafting is achieved through 
different types of reagents. The PABA reagent 
provides the same stability as the APTMS reagent, 
but at a much slower rate, as can be noticed from 
Fig. 3 and 4. The total release rate in the case of 
MCM41-PABA materials is 5 mg after 60 minutes 
from the total amount of 30 mg, and in the case of 
MCM41-APTMS the total amount is 6.8 mg after 
60 minutes from the total amount of 30 mg. 
The difference in behaviour is an important trait, 
and if the desired application for this material is 
the controlled release of biologically active 
substances, then the slower the release time and the 
higher the linearity, the better the material. The 
material functionalized with PABA reagent not 
only has both these traits, but is also a very good 
reagent, a bio-compatible one (Vitamin Bx) and 
does not harm in any way the human body. Thus 
we can safely conclude that the material 
functionalized with amino groups using PABA 
reagent is a very good biocompatible candidate for 
controlled release of biologically active substances.

 

   
Fig. 1 – HR-TEM images of MCM-41-NH2 material (left) and MCM-41-PABA material (right). 
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Fig. 2 – FT-IR spectra of MCM materials and cefepime loaded MCM materials (TEOS Fig. A and SiCl4 Fig. B). 

 

   
Fig. 3 – Desorption curves for the MCM41-SiCl4-PABA-cefepime (left) and the MCM41-TEOS-PABA-cefepime (right) materials. 
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Fig. 4 – Desorption curves of cefepime from MCM-41 reference material (upper blue curve) and from MCM-41-NH2 (red curve). 

 
 

CONCLUSIONS 

 In this article we report the functionalization of 
a silica surface with p-aminobenzoic acid 
molecules, as a new, never reported before method 
of slowing down the release of the cefepime, a 
beta-lactamic antibiotic drug model. The current 
methods involve a functionalization process based 
on organosilanes with amino groups, such as (3-
aminopropyl)trimethoxysilane.31-32 The current 
methods use the reagent during synthesis19 through 
co-condensation or after it by grafting. We chose 
the post-synthesis method because it provides a 
better control over amino groups distribution. This 
new method guarantees a less toxic approach, the 
lack of toxicity of the reagents used ensuring a 
greater biocompatibility of the final product. The 
experimental desorption curves and the FT-IR 
spectra performed during our research support the 
efficacy of this new technique (amino groups 
anchoring) in controlling the cefepime release after 
administration. The drug slow release effect is 
mainly due to the stronger bonding of the 
substance to the amino groups. Slower release of 
active substances to the human body can be an 
efficient way to decrease the necessary dosages 
and increase the efficiency of known active 
substances, decreasing in the same time the chance 

of adverse side effects and the chance of 
development of antibiotic resistant bacteria.  
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