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ABSTRACT - Purpose: Although it passes through blood-brain barrier (BBB) very poorly, methotrexate (MTX) 
is an important therapeutic in the treatment of many central nervous system malignancies. Accordingly, intranasal 
(IN) administration accompanied with a muco-adhesive chitosan-based nanoformulation is expected to overcome 
this problem. Methods: Nanogel containing MTX was prepared through an ionic gelation method and then 
characterized in terms of particle size, morphology, zeta potential, drug loading and drug release behavior. The 
drug release results were fitted on eight mathematical models to choose the model best describing the 
phenomenon. Then the nano-formulation and free drug solution in deionized water as control were administered 
in the nasal cavity for rats and after 15, 30, 60 and 240 minutes their brain and plasma were analyzed for MTX 
quantity. Results: The nano-formulation demonstrated an average particle size near 100 nm with a zeta potential 
of 18.65±1.77 mv. Loading efficiency and loading capacity were calculated to be 65.46±7.66 and 3.02±0.34 
respectively. The Weibull model was found to be best describing the release phenomenon as a combination of 
swelling and Fickian diffusion. Moreover in in vivo studies, drug targeting efficiency and direct transport 
percentage for nanogel (test) and free drug solution (control) were 424.88% and 76.46% and 34842.15% and 
99.71% respectively.  Conclusion: According to in vivo studies, nanogel produced significantly higher 
concentration of MTX in the brain but not in the plasma when compared to the free drug solution. Besides, in 
comparison to intravenous administration of the same nanogel it was indicated that intranasal administration 
significantly increases the brain concentration of MTX. 
 
INTRODUCTION 
 
Brain tumors are have poor prognosis leading to 
burdensome morbidities and mortalities both in 
families and healthcare systems (1, 2). Primary 
central nervous system lymphomas, as one of the 
most frequent forms of primary brain tumors in 
adults, are estimated to affect 4.5 per 1 million 
persons per year and seem to slightly increase. The 
median age of incidence is 65 and no differences 
among races have been detected in frequency of 
incidence, while it happens 1.33 times more in men 
than women (3, 4). The most important risk factor 
for primary central nervous system lymphomas is 
immunodeficiency both acquired and congenital and 
its common symptoms are headaches and 
behavioural/personality changes (4-6). The 
management of primary central nervous system 
lymphomas has been improved during the past 
decades and increased patients’ quality of life. High 
dose intravenous (IV) methotrexate (MTX) is the  
 

 
 
 
backbone of treatment and whole-brain radiotherapy 
and other chemotherapeutics in combination with 
MTX has produced better clinical outcomes; 
although dose and frequency of chemotherapy and 
radiotherapy has not been optimized yet (3, 4).  

MTX, acting as folic acid antimetabolite is a 
small molecule with hydrophilic nature, widely 
utilized in various antineoplastic regimens including 
those for treatment of primary central nervous 
system lymphomas (7, 8). 

Although administration of MTX has been a 
breakthrough increasing patients survival, its poor 
passage through blood-brain barrier (BBB) resulting 
in high-dose regimens, has been a serious obstacle 
for the clinical practice (9).  
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To put the issue into perspective, a 2nd phase 
clinical trial, reporting successful implementation of 
8 g/m2 MTX intravenously in monotherapy, for 
maximum eight dose- repetitions by two-week 
intervals is remarkable (10). Beside the poor BBB 
passage, high dose MTX causes severe nephropathy 
because of MTX and its metabolite precipitation in 
renal tubules that could be life-threatening itself (5). 
Also hepatotoxicity and haematological adverse 
effects are remarkable with high dose MTX (11). 

To overcome afore-mentioned problems and 
enhance CNS concentration of MTX in low dose, 
current study tries to take advantages of a muco-
adhesive chitosan- based nanogel formulation 
accompanied with a blood-independent route of 
administration that is intranasal route. 

Drug delivery to CNS is harshly restricted via 
physiological mechanisms including BBB and 
blood-cerebrospinal fluid barrier (BCSFB), as well 
as biochemical barriers consist of various enzymes 
and transporters. CNS malignancies, despite their 
low prevalence, have very high mortality rate that 
could be due to drugs’ poor access to CNS (12). 

Currently, conventional medicine exploits 
intranasal drug administration for non-systemic 
purposes like nasal congestion, hypersensitivity or 
respiratory tract infections. However, recent 
academic attention has been drawn to the intranasal 
drug administration for brain drug delivery purposes. 
This could be attributed to its many benefits such as 
being non-invasive, blood and gastrointestinal 
absorption independent, bypassing of BBB and 
hepatic first pass effect which ultimately lead to a 
reduced dose of drug, less systemic side effects, and 
increased patient compliance (13-15). Three 
pathways have been mentioned in the literature for 
nose to brain transport including olfactory nerve 
ending at olfactory bulb, trigeminal nerve first and 
second branches ending at brain stem, and absorption 
into systemic circulation via highly vascularized 
nasal epithelium. Olfactory nerve is considered to be 
the most important as well as the most rapid passage. 
Olfactory sensory neuron regenerates every 3-4 
weeks in the olfactory region and during this 
regeneration, transport inhibitory mechanisms like 
tight junction proteins, enzymes and efflux 
transporters act poorly, forming a leaky barrier that 
can transit molecules via two mechanisms: first, 
molecules could diffuse between neurons and move 
through bulk transport in the interstitial fluid; 
second, molecules could transit transcellularly with 

either passive diffusion, carrier or receptor mediated 
transport or even endocytosis. Transcellular transit 
takes more time than bulk transport. However, 
molecules diffuse in the whole brain by 
cerebrospinal fluid flow as soon as they arrive at 
olfactory bulb. The other transport passage from 
nose to brain is the trigeminal nerve branches. 
Transport mechanism through these nerves is similar 
to those for olfactory nerve, although this passage 
from nose to brain stem is longer in distance and 
takes more time. The last transport passage from 
nose to brain, which is an indirect route, is absorption 
to blood stream that is closely related to molecules’ 
lipophilicity and the ability to enter the brain through 
the BBB (13, 14, 16). 

Selecting a proper formulation for nose to brain 
drug delivery could be a key factor, affecting drug 
absorption from nasal epithelium. Nasal drops are 
not suitable because it is not possible to control drop-
size leading to an unwanted dose variation. Besides, 
drops could easily fall out of the nasal cavity. Solid 
dosage forms like powders are also improper since 
they cause dryness and irritation. Gel-based 
formulations seem to be the most suitable forms 
because of their consistency they tend to remain in 
the nasal cavity for an adequate period of time while 
they do not irritate the mucosa (17, 18).  

By definition, polymeric nanoparticles are nano-
sized (10-1000 nm) polymeric particles that can 
solve or entrap drug molecules in their matrices or 
encapsulate them as well as attaching drug molecules 
on their surface. On the other hand, hydrogels are 3-
D polymeric structures, distinguished by their ability 
of absorbing significant amounts of water. Hence, 
hydrogel nanoparticles or nanogels are polymeric 
nanoparticles with merits of both nano-sized systems 
and hydrogels. Nanogels’ unique ability to absorb 
water leads to physicochemical characteristics 
analogous to those of living tissues more than any 
other group of biomaterials, including high water 
content, soft and rubbery consistency and low 
interfacial tension with water and biological fluids. 
Because of cross-linked structure, hydrogels tend to 
swell rather than being dissolved in aqueous 
environments and this is the key factor in 
determining their drug release properties (19-21). 

Chitosan is a derivative of chitin, the second 
abundant polymer of the nature, with random order 
of monomers, glucosamine and N-acetyl 
glucosamine along the linear chain. Chitosan’s 
appealing characteristics including biocompatibility, 
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biodegradability, biosafety, possibility of various 
modifications (both chemically and electrostatically) 
and forming muco-adhesive hydrogels as well as its 
antitumor  effects have made it a good candidate for 
drug delivery in the context of cancer research (19, 
22, 23). A convenient and very well established 
method to prepare a drug delivery system from 
chitosan is to insert the drug within chitosan 
nanoparticles, fabricated via an ionic gelation 
procedure. Adding solution of a polyanion (for 
instance  tripolyphosphate) in a dropwise manner to 
the acidic solution of polycationic chitosan while 
stirring the medium provides chitosan hydrogel 
nanoparticles through electrostatic cross linkage 
with results in  uni-distributed size and positive 
surface charge (24, 25). 

This study was designed and conducted based on 
previous studies including comparison of brain 
delivery efficiency for MTX simple solution 
following administration via systemic and intranasal 
routes as well as declaring efficiency of nanogels for 
drug delivery to brain via ivroute. The Novel goal of 
the present study is to evaluate efficiency of the 
developed muco-adhesive nano-formulation in brain 
delivery of MTX via intranasal (in) route compared 
to the solution of the free drug that is available in the 
market.  Moreover, data from our previous research 
including plasma and brain concentration of MTX 
following iv administration of the same developed 
formulation with the same dose would be compared 
to the data of IN administration. 
 
MATERIALS AND METHODS 
 
MATERIALS 
 
Chitosan, a low molecular weight product with an 
acetylation degree of 95% and viscosity of 6 mPa in 
1% w/v solution, was prepared from ChitoClear 
(Primex, Siglufjordur, Iceland). Also methotrexate 
(injection, USP, 1 g/10 mL, Mylan, France), 
pentasodium triphosphate (TPP; Merck, Darmstadt, 
Germany), and all other chemicals and solvents 
required for the study were purchased locally. 
 
Animals 
The study has utilized male Sprague-Dawley rats 
(The Animal House, Shiraz University of Medical 
Sciences, Shiraz, Iran) weighing between 250 and 
300 g. They were kept in standard cages with free 
access to water and standard rat foods. 

Ethics Approval for Animal Studies 
The animals were maintained depending on ethical 
codes and guidelines of Shiraz University of Medical 
Sciences as well as The Code of Ethics of the World 
Medical Association (Declaration of Helsinki) EC 
Directive 86/609/EEC addressing animal 
experiments. Ethics Committee of Shiraz University 
of Medical Sciences approved the protocols prior the 
experiment had been conducted (ec-p-9381-8111). 
 
Preparation of methotrexate loaded hydrogel 
nanoparticles 
Methotrexate loaded nanogel was prepared through 
an ionic gelation method involving addition of TPP 
solution (1.5% w/v) containing methotrexate to 
chitosan solution (0.18% w/v) in acetate buffer 
(pH=4) with a 7:1 ratio in a drop-wise manner (26, 
27). The process was delineated to reach the final 
concentration of methotrexate equal to 0.075 
mg/mL. After fabrication, nanoparticles were 
precipitated through centrifuge in 12000 g for 15 min 
and re-suspended in deionized water after discarding 
supernatant. 
 
in vitro Studies  
Particle size and size distribution: 
Due to the important effect of particle size on its 
biological fate in the body, particle size was 
measured through both dynamic light laser 
diffraction particle size analyser (Malvern 
instrument, model Zetasizer 3000 HS, Malvern, 
Worcestershire, UK) and the static light facility 
(Shimadzu SADL-2101, Japan).  
 
Zeta potential 
Electrical surface charge of particles was also 
inspected using Zetasizer (3000 HS, Malvern, 
Worcestershire, UK) 
 
Morphology 
Particles’ shape and plausible aggregation in 
nanogels ware studied through transmission electron 
microscopy (TEM; model EM 10C, Zeiss, Germany) 
with different magnifications. 
 
Drug loading 
Fabricated samples were centrifuged at 12000 g for 
15 min and the supernatant was analysed using a 
previously described reversed phase high 
performance liquid chromatography (HPLC) method 
(28) to calculate the loading amount indirectly. Then, 
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loading efficiency (LE) and loading capacity (LC) 
were calculated based on the following formulas: 
 

𝐿𝐸 =
௟௢௔ௗ௘ௗ ெ்௑ ௔௠௢௨௡௧

௧௢௧௔௟ ெ்௑ ௔௠௢௨௡௧
× 100      (1) 

 
 

𝐿𝐶 =
௟௢௔ௗ௘ௗ ெ்௑ ௔௠௢௨௡௧

௟௢௔ௗ௘ௗ ெ்௑ ௔௠௢௨௡௧ା௖௛௜௧௢௦௔௡ ௪௘௜௚௛௧
× 100   (2) 

Sum of chitosan weight and loaded MTX was 
assumed to represent the total particle weight. 

 
 
Drug release 
Drug release from nanogels was evaluated via 
dialysis method through a cellulose membrane (avg. 
flat width 33 m, typical molecular weight cut-
off=14000, SIGMA-ALDRICH) in phosphate 
buffered solution (PBS) medium at T= 25°c and 
pH=7.4 considering the sink condition. To determine 
the effect of nanogels on drug release, the process 
was repeated for the free drug solution. Sampling 
from the release medium of nanogel was done at 
0.25, 0.5, 1, 2, 5, 7, 8, and 24 h and from that of free 
drug solution was performed at 0.25, 0.5, 1, 2, 5, 7 
and 8 h. Then, samples were analysed by the 
mentioned HPLC method. 

For a further kinetic study, the release data were 
fitted to the following 8 conventional mathematical 
release models. In the formulas, f represents drug 
amount released at time of t, K stands for constant of 
equation and td introduces the delay up to release 
initiation. β is also a representative of drug release 
graph. 

 
Zero order: 
  𝑓 = 𝐾. 𝑡              (3) 

First order: 
ln(1 − 𝑓) =  −𝐾. 𝑡         (4) 

Higuchi: 

 𝑓 = 𝐾. 𝑡
భ

మ           (5) 

Hixson-Crowell: 

 1 − (1 − 𝑓)
భ

య = −𝐾. 𝑡       (6) 

Square root of mass: 

 1 − (1 − 𝑓)
భ

మ = −𝐾. 𝑡      (7) 

Three seconds root of mass:   

1 − (1 − 𝑓)
మ

య = −𝐾. 𝑡      (8) 

Weibull: 
ln[− ln(1 − 𝑓)] = 𝛽. ln(𝑡ௗ) + 𝛽. ln(𝑡)    (9) 

Korsmeyer-Peppas: 
ln(𝑓) = ln(𝐾) + 𝑛. ln (𝑡)      (10) 
 

 
Then, sum square of total variation (SST), sum 

square of errors (SSE), sum square of regression 
(SSR), coefficient of determination (R2), akaike 
information criteria (AIC), and absolute percent of 
error (E) were calculated for each equation to 
evaluate their accuracy and power of prediction. 
Further, formulations used to calculate afore-
mentioned parameters are as follows (29, 30). 

 
 
Sum square of total variation (SST): 
𝑺𝑺𝑻 = ∑ (𝒚𝒊 − 𝒚)𝟐𝒏

𝒊ୀ𝟏       (11) 

Sum Square of errors (SSE): 
𝑺𝑺𝑬 =  ∑ 𝒆𝟐𝒏

𝒊ୀ𝟏 = ∑ (𝒚𝒊 − 𝒚𝒇𝒊)𝟐𝒏
𝒊ୀ𝟏   (12) 

Sum square of regression (SSR): 
𝑺𝑺𝑹 = 𝑺𝑺𝑻 − 𝑺𝑺𝑬     (13) 

Coefficient of determination (R2): 
𝑹𝟐 = 𝟏 − (𝑺𝑺𝑬 𝑺𝑺𝑻⁄ )      (14) 

Akaike information criteria (AIC): 
𝑨𝑰𝑪 = 𝑵 × 𝒍𝒏(𝑺𝑺𝑬) + 𝟐 × 𝒑      (15) 

Absolute percent of Error (E): 

𝑬 =
𝟏𝟎𝟎

𝑵
∑

|𝒇 𝒄𝒂𝒍𝒊ି𝒇 𝒐𝒃𝒔𝒊|

𝒇 𝒐𝒃𝒔𝒊

𝑵
𝒊ୀ𝟏       (16) 

Number of errors (NE): 

𝑵𝑬𝒊 =
𝟏𝟎𝟎×𝒏𝒊

𝑵
        (17) 

 
 
in vivo Studies 
Preparation of rats for drug administration: 
Animals were anaesthetized using a ketamine-
xylazine cocktail (70 mg/kg ketamine and 7 mg/kg 
xylazine). Then their trachea was intubated with 
feeding tube number 6 in order to enable animals to 
breathe (31). 
 
Drug administration 
For sampling at each time point, rats were divided 
into two groups of test and control, each containing 
five animals. For the test group, nanogel was 
administered nasally after preparation, separation 
and resuspension, to suffice a 25 µg of methotrexate 
in 1 kg of body weight utilizing a 100 µl sampler. For 
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the control group, free drug solution (200 µg/mL) 
prepared by diluting the commercial vial of 
methotrexate in deionized water and was 
administered in nasal cavity with the same method 
and dose as the test subjects. 

 
Obtaining tissue specimens 
Five animals from both test and control groups were 
sacrificed at 15, 30, 60 and 240 minutes after drug 
administration. A blood sample was taken and the 
whole brain was harvested after each animal’s death. 
Then blood samples were centrifuged at 2000 g for 
20 min to eliminate cellular compartment. 
Thereafter, plasma and brain specimens were frozen 
at -70°C till the quantification analyses. 

 
Quantification of methotrexate in tissue samples 
The same previously cited HPLC method  was used 
to quantify MTX in whole brain and plasma samples 
(28). 
 
Calculating neuro-pharmacokinetic parameters 
Two main parameters describing neuro-
pharmacokinetics of drugs, administered via nasal 
route, are drug targeting efficiency (DTE) and direct 
transport percentage (DTP) calculating through 
following formulas. 

 

𝐷𝑇𝐸 = 100 ×
(஺௎஼್ೝೌ೔೙ ஺௎஼೛೗ೌೞ೘ೌ⁄ )೔೙

(஺௎஼್ೝೌ೔೙ ஺௎஼೛೗ೌೞ೘ೌ⁄ )೔ೡ
      (18) 

𝐷𝑇𝑃 = 100 ×
஺௎஼್ೝೌ೔೙(೔೙)ି஻ೣ

஺௎஼್ೝೌ೔೙(೔೙)
          (19) 

Where: 

𝐵௫ =
஺௎஼್ೝೌ೔೙(೔ೡ)×஺௎஼೛೗ೌೞ೘ೌ(೔೙)

஺௎஼೛೗ೌೞ೘ೌ(೔ೡ)
      (20) 

 
AUC in formulas above represents area under 

concentration-time curve while in and iv indices 
represent intranasal and intravenous route of 
administration. 
 
STATISTICAL ANALYSIS 
 
To recognize significant differences between MTX 
concentration in brain and plasma samples of test and 
control groups, f-test was performed to control 
homogeneity of variances (significance level= 0.05); 
then average of groups were compared through 
homoscedastic or heteroscedastic t-test (significance 
level=0.05). 

Finally, students’ t-test was administered to 
compare the study findings with a previously done 
experiment on rats (32), receiving the same dose of 
the same formulation through the iv route 
(significance level=0.05). 
All of the analyses were done, utilizing StatPlus:mac 
LE (AnalystSoft. Inc.; 2015) and SPSS statistics 23.0 
(IBM; 2015). 

 
RESULTS 
 
in vitro Studies 
Particle size and size distribution 
Both static and dynamic light LASER diffraction 
methods declared unimodal curves as well as normal 
size distribution for nanoparticles. Figure 1 
represents the results. Accordingly, dynamic method 
Z-average is about 110.18±17.70 nm with a 
polydispersity index (PDI) of 0.26±0.07 (Figure 1 
A), while for the static method, median diameter 
considering number, volume and area of particles is 
75.33±1.15 nm, 93.67±4.04 nm and 86.33±2.89 nm, 
respectively (Figure 1 B).  
 
 

 
Figure 1. Dynamic light laser diffraction (A) and static 
light laser diffraction measured based on the number of 
most frequent particles (B). 
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Morphology 
Nanoparticles are distinguishable as quite spherical 
particles with smooth surface, containing small 
vacuoles of water. Based on the scale of TEM 
images, determined size and size distribution of 
nanoparticles are in a good agreement with the static 
and dynamic light Laser diffraction results (Figure 2 
A). 

As reported in the literature, continuous imaging 
of the chitosan hydrogel nanoparticles with TEM, 
results in absorption of energy from emitted 
electrons. Consequently, little vacuoles tend to 
aggregate and form a large vacuole, from which 
water evaporates and leaves the chitosan matrix (33). 
 
Drug Loading Parameters 
In the art of drug formulating, it is noteworthy that 
loading parameters should be high enough to deliver 
optimum amount of drug using the least plausible 
excipients. Especially, this is true for polymers based 
on their safety issues and intake limitations. Afore-
mentioned method of preparation for hydrogel 
nanoparticles lead to a LE of 65.46±7.66 % and a LC 
of 3.02±0.34 %. Appealing characteristics about the 
formulation are the acceptable LE and the very high 
safe dose of chitosan beside its pharmacological 
effects (26) (34). 
 
Zeta potential 
Based on an electrophoretic mobility mechanism, 
zeta potential of prepared nanogel determined to be 
18.65±1.77 mv.  

Drug release 
Figure 2.B illustrates release pattern of MTX from 
both nanogels and the drug solution. Curve fitting 
analyses on 8 conventional mathematical models 
were applied to reach a more lucid illustration of 
release mechanism. Analyses showed that Weibull 
model best described the MTX release phenomenon 
from nanogels due to the highest R2, the least AIC, 
and error and the highest NE<10% as well as 
NE<20%. All the curve-fitting parameters calculated 
for each eight mathematical release models are 
mentioned in Table 1.  
 
Quantification of MTX in tissue samples 
Table 2 represents MTX concentration in brain and 
plasma of both test and control groups at sampling 
points. To quantify MTX in the brain tissue more 
precisely, amount of MTX in approximate 0.06 mL 

blood nourishing the brain is excluded from reported 
values (35). 
 

 
Figure 2. TEM images of nanoparticles in 9.6 ×104, 1.8 
×105 and 1.8 ×105 magnitudes respectively (A); 
cumulative drug release from solution and nanogel test in 
triplicate (B). 
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in vivo Studies 
Figures 3 A and B also exhibit profile of MTX 
concentration in brain and plasma of test and control 
groups at each sampling time. Besides, figure 3 C 
demonstrates how brain/plasma ratio of MTX 
concentration changes over time. Significant 
differences between means of MTX concentration 
for test and control groups in each sampling time are 
emphasized by *. 
 

Negative slope for integration plot (Figure 3 D) 
restricts more detailed interpretations of drug uptake 
and clearance from the brain but it could be inferred 
that dominant MTX flow is from brain to blood, 
which declares that direct nose to brain transport has 
greater possibility than entering the brain indirectly 
after blood absorption. 

In our previous research, the same nanogel with 
same dose of MTX was administered through iv 
route for similar animals (32). Figures 4 A to 4 D  

 
 
 
make comparison between aforesaid study findings 
and those of the present investigation and * 
represents significant difference where applied. 
 
Neuropharmacokinetic evaluations 
 
For control group DTE% and DTP% were 34842.15 
and 99.71, while for the test group indices were 
424.88 and 76.46, respectively. 

 
Figures 3 A and B also exhibit profile of MTX 

concentration in brain and plasma of test and control 
groups at each sampling time. Besides, figure 3 C 
demonstrates how brain/plasma ratio of MTX 
concentration changes over time. Significant 
differences between means of MTX concentration 
for test and control groups in each sampling time are 
emphasized by*. 

 

Table 1. Calculated parameters of accuracy and power of prediction for eight mathematical release models 

Error% % NE <  AIC SSR SSE SST R2 a b Model 

20 10 

51.7 25.0 12.5 1.32 0.36 0.56 0.92 0.69 0.28 0.03 Zero order 

77.3 50.0 37.5 -13.57 0.43 0.09 0.52 0.87 -0.24 -0.07 First order 

45.1 62.5 0 -16.40 0.46 0.06 0.52 0.88 0.02 0.19 Higuchi 

82.5 50.0 25.0 -11.86 0.54 0.11 0.65 0.82 0.09 0.02 Hixson-
Crowell 

84.2 50.0 12.5 -11.12 0.40 0.12 0.52 0.79 0.13 0.02 Square root of 
mass 

85.7 50.0 12.5 -10.38 0.39 0.13 0.52 0.76 0.17 0.02 Three-second 
root of mass 

18.9 75.0 37.5 -21.10 0.49 0.03 0.52 0.93 -1.96 0.09 Weibull 

25.7 50.0 25.0 -3.63 0.86 0.30 1.16 0.87 -2.03 0.7 Korsmeyer-
Peppas 
B, slope; a, intercept; SST, sum square of total variation; SSE, sum square of error; SSR, sum square of regressions; AIC, 
Akaike information criterion; NE, number of errors; 

Table2. MTX Concentration in biological samples of test and control groups 
MTX Concentration (administered formulation)  

Plasma (nanogel) (ng/mL)  Plasma (solution) 
(ng/mL)  

Brain (nanogel,) 
(ng/g)  

Brain (solution), 
(ng/g)  

Time  

61±19  59±32  1366±484  88±21  15  
117±52  135±36  1938±293  112±38  30  
110±32  118±48  2055±562  95±41  60  

351±207  198±117  1116±298  53±12  240  
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Negative slope for integration plot (Figure 3 D) 
restricts more detailed interpretations of drug uptake 
and clearance from the brain but it could be inferred 
that dominant MTX flow is from brain to blood, 
which declares that direct nose to brain transport has 
greater possibility than entering the brain indirectly 
after blood absorption. 

In our previous research, the same nanogel with 
same dose of MTX was administered through iv 
route for similar animals (32). Figures 4 A to 4 D 
make comparison between aforesaid study findings  
and those of the present investigation and * 
represents significant difference where applied. 
 
DISCUSSION 
 
in vitro Studies 
Particle size and size distribution 
Despite the great number of studies on nose to brain 
drug delivery during the last decade, there is no 
comprehensive data about how particle size affects 
the amount of drug entrance to the brain and no exact 
limitation has been reported in the literature. 

Electron microscopy has revealed that olfactory 
axons in human have diameters about 100-700 nm 

and theoretically, smaller particles could transport 
via transcellular route through these axons (36). 
Accordingly, obtained particle size (almost 100 nm) 
seems to be in a suitable range for transcellular 
transport within the brain. 

 
Zeta potential 
Effect of nanocarrier surface charge on brain 
absorption from intranasal route is also a matter of 
controversy. Because of the present glycocalyx (with 
negative charge) on the BBB, it is expected that 
positively-charged particles are easily attracted 
while negative-charge particles are repelled. 
Although, there are experiments showing that both 
cationic and anionic nanoparticles can cross the 
BBB. For example, Gabal et al. investigated the 
effect of surface charge of cationic and anionic 
nanostructured lipid nanocarriers for intranasal drug 
delivery purpose. According to their study, cationic 
particles contributed to higher Cmax of drug in the 
brain (the difference was not statistically significant) 
while anionic particles indicated the highest DTE% 
which was 1.2-fold higher than that of cationic 
carriers (37). 

 

Figure 3.  Methotrexate (MTX) brain and plasm concentration. following in administration of test (nanogel) and control 
(solution). Time-course pf changes in MTX brain:plasma of concentration ratio and relationship of such ratio with AUC in 
plasma are depicted. n=5 in all of the groups; * depicts p <0.05. 
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Figure 4. A. Drug conc. in plasma after in and iv administration of drug solution; B, Drug conc. in brain after in and iv 
administration of drug solution; C, Drug conc. in plasma after in and iv administration of nanogel; D, Drug conc. in brain 
after in and iv administration of nanogel. n=5/group; *significantly different from IV, p< 0.05). 
 
 
Morphology 
Considering the morphology of particles and the 
physicochemical characteristics of the polymer, 
MTX could be associated to the nanoparticles in 
several ways. MTX molecules could be entrapped 
within the polymeric matrix, dissolved in the 
entrapped water (vacuoles) or be attached to the 
surface of particles. Although it is proven that 
chitosan opens tight junctions transiently and i 
facilitates paracellular transport of polar drugs, it is 
not clear whether the increase in brain drug 
absorption (via nasal route) is because of 
transporting encapsulated drug or simply is a result 
of increased nasal retention time due to 
mucoadhesiveness (38). 

 
Drug release 
In the case of drug solution, MTX molecules pass 
through dialysis membrane and reach equilibrium 
with a short delay which could be considered as the 
time necessary for the membrane to saturate. 
According to the nanogels curve, release takes place 
in two distinguishable phases: 1)a primary rapid 
release, which is believed to be a result of surface 
absorbed MTX molecules detachment followed by 
the release of molecules from matrix pores and 2)a 
secondary slower phase, caused by drug release in 
conclusion of matrix erosion (26, 39). Comparing 
slope of release curve for the drug solution and 
nanogel also demonstrates that nanogel leads to a 
slight sustained release. 
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Many mathematical models have been 
developed to describe release phenomenon from 
various modified release formulations. Zero order 
models describe systems in which the release rate is 
independent of remaining amount of the drug in the 
systems. On the other hand, first order models 
portray systems in which the release is always 
dependent on the system’s drug content. Higuchi is 
another comprehensive model, obtained from 
Fickian diffusion that relates release rate to second 
root of time. Hixson-Crowell is another model, 
particularly applied to describe systems eroding over 
time. The model helps delineate a relationship 
between cube root of time and the release rate. 
Square root of mass and three second root of mass 
are also models derived from Hixson-Crowell to 
provide a better description of the release 
phenomenon for some formulations. Weibull model 
is an empirical model, describing both immediate 
and delayed release from various systems. 
Korsmeyer-Peppas is another semi-empirical model 
used for curve fitting analyses (29, 40), in which 
slope of the curve would help predict the release 
mechanism. Accordingly, n=0.43 represents Fickian 
diffusion, n=0.85 represents polymer swelling and 
between 0.43 and 0.85 the mechanism is anomalous 
transport that is a combination of afore-mentioned 
mechanisms (41). For the current data, the scale 
portrays release mechanism as a combination of 
Fickian diffusion and swelling as it is expected for 
hydrogel nanoparticles (19, 41, 42). 
in vivo Studies 
 
In the present study, brain MTX concentration 
following in administration of both MTX solution 
and nanogels is significantly higher than that 
following iv administration (Figures 4B and 4D). 
Figure 3A shows the MTX peak concentration at 60 
min meaning the MTX brain absorption rate is higher 
than its elimination while the ratio of absorption and 
elimination reverses after 60 minutes. Furthermore, 
plasma MTX concentration curves reveal that after 
iv administration, concentration abates by the time, 
which is expected looking at elimination procedure 
from central compartment; while following nasal 
utilization, plasma concentration rises because of 
direct transport from nose to blood as well as indirect 
transport from brain to blood. It is understood that, if 
sampling has been continued, decline in MTX 
plasma concentration would have been observed and 
that would happen at the point, when elimination 

surpasses absorption (Figure 3 B). Also as figure 3 D 
exhibits, for nanogel formulation brain/plasma 
concentration of MTX decreases over time; hence it 
could be concluded that nanogel affects brain 
absorption more than maintaining drug 
concentration in the brain. 

Shingaki et al. (43) and Wang et al. (44) 
compared in and systemic administration routes for 
methotrexate aqueous solution. Shingaki and 
colleagues used 3 doses of 1.25 and 2.5 mg MTX in 
the form of solution with two-day both intranasally 
and intraperitoneally to glioma-bearing rats and after 
the same period of time, tumor weights following 
intranasal administration were 25% of that in rats 
treated intraperitoneally (43). In the study by Wang, 
3.2 mg/kg methotrexate was administered to rats 
divided into two groups, receiving drug intranasally 
and intravenously. Analysing biological samples in 
various time points demonstrated that MTX 
concentration in plasma following in administration 
was significantly lower than that of iv 
administration, while drug concentration detected in 
CSF was significantly higher. Drug targeting index 
(𝐷𝑇𝐼 = ((𝐴𝑈𝐶஼ௌி 𝐴𝑈𝐶௉௟௔௦௠௔⁄ )௜௡ (𝐴𝑈𝐶஼ௌி 𝐴𝑈𝐶௉௟௔௦௠௔)⁄

௜௩
))⁄   

for methotrexate solution was calculated to be 21.7; 
hence it could be concluded that MTX was 
transported into brain directly via the nasal route 
(44). Current study also supports the previous 
findings. The first remarkable fact about the 
calculated DTE parameters is their large quantity, 
indicating that brain MTX uptake is far higher 
following in administration compared to iv 
administration for both the drug solution and the 
nanogel formulation at the mentioned MTX dose. 
Also higher DTE in case of drug solution compared 
to nanogel shows that in route affects absorption 
from drug solution more than that of nanogel. It 
should be noted that the difference in the quantity of 
DTE for drug solution in the present study and 
Wang’s study (44), could be attributed to MTX 
absorption that is dose-dependent and such minute 
dose intravenously administered in the current study, 
would lead to near-zero brain concentration and 
produces such DTE accordingly, although the trend 
seems to be the same in low doses as well as high 
doses. 

DTP is the other important pharmacokinetic 
parameter describing probability of indirect transport 
to brain following blood absorption. For the drug 
solution, the DTP of 99.71 states that the dominant 
pathway of MTX transport due to the drug solution 
from nose to brain is mainly direct transport. In other 
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words, plausibility of MTX solution, absorbed from 
nose to blood to enter the brain is only 0.29%, while 
this value for MTX-loaded nanogel is 23.45%. These 
findings are in good agreement with integration plot 
interpretations (Figure 3 D). 

Drug delivery to CNS has always been a 
challenge especially for hydrophilic molecules like 
MTX. Recently, nanotechnology has made a 
paradigm shift in the context of drug delivery and 
many research teams have made attempts to take 
advantages of nano-world to solve puzzles of 
conventional medicine. Hydrogel nanoparticles, 
resembling living tissues, are powerful tools in 
nanomedicine and chitosan as a hydrogel-forming 
natural polymer with appealing properties has been 
widely used for drug delivery to the brain in 
literature as well as the present study. The other 
strategy used to increase brain concentration of MTX 
is replacing iv route of administration with in route. 
In conclusion, in the afore-mentioned dose, nanogel 
formulation significantly provides higher brain 
concentration than the free drug solution when 
administered nasally. Here, the important question 
that should be considered in further studies is 
whether nanogel is transported to brain or simply the 
rise in brain concentration is because of nanogel’s 
muco-adhesivness providing adequate time for drug 
release. Looking at the DTP, it could be perceived 
that for MTX in both formulations, there is a higher 
probability that absorption takes place directly from 
nose to brain rather than indirect brain absorption 
following entrance to the systemic blood circulation. 
After all, in route seems to be completely superior to 
iv route, generating higher brain concentration 
utilizing either free drug solution or nanogel, 
although further pharmacokinetic studies with more 
sampling time points are required. 
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