
NLAB Drug Delivery
We develop drug delivery customised solutions using 
Nanologica’s revolutionary porous materials 

Total control release
Our patented techniques allow us to create highly porous silica particles with 
the following properties:
- Ordered pore network homogeneous in size: for fine tuning of drug release 
kinetics.
- High pore volume: for high drug loading capacity.
- Functionalizable surface: for the incorporation of both hydrophobic and hy-
drophilic drugs.
- Biocompatible: both oral and intravenous administration.

Benefits

• Avoiding impaired drug absorption of co-administered drugs.
• Improving the oral absorption and systemic exposure of poorly absorbed, in-
soluble drugs and drug candidates.
 
•Making drug absorption more predictable (less inter-individual variability) and 
hence safer and more effective. 
 
•Targeting of drug release through functionalisation of particles surface.
• A new orally safe biocompatible material with added functionality ensuring 
short development timelines and low associated costs.
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Zhou and Garcia-Bennett Release of Folic Acid in Mesoporous NFM-1 Silica
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Fig. 2. Left: Correlation between BET surface and amount of release folic acid (calculated and experimentally derived). Middle: Release model of
partly released samples. Yellow diamond = tetrad of folic acid; H = distance between two adjacent tetrads; m = the numbers of released folic acid
molecules. Right: Release kinetics curves of folic acid in NFM-1 samples.

TG/DTA curve of as-made NFM-1-G is shown in
Figure 3(a). Three distinct decomposition weight loss
regions can be observed. Region I (150 !C–270 !C) is due
to the decomposition of freely grafted or surface bound
organalkoxysilane groups, as has been observed previ-
ously in other synthesis employing APES.17 Region II
(270 !C–490 !C) can be associated with the overlapping
decomposition of the organoalkoxysilane located within
the internal surface and glutamate moiety of folic acid.
Region III (490 !C–830 !C) is the decomposition of the
pterin and p-amino benzoic acid.17 All organic moieties in
the as-made materials are 45.19% of total amount. After
releasing folic acid for 2 hours, 41.63% of organic moi-
eties are left in the materials as shown in Figure 3(b).
Only 3.56% folic acid was released after 2 hours. Three
decomposition weight loss regions are similar with as-
made samples. The surface area of the samples was done
by nitrogen adsorption desorption measurement as shown
in Figure 4(a). The surface area only is 10.65 m2/g because
a little amount of folic acid was released. If the released
time is extended to 8 hours, more folic acid molecules
come out. 5.39% folic acids are released as shown in
Figure 3(c), and the surface area is 70.2 m2/g shown in
Figure 4(b). The release rate is quite slow from above
data. Figure 3(d) shows the TG/DTA data of extracted
samples. One sharp weight decrease (14.9%) in the range
of 130–350 !C is shown in the extracted samples, which
attributed to the decomposition of propylamino groups.
Some folic acid still was left in the extracted samples even

Table I. Parameters of power law and Higuchi equations for the release curves of folic acid, kp: kinetic constant; n: release exponent; R: coefficient
of correlation; T50%: the time released 50% of folic acid.

Power law: lnF = lnkp+nlnt

F < 100% F < 60% Higuchi: F = kHt
1/2

kp n R kp n R kH R T50% (hr)

NFM-1-F 0.53 0.14 0.98 0.53 0.18 0.96 0.45 0.88 0.65
NFM-1-R 0.34 0.18 0.97 0.32 0.28 0.99 0.24 0.92 5.96
NFM-1-G 0.28 0.21 0.90 0.23 0.46 0.98 0.22 0.98 9.13
NFM-1-X 0.38 0.14 0.99 0.38 0.11 0.95 0.24 0.67 12.67

after four times extraction. The surface area of extracted
and calcined NFM-1-G samples is 350 m2/g and 617 m2/g.

Nitrogen adsorption–desorption isotherm of as-made,
partly released and extracted NFM-1-G have been con-
ducted (results not shown). As for the partly released sam-
ples, the quantity of nitrogen adsorbed linearly increases
with the relative pressure. The isotherms are close to
type II according to the IUPAC classification.17 Figure 4
shows the correlation of BET surface area and number of
released folic acid. The surface area shows linear increase
with the release of folic acid whether on theoretically or
experimentally. However, the slopes are different. The the-
oretical surface acre is calculated by the model as shown
in Scheme 1 according to the equation S =m/4 ·H ·! ·D.
Here S is the specific surface areas, D is the adsorption
average pore size of extracted samples, m is the number of
released folic acid molecules which can be calculated from
TG data, and H , the distance between two adjacent folic
acid tetrads, is 0.35 nm from the X-ray diffraction of !–!
stack at high angle.15 In the beginning of releasing process,
the surface area is less than the theoretical value shown
in Figure 5. One possibility is that the inner folic acid
tetrads diffuse into the released space and block the nitro-
gen adsorption, so the surface area tested is lower than the
theoretical result. The hydrogen bonds among folic acid
tetrads would not be broken in the releasing process. With
increasing the release time, more folic acids are released
out, and the left folic acids will have enough space to dif-
fuse, so the tetrads can be slanted as shown in Scheme 1.
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 Uptake of mesoporous silica particles does not 
interfere with macrophage engulfment of 
apoptotic target cells.

Author's personal copy

has been determined with commercially available colloidal silica
particles in pulmonary studies in rats [74]. However, the availability of
toxicological data pertaining to mesoporous materials is limited and
dif!cult to compare due to the lack of standard synthesis methods and
the wide versatility of synthesis route. Particle shape, size, and surface
area depend on individual synthesis procedures at different research
and commercial locations, and the physico-chemical properties of the
!nal materials may differ considerably. The degree of condensation of
the amorphous silica wall, which varies according to the post-
synthesis treatment of the particles, will affect the dissolution rate of
silica to silicic acid species and its surface properties. Nevertheless,
some in vitro cytotoxicity studies have been performed on mesopor-
ous nanoparticles. MCM-41 (2D-hexagonal) particles prepared with
cationic surfactants thus displayed low toxicity when introduced into
HeLa cell cultures [75,76]. Moreover, we and others have recently
reported on the biological behavior of mesoporous structures AMS-6
and AMS-8 (3D-cubic) prepared with anionic surfactants. These
nanoporous particles with surface areas above 500 m2/g were
ef!ciently internalized in human dendritic cells, a key cell of the
immune system which plays a central role in the initiation of both
primary and secondary immune responses [77]. Low cytotoxicity was
observed, but a weak immune-stimulatory effect was evident with
elevated levels of co-stimulatory molecule CD86 and an induction of
the T-cell stimulating factor, IL-12. Our ongoing studies are directed to
the interactions between these mesoporous silica structures and
macrophages, the professional phagocytes of the immune system; see
section below on internalization of nanoparticles.

To date, few in vivo studies exist on the toxicity of mesoporous silica
particles. However, Hudson et al. [78] recently examined the biocom-
patibility of 2D-hexagonal mesoporous materials with particle sizes of
150 nm, 800 nm and 4 !m and pore sizes of 3 nm, 7 nm and 16 nm.
Following subcutaneous injection of high doses of particles in rats
(30 mg particles/animal), good biocompatibility was observed at all
time points. In contrast, intra-peritoneal and intra-venous injections in
mice resulted in death or euthanasia due to distress at high doses.

However, intra-peritoneal doses of 1 mg of particles per animal
(corresponding to 40 mg/kg) were non-fatal. The authors speculated
that the higher death rate in animals injected in the peritoneum
compared to the subcutaneous route could be due to the faster rate of
clearance of the silica particles from the former site, resulting in a higher
systemic dose of particles [78]. Overall, these studies suggest that
biomedical applications of mesoporous silicates should be explored in
the context of synthetic modi!cations to reduce systemic toxicity,
especially if large quantities of particles are to be used.

6. Toxicity of inorganic nanoparticles

Numerous epidemiological studies have provided evidence that air
pollution contributes to systemic as well as pulmonary diseases and
reactive airway effects [79–81]. Ultra!ne particles represent a
substantial component of the particulate matter (PM) in ambient
air, and these studies are therefore of relevance also for the emerging
nanotechnologies. The rapidly developing nanotechnologies are likely
to become yet another source for human exposures to nano-sized
particles. The notion that combustion-derived nanoparticles are an
important component that drives the adverse effects of environmen-
tal particulate air pollution is based on several sources, and it is
relevant to consider this evidence as this may also shed light on the
toxicological potential of engineered nanoparticles [2,82]. Indeed,
important lessons can be learned from other pathogenic particles such
as silica and asbestos, which have been studied extensively [83].

6.1. Note on cytotoxicity assays

Cell culture studies account for the majority of all nanotoxicological
research; however, data obtained from in vitro experiments could be
misleading for a variety of reasons, and will therefore require veri-
!cation from in vivo (animal) experiments [3]. First, certain nanoma-
terials may interfere with the read-out systems of commonly used
assays for cell viability and/or mitochondrial function [84]. Indeed,

Fig. 3. Typical TEM images of hexagonal mesoporous nanoparticles with 2D-hexagonal structure (left) recorded along the [001] orientation; and a 3D-cubic structure (right)
recorded along the [100] orientation. Unit cell models derived from electron crystallography are shown for a 2D-hexagonal mesostructure with cylindrical pores (bottom left) and
for a 3D-cubic caged-type structure (bottom right). The surface boundary between the silica wall and the pore is shown. TEM images recorded by one of the authors.
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