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Introduction

One of the most challenging issues facing the pharmaceutical 
industry today is selective delivery of drugs and/or genes to the diseased 
cells [1]. Selective targeting permits the use of lower drug doses and 
consequently minimizes toxic side e�ects [2]. Nanoparticles (NPs) are 
widely used for a broad spectrum of applications in biomedicine, such as 
drug delivery and medical diagnostics. Mesoporous silica nanoparticles 
are of great interest as e�cient drug/gene delivery systems due to their 
unique properties such as large surface area, tunable pore sizes, highly 
ordered structures in addition to their chemical and thermal stability 
[3]. Moreover, mesoporous silicate nanoparticles have high loading 
e�ciency for both hydrophilic and hydrophobic molecules [4,5]. In 
addition, they have been previously used in controlled drug release [6].

Novel approaches and strategies are urgently needed to improve 
current tuberculosis (T.B) chemotherapy [7] and e�orts are directed 
towards shortening and simplifying tuberculosis treatment [8,9]. 
Nanoparticle (NP) - based drug delivery systems for the current anti-
TB drugs carriers have been previously used and developed with the 
aim to improve and simplify TB chemotherapy [10]. Despite the high 
e�ciencies reported for these NP- based carriers [11,12], most of them 
still lack the properties of an ideal delivery system combining ease of 
synthesis, high drug loading e�ciency, tunable surface properties, 
high surface area, controlled drug release, and cell-speci�c targeting, 
which has been found in the mesoporous silica NPs [13]. �ese 

features make NPs ideal for encapsulating di�erent guest molecules 
and facilitate a wide range of applications such as drug and/or gene 
delivery in animal and plant cells [3]. In this communication we 
report a smart drug delivery system capable of encapsulating front 
line anti-tuberculosis drugs, which consists of MCM-41 mesoporous 
silicate nanoparticles loaded with anti-TB front line drugs, coated with 
cationic polymer PEI for pH control release of the drugs and decorated 
with mannose macrophage speci�c targeting moiety. PEI can assist in 
particles escaping from the endosomal vesicle a�er receptor mediated 
endocytosis. �e low pH of the endosome lead to protonation of the 
amine groups located on PEI with subsequent swelling of the PEI 
coating and endosomal vesicle rupture leading to release of the drug 
particles into the cytoplasm [14,15]. Mannose molecules were used to 
functionalize the nanoparticles surfaces because of mannose ability to 
speci�cally target wide variety of macrophage cells expressing mannose 
speci�c membrane receptors. Consequently, delivery system bearing 
mannose moiety is internalized via receptor mediated endocytosis 

Abstract

Objectives: Development of a novel method for loading drugs into spherical mesoporous silicate nanoparticles 
(MSNs), and further modification for the loaded MSNs to produce smart drug delivery system.

Methods: MSNs have been prepared and loaded using rotary evaporation as a novel method for drug loading. 
The highly loaded MSNs were further modified as a smart drug delivery system designed for endosomal escape, and 
sustained release of its cargo into the cytosol. MSNs loaded with anti-tuberculosis front line drugs such as isoniazid, 
pyrazinamide, pyrazonic acid, and ethambutol, in addition to fluorescein, have been coated with polyethyleneimine 
followed by mannose labeling for selective targeting of macrophage cells, the loading efficiency was compared to 
the conventional impregnation loading method. The selected drugs exhibit differences size, charge, and polarity. The 
developed delivery system has been characterized to indicate the surface are, loading efficiency, morphology, and 
release behavior at different pH.

Results: The loading process is independent of the nature of the drug molecule used and achieves loading 
efficiencies reaching one order of magnitude higher than those reported for conventional impregnation loading method. 
Characterization of the modified system indicated unique high surface area as high as 875.8 m2/g, pore size of 3.86 
nm, and total pore volume of 1.029 cm3/g. In-vitro release experiments confirmed the pH-controlled release of the cargo 
molecules from the nanoparticles.

Conclusion: We have concomitantly employed previously reported components such as mesoporous silicate, 
polyethyleneimine coating and mannose labeling, in addition to a novel encapsulation method combined together to 
develop a smart drug delivery system making use of the advantages of each component. The developed system may 
be used as a potential novel drug delivery system for combating tuberculosis and/or alike clinical disorders.
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[14,16-20] (Figure 1). In vitro-release kinetics at di�erent pHs was 
assessed using �uorescein molecules.

Materials and Methods

Synthesis of mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSN) were synthesized as 
previously described [21,22]. Typically, 1 g of cetyltrimethyl ammonium 
bromide (CTAB) was dissolved completely in 480 ml deionized water 
with slight stirring till clear solution was obtained. �en, 3.5 ml of 2M 
sodium hydroxide was added and stirred vigorously at 80ºC. A�er 
stabilization of the temperature at 80ºC, 5 ml of tri-ethoxy-ortho-
silicate (TEOS) were added drop-wise at a rate of 1 ml per minute, and 
the mixture was stirred vigorously for 2 hours. �e white precipitate 
obtained was �ltered, washed with methanol and water, and then dried 
at 100ºC overnight.

Removal of surfactant

�e dried powder was re�uxed for 24 hours at 50ºC in 100 ml 
methanol with 1 ml concentrated HCl. �en, the template (CTAB) was 
removed and the MSN were isolated via �ltration, followed by extensive 
washing with water and methanol and then dried at 100ºC for 24 hours.

Particles characterization

Scanning electron microscopy (SEM): �e morphology and size of 
the prepared mesoporous silica nanoparticles were analyzed using 
�eld emission scanning electron microscope (SEM, LEO SUPRA 55; 
Carl Zeiss AG, Oberkochen, Germany). A small portion of the powder 
was �xed on SEM stage using carbon tape. �e SEM micrographs were 
operated at 12 keV.

High resolution transmission electron microscopy (HRTEM): 

High resolution transmission electron micrographs were recorded on 
an HRTEM (JEM-2100) apparatus operating at 200 kV coupled with 
high resolution CCD Galatan digital camera for image processing of 
the mesoporous ordered structure of the prepared particles. A small 
portion of the produced particles were suspended in 1 ml acetone and 
sonicated for 3 minutes and then one drop was placed on the TEM 
carbon grid and analyzed by TEM.

Fourier- transform infrared spectroscopy (FT-IR): Fourier transform 
infrared spectroscopy (FT-IR) was used to record the IR spectra of 
the samples using potassium bromide (KBr) pellet technique. A small 
portion of the sample was mixed well with small portion of KBr powder 
in a mortar and then the mixture was analyzed by FT-IR �ermo-
Nicolet FTIR Avatar 370.

Nitrogen adsorption/desorption isotherms: Surface area, pore size 
and pore volume of the prepared mesoporous silicate nanoparticles 
dried at 300oC for 8 h under vacuum were measured by nitrogen 
adsorption/desorption isotherms at - 196.14°C using Quantachrome 
Nova station instrument, version 10 analyzer. Speci�c surface area 
(SBET) was calculated using multi-point adsorption data from linear 
segment of the N2 adsorption isotherms using Brunauer-Emmett-
Teller (BET) theory. On the other hand, the pore volume and pore size 
distribution were determined from the adsorption isotherms by using 
nonlocal density functional theory (NLDFT).

X-ray di�raction (XRD): �e free and loaded particles were analyzed 
by an X- ray di�ractometer (Di�rac plus v1.01) over the range of 0-80° 
with Cu anode at 40 kV and 30 mA, at 2 theta scale and wavelength 
1.54 Å.

Encapsulation of anti-tuberculosis drugs and �uorescein

Two di�erent methods have been used for loading the drugs into 
the prepared mesoporous nanoparticles. �e �rst conventional method 
is impregnation of the MSN particles a�er dispersing them in the drug 
solution (15 mg drug/ml solvent) and stirring for about 72 hours. �e 
solvent used di�ers from one drug to another (POA, �uorescein and 
isoniazid were dissolved in water, while PZA and ethambutol were 
dissolved in absolute ethanol) �e MSN particles were dispersed in 
the drug solution by sonication for at least 10 minutes and then the 
mixture was stirred for 3 days. �e particles were then �ltered by 0.2 
µm nylon membrane �lters, dried at 50°C overnight. �e amount of 
the drug taken by the particles was measured by thermo-gravimetric 
analysis (TGA).

�e second method (rotavap method) was done by �rst preparing 
the drug solution in an appropriate solvent (15 mg drug/ml solvent). 
�e solvents used here for each drug were the same as those used in the 
impregnation method. �e MSN particles were dispersed in the drug 
solution by sonication for about 10 minutes. �en, the mixture (drug 
solution/MSN) was applied to the rotavap for 3 days till the solvent 
was evaporated completely. Finally, the dried particles were washed 
thoroughly to remove the unbound and the loosely bound drugs on 
the particles surface. �e amount of the drug taken by the particles was 
measured by TGA.

Synthesis of polyethyleneimine (PEI) conjugated to 

mannopyranosyl phenyl iso-thiocyanate (Mannose)

Conjugation of PEI to mannose was done as previously described 
[15] with slight modi�cations. Brie�y, branched PEI 25 kDa (40 mg) was 
mixed with 1 ml dimethyl sulfoxide (DMSO) by sonication for about 
30 minutes and then the manno-pyranosyl-phenyl-iso-thiocyanate 
previously dissolved in DMSO (5 mg/0.5 ml) was added to the PEI 
solution. �e reaction mixture was stirred at room temperature for one 

Figure 1: Illustration of the applied multifunctional mesoporous silicate 
nanoparticles components. Mesoporous silicate nanoparticles are firstly 
loaded with an anti-TB. drug or fluorescein using the rotavap technique. 
Secondly, the loaded particles are coated with Polyethylimine (PEI) polymer 
by the rotavap method. Thirdly, functionalized mannose (the manno-
pyranosyl-phenyl-iso-thiocyanate mannose) molecule is conjugated to the 
loaded coated nanoparticles through the reaction of its phenyl isothiocyanate 
with the primary amine groups on PEI forming iso-thiourea linkage.
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day. �en, the PEI conjugated to mannose was puri�ed by adding 5 ml 
of 0.5 M saline solution and dialyzed against 150 mM sodium chloride 
as described previously [14,15]. �e amount of mannose conjugated to 
the PEI was calculated and determined by resorcinol-sulphuric acid test 
as previously described [23].

Coating the encapsulated particles with the mannosylated-

polyethyleneimine (PEI)

For each drug batch, 150 mg of the loaded particles were dispersed 
in 10 ml absolute ethanol by sonication for 5 minutes, and then added 
to 5 ml of the mannose-PEI solution then further sonicated for about 
5 minutes. A�erwards, the mixture was rotary evaporated for 2 hours 
at 50�C. �e powder was then washed with absolute ethanol, �ltered 
and dried.

�ermo gravimetric analysis (TGA)

�e loading e�ciency was tested by TGA. Particles loaded with 
di�erent drugs were analyzed by TGA instrument (TGA Q50 V20.10 
Build 36) by heating the particles from the ambient temperature to 
1000°C at a heating rate of 10°C per minute using nitrogen as the purge 
gas at a �ow rate of 100 ml per minute.

In vitro- pH controlled release kinetics

�e in-vitro controlled release kinetics was studied at two di�erent 
pH values. Brie�y, 10 mg of MSN particles loaded with known amount 
(concentration) of �uorescein and coated with PEI were dispersed in 
two beakers (5 mg in each beaker) containing simulated body �uid 
(SBF), one with pH 5.5 (corresponding to the endosomal vesicle pH), 
while the other with pH 7.4 (corresponding to the blood plasma pH) 
and stirred. Every 3 hours, the solution was centrifuged and absorbance 
of �uorescein at 490 nm was recorded in the supernatant for each pH 
solution, then the precipitate was re-dispersed in SBF with the above-
mentioned pHs. �is process was done at di�erent time intervals over a 
period of 70 hours. �e absorbance was recorded by using a Shimadzu 
UV 160 A Spectrophotometer. �e amounts of the �uorescein released 
were estimated using a previously plotted �uorescein absorbance 
standard curve. �e total amount of released �uorescein was calculated 
cumulatively until the end of the experiment.

Results and Discussion

�e drug delivery system that has been developed in this study is 
composed of mesoporous silicate nanoparticles (MCM-41 generation) 
loaded with selected anti-tuberculosis drugs of di�erent sizes, charges, 
and polarities (ethambutol, isoniazid, pyrazinamide and Pyrazonic 
acid) in addition to �uorescein as a �uorescent tagging molecule. �e 
loaded particles were then coated with the highly cationic polymer 
polyethyleneimine (PEI), for the pH-controlled release of cargo 
molecules. �e adsorption of PEI onto the silica surface was done 
electrostatically as described before [24-26]. Finally, the particles have 
been decorated with mannose as a macrophage cells speci�c moiety 
[15]. �e conjugation of PEI to the sugar molecule is based on the 
interaction of the iso-thiocyanate functional group in the mannose 
molecule with the primary amino groups distributed on the PEI 
polymer surface forming a strong amide bond as described in the 
materials and methods. Scanning electron microscope images (Figures 
2 and 3) revealed that the prepared mesoporous silicate nanoparticles 
are mono distributed spheres with an average diameter of 90 to 100 
nm, which is consistent with previous studies [4,27]. Moreover; TEM 
image (Figure 4) shows a honeycomb porous structure (ordered pores 
hexagonal packed channels).

 

Figure 2: Scanning electron microscopy (SEM) image of mesoporous 
silica nanoparticles showing their size and morphology.

Figure 3: Scanning electron microscopy (SEM) image of 
mesoporous silica nanoparticles showing their uniform size and 
shape. The particles have an average diameter of 90 to 120 nm.
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�e nitrogen isotherm shown in Figure 5A is of type IV which 
is typical of mesoporous materials that have pores between 2- 50 
nm, according to the (IUPAC) classi�cation. �ere are two capillary 
condensation steps at P/Po at about 0.3 - 0.4 and P/Po at about 0.9, 
which correspond to the mesoporous and textual porosity produced 
by the inter-particles packing [5,27]. �e N2 adsorption/desorption 
isotherms (Figure 5A) revealed a high surface area (SBET) of 875.8 
m2/g.

A narrow Barrett-Joyer-Halenda (BJH) pore size distribution 
(Figure 5B) has been obtained, with average pore size distribution of 
3.86 nm, and a total Pore Volume of 1.029 cm3/g. FT-IR spectra of the 
prepared particles were measured over the range 4000 to 400 cm-1. �e 
as-prepared particles spectrum is shown in Figure 6 which is typically 
of the MCM-41 particles as shown in previous studies [27,28]. �e Si-O 
rocking vibration and Si-O bond stretching of surface Si-OH groups 
are shown at 460 cm-1 and 967 cm-1 respectively. Also, the very broad 
(hydrogen bonded) hydroxyl stretching band for both silanol Si-O-H 
and the water hydroxyls was clear at 3500 cm-1 in addition to the 
characteristic H-OH water twisting band at 1640 cm-1. Also, the internal 
Si-O-Si stretching vibration of SiO4 asymmetric band appeared at 1100 
cm-1, while the symmetric one is at 800 cm-1. �e silicate network is 
formed of Si-O-Si and plenty of silanol Si-OH groups (both internal 
and external ones) of di�erent types as described elsewhere [27,29].

�e MCM-41 generation of mesoporous silicate nanoparticles has 
3 characteristic peaks pattern in the XRD analysis that is considered 
as a �nger print for the MCM-41 mesoporous silica [6,22,27]. A 
strong re�ection peak at 2.6° is related to the 100 plane and the two 
weak re�ection peaks at 4.4° and 5.1° are related to 110 and 200 planes 
respectively. Loading or �lling the pores of the particles with a cargo 
molecule (anti-TB drugs or �uorescein), have led to a signi�cant 
decrease in intensity of the 2.6° peak and a small shi� may also 
occur. On the other hand, the 4.4° and 5.1° peaks are related to the 
ordered structure of the synthesized material. In this study, we are 
highly interested in the 2.6° peak resolution for the determination 
the loading e�ciency of the particles. �e 2.6° peak decline indicates 
and con�rms that the hexagonal pores of the particles are �lled with 

 

Figure 4: Transmission electron microscopy (TEM) images of mesoporous 
silica nanoparticles showing: (A) The honeycomb porous structure. The 
hexagonal straight channels are shown extending along the spherical 
particles. The particles have straight one dimensional cylindrical pores. (B) 
A top view of the particles showing the channels as a honey comb cage.

 

Figure 5: (A) Surface analysis by nitrogen sorption isotherms allowing surface 
area calculation by BET method. (B) The pore size of the prepared particles 
calculated by the Barrett-Joyer-Halenda (BJH) method.

Figure 6: FT-IR spectra of the mesoporous silica nanoparticles using 
potassium bromide (KBr) pellet technique.

Figure 7: X-ray diffraction analysis of unloaded mesoporous silica and 
particles loaded with Pyrazonic acid (POA), pyrazinamide (PZA), ethambutol, 
isoniazid and fluorescein.
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di�erent drug molecules. Also, the 2.6° peak and its value have been 
used in Bragg’s and Scherer’s formulas. According to the re�ection peak 
of the unloaded mesoporous silica nanoparticles shown in Figure 7, the 
following calculations were done [4,6,27]. �e (d100) for the unloaded 
particles was calculated from Bragg’s formula as d100 = 3.44 nm (2θ 
angle = 2.56°, λ = 1.54 nm). �is value is consistent with other studies 
stating that the d100 inter-particles plane distances is almost between 3 
and 4 nm for the unloaded MCM-41 generation [4-6,27,30].

�e pore center distance, which is the pore size distribution (Å) = 2 
d100/√3= 3.972 nm, a value that is almost the same obtained by the N2 
adsorption-desorption as 3.86 nm (Figure 4B).

Drug loading e�ciency

�e main core of this study is to develop a method for high loading 
e�ciency applying molecular encapsulation into MSN. We loaded the 
NPs with three drugs currently in use as anti-tuberculosis chemotherapy 
namely isoniazid, ethambutol and pyrazinamide. As pyrazinamide 
is a pro-drug that needs to be hydrolyzed for antibacterial activity 
we also included its active entity, pyrazonic acid. Two drug loading 
strategies have been adopted in this study via impregnation and rotavap 
procedures. TGA was employed to determine the loading e�ciencies. 
Figures 8-12 describe the TGA thermograms of the drugs loaded by 
the rotavap method, while Figures S1-S5 (supplementary info) show 
the TGA of the same drugs loaded by the conventional impregnation 
method. �e TGA experiments were done prior to application of PEI / 
mannose coatings in order to exclude any interference that may occur 
by the PEI and/or mannose molecules in the data analysis.

�ere are three main weight loss steps in the TGA curves of loaded 
MCM-41 that goes in agreement with earlier studies [27,29]:

1- Initial weight loss below 100°C of adsorbed moisture and 
solvent.

2- Step I commencing at ca. 200°C that is assigned to decomposition 
of the surface bound functional groups such as amino and thiol groups.

3- Step II occurring at 250- 450°C that is assigned to decomposition 
of the functional groups e.g.: amino groups bound to the inside pore 

 

Figure 8: TGA curve of nanoparticles loaded with pyrazonic acid (POA) using 
rotavap method showing the weight loss below 100°C, and the weight loss 
between 100°Cand 600°C. The experiment was done in duplicates with a 
standard deviation of 1.7.

 

Figure 9: TGA curve of nanoparticles loaded with pyrazinamide (PZA) 
using rotavap method showing the weight loss below 100°C, and the weight 
loss between 100°C and 600°C. The experiment was done in duplicates 
with a standard deviation of 2.1.

 

Figure 10: TGA curve of nanoparticles loaded with isoniazid using rotavap 
method showing the weight loss below 100°C, and the weight loss between 
100°C and 600°C. The experiment was done in duplicates with a standard 
deviation of 2.8.

walls.

4- Step III occurring above 600°C that is related to the dehydration 
(decomposition) of the particle’s silanol groups.

So, the amount of drugs loaded within the particles could be 
estimated by the weight loss between 100 to 600°C. �e amounts of the 
loaded drugs are given in Table 1.

According to data in Table 1, all four drugs and �uorescein were 
successfully encapsulated into the NPs. �e loaded amounts of the 
drugs used herein were considerably high upon using the rotavap 
method compared to the conventional impregnation method.

�e loaded amounts also exceeded early reported values for 
isoniazid and rifampicin reported earlier by Zhu et al. as 37.89 and 3.77 
µg/mg MSN respectively [31].

Further advantage of the rotavap method is the independence of 
the drug class, charge and size.

Controlled release of �uorescein
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Figure 11: TGA curve of nanoparticles loaded with fluorescein using rotavap 
method showing the weight loss below 100°C, and the weight loss between 
100°C and 600°C.The experiment was done in duplicates with a standard 
deviation of 1.4.

 

Figure 12: TGA curve of nanoparticles loaded with ethambutol using 
rotavap method showing the weight loss below 100°C, and the weight loss 
between 100°C and 600°C.The experiment was done in duplicates with a 
standard deviation of 1.4.

 

Figure S1: TGA of nano particles loaded with pyrazonic acid (POA) using 
impregnation method showing the weight losses below 100°C, and in the 
temperature range 100°C - 600°C.

 

Figure S2: TGA curve of nanoparticles loaded with pyrazinamide (PZA) 
using impregnation method showing the weight losses below 100ºC, and in 
the temperature range 100-600ºC.

Loaded drug Impregnation method Rotavap method

Weight loss % (100℃ 

to 600℃)

Amount of loaded drug in 

µg / mg MSN

Standard 

deviation

Weight loss % 

(100℃to 600℃)

Amount of loaded drug in 

µg / mg MSN

Standard 

deviation

Isoniazid 6 28.8 1.7 40 400 2.8

Pyrazinamide 8.9 106.8 2.1 35 350 2.1

Pyrazonic acid 6.5 90.6 2.8 22.5 225 1.7

Ethambutol 5 12.5 1.4 12 120 1.4

Fluorescein 6 75 1.4 22.2 221 1.4

Table 1: Comparison between the loading amount efficiency of the selected drugs as estimated by TGA for the rotary- evaporator and the impregnation methods. The 
experiments were carried out in duplicate.

pH-stimulated release of NPs cargo is an important criteria since 
pathogenic bacteria such as TB bacteria (Mycobacterium tuberculosis 
and related bacteria) during infection, can be located in slightly 
acidic environments, e.g.: in in�ammated tissues or in the endosome 
of human macrophage cells. �e PEI-coating of the NPs described 
here is important for this purpose since PEI exhibits a proton sponge 
e�ect [32-34] which leads to endosomal vesicle rupture and thus 

preventing lysosomal degradation of the particles and leads to the 
particles liberation into the cytoplasm [22]. �is behavior is due to the 
fact that acidic pH leads to protonation of the excessive imine groups 
on PEI as well as interaction with counter ions, and water molecules 
di�usion. Consequently, gradual PEI swelling and formation of open 
hole-like pores in the endosomal vesicle as a result of the osmotic 
pressure di�erence results in the liberation of the encapsulated particles 
with concomitant release of drugs into the cell’s cytosol [15,35]. In the 
present study we demonstrated a cargo release from MSN, loaded with 
�uorescein coated with polyethyleneimine (PEI) in simulated Body 
Fluid (SBF) as a release medium at pH values of 7.4 and 5.5 to mimic 
blood plasma and the endosomal vesicles pHs respectively. A�er about 
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Figure S4: TGA curve of nanoparticles loaded with fluorescein using 
impregnation method showing the weight losses below 100ºC, and in the 
temperature range 100-600ºC.

 

Figure S5: TGA curve of nanoparticles loaded with ethambutol using 
impregnation method showing the weight losses below 100ºC, and in the 
temperature range 100-600ºC.

 

Figure 13: pH-controlled cargo release from nanoparticles assembly. The 
time course of fluorescein release from PEI-coated mesoporous silica 
nanoparticles was assessed by absorption spectrometry at 5.5 and 7.4 pH 
values.

to be used in pH-stimulated release of the drugs encapsulated within 
MSN.

Conclusion and Future Perspective

In this study, we have prepared MCM-41 mesoporous silica 
nanoparticles and encapsulated various anti-tuberculosis drugs as 
model molecules using an e�cient rotavap method. �e encapsulation 
e�ciencies using the developed rotavap method were compared with the 
conventional loading impregnation method. �e synthesis procedures 
for nanoparticles have been optimized to obtain large surface areas and 
controlled spherical shape. �e rotavap technique for drug loading is a 
novel technique and, to our knowledge, has not been reported earlier 
for MSNs. Besides the high loading e�ciencies, the rotavap method 
appears to be independent of drug nature, charge and solvent. �e 
prepared MSNs have been further modi�ed by coating with PEI linked 
to mannose as an endosomal escape and targeting moieties respectively. 
�e multifunctional nanoparticles were characterized using SEM, TEM, 
FT-IR, XRD, and nitrogen adsorption/desorption isotherms for pore 
size/volume and surface area measurements. All the obtained results 
are consistent with previously reported studies [5,6,14,27].

Most known delivery systems cannot escape the endosomal vesicle 
a�er receptor mediated endocytosis and this leads to their degradation 
by the late endosome (lysosome). �e NPs reported here are coated 
with PEI, which can assist in escaping from the endosome a�er 
endocytosis. �e low pH values of the endosomal vesicle leads to the 
protonation of PEI with subsequent swelling of the PEI coating and 
endosomal vesicle rupture, leading to the release of the drug particles 
and the drugs into the cytoplasm [14,15]. From the release behavior 
of the �uorescein molecule from the nanoparticles assembly, a 2.5 fold 
percentage of the cargo release delay was recorded between plasma 
pH of 7.4 and endosomal vesicles pHs of 5.5. �is becomes signi�cant 
upon t using these particles in vivo allowing for prolonged circulation 
time in the blood. By this period of time, the particles are expected to 
�nd their way the desired cells because of their functionalization by 
mannose which is known as a targeting moiety to the macrophage cells 
[15]. Functionalization of the particles with other targeting molecules 
is also feasible.

As a follow-up to our study, the potential of our produced delivery 

 

Figure S3: TGA curve of nanoparticles loaded with isoniazid using 
impregnation method showing the weight losses below 100ºC, and in the 
temperature range 100-600ºC.

70 hours, the release was found to be about 100% and 40% for pHs 5.5 
and pH 7.4 respectively (Figure 13). �is con�rms the ability of PEI 
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system for prevention of bacterial growth can be further evaluated, e.g. 
using a macrophage cell lines model. Tuberculosis bacteria can infect 
human alveolar macrophages and can survive in the phagosome of the 
host macrophages for an extended period, as a result of a prevention 
of the intracellular phago-lysosymal fusion [36]. �e di�culty of 
the elimination of these intracellular bacteria signi�cantly renders a 
prolonged TB chemotherapy (>6 months) [37]. �e properties of the NP 
system reported here may prove useful for combating these recalcitrant 
pathogenic bacteria. Moreover, pyrazonic acid (POA) which is the 
active form of its pro-drug pyrazinamide (PZA) cannot di�use into 
the human macrophage cells due to its negatively charged nature. �is 
is why it is applied in the pyrazinamide form that is transformed to 
POA by the enzyme pyrazinamidase [37]. �e main problem here is the 
appearance of drug-resistant strains that have mutations in the above 
mentioned enzyme and so the drug becomes ine�ective. A nanoparticle 
system with encapsulated pyrazonic acid, as reported here, may turn 
out as promising system for direct delivery of the active drug entity into 
human cells.

On the other hand, encapsulation of many other drug molecules 
with high concentration such as anti-cancer drugs could be achieved 
using our developed particles and the novel rotavap method for 
encapsulation. Also, these could be used as a potential gene delivery 
system into the cells. �is will make the particles as having dual 
functions: delivery of chemical compound (e.g. drug molecule or 
�uorescent dye) in addition to nucleic acids of di�erent nature (plasmid, 
siRNA, miRNA…etc).

Taken together, the nanoparticle system reported here combines 
high surface area, high drug loading e�ciency, and sustained cargo 
release with the potential for speci�c cell targeting and endosomal 
escape. �ese properties may allow for utilizing the NPs as (drug/
gene) delivery system for combating infectious diseases, and cancer, by 
simply encapsulating any other drug molecule and/or targeting moiety 
for the appropriate cell type thus, minimizing the drugs side e�ects.
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