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Background: Mucosal immunization requires potent delivery systems and/or adjuvants
to result in protective immunity. Polymeric nanospheres could be used as a delivery
system and adjuvant for antigens. These nanospheres could improve the interaction of
antigens and antigen presenting cells (APCs) and increase their immune stimulation
potentials. Here we report on the preparation of trimethylated chitosan (TMC)
nanospheres loaded with tetanus toxoid (TT). At the present study TMC was synthesized
and its nanospheres encapsulated with TT were prepared and characterized for nasal
immunization. Methods: At the present study TMC was synthesized by a two-step
method. TMC nanospheres encapsulated with TT were prepared by ionic gelation
method. Nanospheres were studied by Dynamic Light Scattering (DLS) and SEM for
size and morphology.andThe zeta potential were determined by Zetasizer.. Loading of
TT was studied by BCA protein assay, release profile was studied for 4 h in 37 °C.
Stability of loaded TT was evaluated by SDS-PAGE method. Results: Percent of
quaternization for TMC was found to be 50.4 + 10.4%. Mean diameter of blank and
loaded nanospheres was 243.2 = 351 nm and 295 + 485 nm, respectively.
Encapsulation efficiency of TT in nanospheres was 60.3 + 12.7%. Percent of released
TT after 0.5 h was 37.02 + 27.63% and after 4 h reached to 86.19 + 13.5%. Stability of
encapsulated TT was confirmed by SDS-PAGE. Conclusion: The synthesized TMC
polymer and its nanospheres loaded with TT showed desired characteristics as a mucosal
antigen delivery system.

Introduction

Most of the present vaccines are administrated by
injection because of their low stability in the
gastrointestinal tract after oral administration and low
absorption at mucosal sites.™?

Obvious disadvantages of parenteral administration are
the high production costs, low compliance of vaccine
receivers, and need for trained personnel to administer
the vaccines.”® There is also the problem of
inactivation of the proteins during storage and
transport.™*

Recently alternative methods of administration such as
the mucosal routes, including nasal, oral and vaginal
routes, have been tried to avoid such disadvantages.*
Consequently, alternative routes of administration are
being explored."*® In particular, the nasal mucosa is an
attractive site for the delivery of vaccines, because of
its relatively large absorptive surface and low
proteolytic activity."” Importantly, nasally administered
vaccines can induce both local and systemic immune
responses.*?® However, most proteins are not well

absorbed from the nasal cavity if administered as
simple solutions.

Chitosan is the most abundant polysaccharide material
for mucosal delivery system.* It has showed favorable
biological properties, low toxicity and high
susceptibility to  biodegradation, mucoadhesive
properties and an important capacity to enhance drug
permeability and absorption at mucosal sites.*® More
importantly,  chitosan  nanoparticles can  be
spontaneously formed through ionic gelation using
tripolyphosphate as the precipitating agent, so that the
use of harmful organic solvent can be avoided during
preparation and loading.*

Chitosan is able to open the tight junctions and in this
way allows paracellular transport across the
epithelium.***** Both nasal and oral drug delivery
researches have demonstrated that significantly higher
amounts of macromolecular drugs can be transported
after co-administration with chitosan.**
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In most of the studies, absorption enhancement was
found only in acidic environment in which the pH was
less or of the order of the pKa value of chitosan.>**? In
contrast, N-trimethylchitosan chloride (TMC), a
partially quaternized chitosan derivative, shows good
water solubility over a wide pH range.™® Hence, soluble
TMC has mucoadhesive properties and excellent
absorption enhancing effect even at neutral pH.**?
Moreover, TMC is an attractive alternative over
chitosan for the design of protein loaded particles by
ionic cross-linking.> Recently, nanoparticulate systems
have been identified as suitable peptide/protein
carriers.® In particular nanospheres are able to protect
drugs from degradation, to improve
permeation/penetration of the drugs across mucosal
surface and also to control the release of the
encapsulated or adsorbed drug.****

At the present study TMC polymer was synthesized
and characterized. TMC nanospheres encapsulated with
tetanus toxoid as an antigen delivery system and
adjuvant were also prepared and their features were
evaluated.

Materials and Methods

Materials

Chitosan (Fluka) (degree of deacetylation (DD) 95%,
molecular weight 200 kDa) was used for synthesis of

TMC. The tripolyphosphate (TPP), n-methyl-2-
pyrrolidone (NMP), methyl iodide (Mel), sodium
iodide (Nal), tween 80, sodium carbonate were

purchased from Merck (Germany). Tetanus toxoid was
provided by Razi Institute (Hesarak, Karaj). All other
chemicals were of reagent grade and were used as
received.

Synthesis and Characterization of TMC

As described previously, TMC was synthesized
according to the method by Sieval et al**® with slight
modifications.’® Briefly, 2 g of chitosan was dissolved
in 80 ml of NMP and stirred in a 2-necked flask in a
constant temperature water bath at 60 °C. The flask
was connected to a condensation column. 11 ml of 15%
NaOH solution was added to the flask and it was
followed by addition of 11.5 ml of methyl iodide (as
the methylation agent) and 4.8 g of Nal. The mixture
was stirred for 75 min and precipitated with addition of
200 ml of ethanol, centrifuged, washed with acetone on
a sintered glass filter and dried. In the second stage, 80
ml of NMP was added to the precipitate (mainly
dimethyl chitosan iodide) and the mixture was stirred at
60 °C. Then 11 ml of 15% NaOH, 7 ml of methyl
iodide and 4.8 g Nal were added successively and the
mixture was stirred for 30 min. An additional 2 ml of
methyl iodide and 0.6 g pellets of NaOH were added
and stirring was continued for 1 h. This mixture was
precipitated with 200 ml of ethanol, centrifuged and the
solid substance was filtered on a sintered glass filter
and washed with acetone to obtain a powdery
substance, which is trimethyl chitosan iodide. To

exchange iodide with chloride, trimethyl chitosan
iodide was dissolved in 40 ml solution of 10% NaCl.
The solution was precipitated with 200 ml of ethanol.
Excess ethanol should be avoided because it will also
precipitate NaCl. The mixture was centrifuged and the
supernatant containing the excess NaCl was completely
removed. The precipitate, which was TMC, was filtered
and washed with acetone, dried and milled to obtain an
off-white water-soluble powder. To determine the
degree of quaternization (% DQ), 1H NMR spectrum
of TMC was measured in D20, using a 600 MHz
spectrometer (Bruker-Biospin, Rheinstetten, Germany)
at 80 °C. The %DQ was calculated from Eq. (1):

DQ= [ [(CH3)3 / [H] x 1/9] x100 (1)

DQ is the degree of quaternization, in mole percentage
of free amine, [(CH3)3] is the integral of chemical shift
of the hydrogens of trimethyl amino groups at 3.3
ppm,; [H] is the integral of H-1 peaks between 4.7 and
5.7 ppm, related to hydrogen atoms bound to carbon 1
of the chitosan molecule, which is taken as the
reference signal.?

Preparation of TMC Nanospheres

According to previous studies, formation of
nanospheres in concentrations more than 3 mg/ml of
TMC has been difficult, and resulted in unstable
suspension.” In this study, TMC with 2 mg/ml
concentration and TPP with 1 mg/ml concentration
were used. During preparation, Tween 80 (1% wi/v)
was added to TMC solution. Tween 80 as a suspending
agent and surfactant could increase the stability of
nanospheres suspension and prevent the aggregation of
nanospheres during gelation step.’®*?

The TMC nanospheres were prepared by ionic gelation
of TMC with tripolyphosphate (TPP) polyanion.
Briefly, 10 mg of TMC was dissolved in 5 ml of
distilled water. Subsequently, 2 ml of TPP solution (1
mg/ml) was added dropwise to the above solution
under magnetic stirring at room temperature and in the
presence of Tween 80% (1% V/V) to prevent particle
aggregation.***** For loading of tetanus toxoid (TT) in
nanospheres, TT was added to TPP solution. After 5
min stirring, nanospheres were separated by
centrifugation at 160009 for 40 min.

Physicochemical Characterization of TMC
Nanospheres

Particle Size, Zeta Potential

The size and zeta potential of the TMC nanospheres
were measured by differential laser scanning (DLS)
method (Malvern zetasizer Nano ZS, UK).

Morphology

Morphological examination of the nanoparticles was
performed by scanning electron microscopy (SEM)
(Hitachi H-600, Japan).
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Encapsulation Efficiency and Loading of Tetanus
Toxoid in Nanospheres
The Encapsulation efficiency and loading of the TT
loaded in TMC nanospheres were determined by
separating the nanospheres from the preparation media,
by centrifugation at 16000g for 40 min?> ? The
amount of free protein in the supernatant was measured
by micro-BCA protein assay method.?? The supernatant
of blank TMC nanospheres was used as blank. The
encapsulation efficiency (EE) was calculated from
standard curve and percent of EE was calculated from
Eq. (2):

EE% =(TT entrapment/ TT o) X100 (2)
Sodium Dodecylsulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)
The fragmentation and aggregation of loaded TT was
evaluated by sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) method. Tetanus toxoid-
loaded TMC nanospheres were destabilized by adding
1 ml of 10% (w/v) NaCl to 6.8 ml of nanoparticle
suspension, resulting in a solution with a protein
concentration of about 0.3 mg/ml. The dissolved
antigen was run on a 7.5% SDS-polyacrylamide gel.
The protein bands were visualized by silver nitrate
staining.

In Vitro Release Profile of Antigen from TMC
Nanospheres

30 mg of TT-loaded nanospheres were suspended in 1
ml of PBS pH 7.4 and incubated in 37 °C under
continuous shaking. Each 30 min until 4 h, the
suspensions were centrifuged in 13000 rpm for 15 min
and 900 pl of supernatants were drawn and replaced
with fresh PBS buffer. The amount of released TT in
supernatant was determined by micro-BCA protein
assay method. The experiments were performed in
triplicate.”® After the entire drug payload was released
at pH 7.4, the percent of the TT was reported.

Statistical Analysis
The Student t test was used for comparisons. P values
smaller than 0.05 were considered as significant.

Results

NMR Characterization of Synthesized TMC and
Degree of Quaternization

TMC was synthesized based on reaction of chitosan
with CHsl.? NMR spectroscopy was used to determine
the degree of quaternization (percent of trimethylated
amine groups) of synthesized TMC.%?*% Figure 1
shows the H-NMR spectra of TMC. The signal of 3.3
ppm is attributed to the (N(CH3)3) group together with
a smaller peak at 5.2 ppm assigned to the (N(CH3)2)
group.® According to the peak assignment and
intensity, the degree of quaternization was calculated to
be 50.45 *+ 10.45%.

Characterization of TMC Nanospheres
Figure 2 shows the TMC nanospheres encapsulated
with TT.

Figure 1. H NMR spectrum of N-trimethylchitosan chloride
after a two step synthesis

Figure 2. SEM image of TT-loaded TMC nanospheres.

The size and zeta potential of TMC nanospheres were
determined using a Malvern zetasizer (Table 1). Both
blank and TT-loaded nanospheres had a similar
diameters of 250-300 nm  (P>0.05). After
centrifugation, the mean diameters of both kinds of
nanospheres were significantly increased to about 700
nm (P<0.01).

Table 1. Mean diameter of TMC nanospheres before and after
centrifugation

Mean diameter (nm) i GRS
centrifugation  centrifugation

Blank TMC nanospheres 243+35 676143

TT- loaded TMC nanospheres 295448 793453
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Encapsulation efficiency of TT was calculated as 60 +
12%. This high encapsulation efficiency could be
attributed to positive charge of TMC and negative
charge of TT. It seems that electrostatic interactions
have a positive effect on TT loading.

The stability problem has been reported for tetanus
toxoid in acidic conditions during preparation of
chitosan nanoparticles.?* At the present study SDS-
PAGE results indicated that the integrity of TT has
been maintained during preparation (Figure 3).

| I "
HQ‘-

Figure 3. SDS-PAGE gel. 1. Standard protein, 2. Supernatant
of TT loaded nanospheres, 3-5. TT loaded nanospheres, 6.
Blank nanospheres, 7-8. Original TT

AN

In Vitro Release of TT from TMC Nanospheres

As it is seen in figure 4, the amount of released TT in
the first 0.5 h of study was about 25%. Nearly all of
encapsulated TT has been released within 2 hours.
After 2 hours, the graph reached to plateau.
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Figure 4. Release profile of TT from TMC nanospheres. The
TT-loaded nanospheres were suspended in 1 ml of distilled
water and incubated in 37 °C under continuous shaking. The
amount of released TT in supernatant was determined by
micro-BCA protein assay method each 30 min until 4 h (error
bars represent the SD, n=3).

Discussion
At the present study the trimethylated derivative of
chitosan (TMC) was synthesized to increase its water

solubility. TT loaded TMC nanospheres were prepared
and characterized as a mucosal vaccine delivery
system.

The semi-synthetic N- trimethyl chitosan chloride
(TMC) polymer has several advantages over chitosan
polymer of them could be referred to desirable
solubility and easy preparation.”® There are three
methods to synthesize TMC: one step method, two step
method, and three step method. In two step method, the
minimum degree of quaternization is 40% and water
solubility of polymer is optimal. In one step method,
both quaternization and water solubility are low. In
three step method the resultant polymer has a higher
quaternization degree (more than 80) due to complete
O-methylation; but its water solubility decreases due to
decrease of hydrogen bonds with water.® Therefore, in
this study the two step method was used for preparation
of TMC. The synthesized polymer had a quaternization
degree of 50.45 + 10.39%.

In the first steps, the synthesized TMC by two step
method did not have desirable water solubility. This
problem was due to residue of methyl pyrolidone in
polymer chain. The problem was resolved by repeated
washing of synthesized polymer with acetone.
According to previous studies, higher rate of
encapsulation is seen in TMC with lower degree of
quaternization. Higher quaternization degree could lead
to decreased particle size and zeta potential.*

The ionic gelation method was used for preparation of
TMC nanospheres. Nanospheres were fabricated
through ionic interactions between TPP (polyanion)
and quaternary amine groups of TMC (cation). This
method has several advantages including delete of
orgaglic solvents, high efficacy and high encapsulation
rate.

For particulate antigen delivery systems, the particle
size is an important factor in their interaction with
antigen presenting cells and also their uptake from
epithelial surfaces. According to data obtained from
particle size analyzer (PSA), the mean diameter of
blank nanospheres and TT loaded nanospheres was
243.1 £ 35.1 and 295 + 48.5 nm, respectively. This
small size of nanospheres is desirable. Formation of
small nanospheres can be due to using of ionic gelation
method. This method produces smaller nanospheres
than other methods.® In this study encapsulation
efficiency of TT was calculated as 60.3 + 12.7%, which
is an acceptable loading. In previous studies, proteins
such as BSA and TT have been encapsulated better,
when dissolved in TPP solution. Usually based on net
charge of encapsulate, it will be added to chitosan
solution (for positively charged encapsulates) or to TPP
solution (for negatively charged encapsulates). In
physiologic pH, TT has a net negative charge and
therefore was added to TPP solution.*®

One of the important features of particulate delivery
systems like nanospheres and microspheres is the rate
and profile of the release. At the present study, to give
particulate nature to TT solution, it was encapsulated
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with TMC nanospheres. It has been shown in several
studies that particulate antigens could better interact
with APCs and also could be better uptaken by
microfold cell of mucosa associated lymphoid tissues
(MALT),®? therefore it is preferred that most of
antigen keep its particulate nature and the least release
rate is the most optimum condition. In the release
profile of TT from of TMC nanospheres (Figure 4),
nearly all of encapsulated TT has been released within
2 hours. However, as a nasal antigen delivery system,
based on the mucociliary clearance in nasal cavity, the
normal residence time is very short.?” Therefore, the
nanospheres have a short stay in nasal cavity and
during that time most of antigen will interact with M
cells in particulate form.

Conclusion

TMC was successfully synthesized from chitosan by
the two-step method. NMR spectrum of TMC showed
51% degree of quaternization. The synthesized TMC
was used in the preparation of nanospheres loaded TT.

TMC nanospheres loaded TT was prepared under mild
conditions using TPP as a polyanion cross-linker.
Stable TMC nanospheres with a small size and a
narrow size distribution were obtained. The TMC
nanospheres have an acceptable loading capacity for
proteins, and a positive surface charge, suitable to
attach to nasal mucosa. The integrity of the loaded
antigen was preserved. In vitro studies confirmed that
this system is capable of delivering the antigen with
TMC to nasal mucosa. Further studies are underway to
assess the in vivo feasibility of TMC nanospheres.

Acknowledgements

This project was supported by a grant from Vice
Chancellor of Research, Mashhad University of
Medical Sciences (MUMS), Mashhad, Iran. This
manuscript is a part of a Pharm.D. thesis provided by
mona zarifpour.

References

1. Tafaghodi M, Saluja V, Kersten GF, Kraan H,
Slitter B, Amorij JP, et al. Hepatitis B surface
antigen nanoparticles coated with chitosan and
trimethyl chitosan: Impact of formulation on
physicochemical and immunological characteristics.
Vaccine 2012;330(36):5341-8.

2. Sinha VR, Trehan A. Biodegradable microspheres
for protein delivery. J Control Release
2003;90(3):261-80.

3. van der Lubben IM, Verhoef JC, Borchard G,
Junginger HE. Chitosan for mucosal vaccination.
Adv Drug Deliv Rev 2001;52(2):139-44.

4. Chen F, Zhang ZR, Huang Y. Evaluation and
modification of N-trimethyl chitosan chloride

nanoparticles as protein carriers. Int J Pharm
2007;336(1):166-73.

5. Clark MA, Jepson MA, Hirst BH. Exploiting M
cells for drug and vaccine delivery. Adv Drug Deliv
Rev 2001;50(1-2):81-106.

6. Alipour S, Montaseri H, Tafaghodi M. Preparation
and characterization of biodegradable paclitaxel
loaded alginate microparticles for pulmonary
delivery.  Colloid  Surface  B-Biointerfaces
2010;81(2):521-9.

7. Alpar HO, Somavarapu S, Atuah KN, Bramwell
VW. Biodegradable mucoadhesive particulates for
nasal and pulmonary antigen and DNA delivery.
Adv. Drug Deliv Rev 2005;57(3):411-30.

8. Tafaghodi M, Jaafari MR, Tabassi SA. Nasal
immunization studies by cationic, fusogenic and
cationic-fusogenic liposomes encapsulated with
tetanus toxoid. Curr Drug Deliv 2008; 5(2):108-13.

9. van der Lubben IM, Verhoef JC, Borchard G,
Junginger HE. Chitosan and its derivatives in
mucosal drug and vaccine delivery. Eur J Pharm
Sci 2001;14(3):201-7.

10. Diwan M, Tafaghodi M, Samuel J. Enhancement of
immune responses by co-delivery of a CpG
oligodeoxynucleotide and tetanus toxoid in
biodegradable nanospheres. J Control Release
2002;85(1-3):247-62.

11.van der Merwe SM, Verhoef JC, Kotze AF,
Junginger HE. N-trimethyl chitosan chloride as
absorption enhancer in oral peptide drug delivery.
Development and characterization of minitablet and
granule formulations. Eur J Pharm Biopharm
2004;57(1):85-91.

12.van der Merwe SM, Verhoef JC, Verheijden JHM,
Kotze AF, Junginger HE. Trimethylated chitosan as
polymeric absorption enhancer for improved peroral
delivery of peptide drugs. Eur J Pharm Biopharm
2004;58(2):225-35.

13.Sandri G, Bonferoni MC, Rossi S, Ferrari F, Gibin
S, Zambito Y, et al. Nanoparticles based on N-
trimethylchitosan:  evaluation  of  absorption
properties using in vitro (Caco-2 cells) and ex vivo
(excised rat jejunum) models. Eur J Pharm
Biopharm 2007;65(1):68-77.

14.Cox JC, Coulter AR. Adjuvants--a classification
and review of their modes of action. Vaccine
1997;15(3):248-56.



http://www.ncbi.nlm.nih.gov/pubmed?term=Tafaghodi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Saluja%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Kersten%20GF%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Kraan%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Sl%C3%BCtter%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Amorij%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=22749834
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiskoot%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22749834

Zarifpour et al.

15.Snyman D, Hamman JH, Kotze JS, Rolling JE,
Kotze AF. The relationship between the absulote
molecular weight and the degree of quaternization
of N-trimethy chitosan chloride. Carbohydr Polym
2002;50(2):145-50.

Atyabi F, Majzoob S, Iman M, Salehi M, Dorkoosh
F. In vitro evaluation and modification of pectinate
gel beads containing trimethyl chitosan, as a multi-
particulate system for delivery of water-soluble
macromolecules to colon. Carbohydr Polym
2005;61(1):39-51

17.Xu Y, Du Y. Effect of molecular structure of
chitosan on protein delivery properties of chitosan
nanoparticles. Int J Pharm 2003;250(1):215-26.

Ko JA, Park HJ, Hwang SJ, Park JB, Lee JS.
Preparation and characterization of chitosan
microparticles intended for controlled drug
delivery. Int J Pharm 2002; 249(1-2):165-74.

Vila A, Sanchez A, Janes K, Behrens I, Kissel T,
Vila Jato JL, et al. Low molecular weight chitosan
nanoparticles as new carriers for nasal vaccine
delivery in mice. Eur J Pharm Biopharm
2004;57(1):123-31.

Amidi M, Romeijn SG, Verhoef JC, Junginger HE,
Bungener L, Huckriede A, et al. N-Trimethyl
chitosan (TMC) nanoparticles loaded with influenza
subunit antigen for intranasal vaccination:
Biological properties and immunogenicity in a
mouse model. Vaccine 2007;25(1):144-53.
Agnihotri SA, Mallikarjuna NN, Aminabhavi TM.
Recent advances on chitosan-based micro- and

16.

18.

19.

20.

21.

nanoparticles in drug delivery. J Controlled Release

2004;100(1):5-28.
22.Waterborg JH. Quantitation of proteins. In: Walker
J, editor. The Protein Protocols Handbook. 2nd ed.
Newjersey: Humana Press; 2002.
Tafaghodi M, Sajadi Tabassi SA, Jaafari MR.
Induction of systemic and mucosal immune
responses by intranasal administration of alginate
microspheres encapsulated with tetanus toxoid and
CpG-ODN. Int J Pharm 2006;319(1-2):37-43.
Boonyo W, Junginger HE, Waranuch N, Polnok A,
Pitaksuteepong T. Chitosan and trimethyl chitosan
chloride (TMC) as adjuvants for inducing immune
responses to ovalbumin in mice following nasal
administration. J Control Release 2007;121(3):168-
75.
Sieval AB, Thanou M, Kotze AF, Verhoef JC,
Brussee J, Junginger HE. Preparation and NMR
characterization of highly substitutedN-trimethyl
chitosan chloride. Carbohydr Polym 1998;36(2-

23.

24.

25.

3):157-65.
26.Sayin B, Somavarapu S, Li XW, Thanou M,
Sesardic D, Alpar HO, et al. Mono-N-

carboxymethyl chitosan (MCC) and N-trimethyl
chitosan (TMC) nanoparticles for non-invasive
vaccine delivery. Int J Pharm 2008; 363(1-2):139-48.

27.Tamber H, Johansen P, Merkle HP, Gander B.
Formulation aspects of biodegradable polymeric
microspheres for antigen delivery. Adv Drug Deliv
Rev 2005;57(3):357-76.

[198]



