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An ultrafast and convenient method for PEGylation of chitosan nanoparticles has been established through

a photopolymerization reaction between the acrylate groups of PEG and methacrylated-chitosan
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nanoparticles. The nanoparticle characteristics under physiological pH conditions were optimized

through altered PEG chain length, concentration and duration of UV exposure. The method developed
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The latest progress regarding the framework of bioengineered
nanoparticles has led to the development of new biodegradable
nanoparticles for potential treatment purposes.”® Recent
methods in nanomedicine have leaned towards developing
colloidally stable, biocompatible nanoparticles which can
overcome biological barriers without causing any harm to living
tissues. Accordingly, the surface charge and size optimization of
such particles has gained great importance as they are major
factors for the stability of the system.”

The search for bioadhesive nanoparticles that have potential
as clinically viable materials extends to a wide scope in the field.
One such material is chitosan, which has an application range
including food, cosmetics and biomedicine.*** As this material
is known for its biocompatible,” biodegradable** and nontoxic
nature, it becomes an expedient choice to be used for thera-
peutic purposes such as drug or gene delivery.'**® Moreover, the
reaction of primary amines attached to chitosan backbone
permit functionalization of this material with photosensitive
groups. One of those functionalization is the addition reaction
of the amino groups with methacrylic anhydride which
produces photosensitive methacrylamide groups.””*®* This
modification of chitosan chains allows for photocrosslinking of
this adhesive monomer in the presence of a photo initiator
under UV light to form a gel.*

Multiple methods are present to synthesize chitosan nano-
particles such as reverse micellar,” emulsification solvent
diffusion,” and ionotropic gelation method.?»* Chitosan
nanoparticles have been synthesized at acidic pH due to the
presence of negatively charged sodium tripolyphosphate (TPP)
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here has potential for clinical translation of chitosan nanoparticles. It also allows for the scalable and fast
synthesis of nanoparticles with colloidal stability.

and cationic chitosan chains, within a short time at room
temperature through ionic gelation.'* Majority of research that
involves the synthesis of these nanoparticles consider the size
and zeta potential of chitosan nanoparticles between pH 4.0
and 5.5, where these methods do not characterize the properties
at physiological conditions regardless of this major applica-
bility constraint.>»*® To overcome this obstacle, we have devel-
oped a unique PEGylation approach which can be utilized for
wide ranges of pH without compromising the solution stability
of chitosan. For this reason, PEGylation may be considered as
a critical route for advancing chitosan nanoparticles as
biomedical tools and making the particle system colloidally
stable.*® There are various approaches used for the PEGylation
of chitosan nanoparticles such as the PEGylation of chitosan
chains prior to nanoparticle synthesis.””*®* However, these
existing methods used for direct chemical conjugation of PEG
to chitosan are time consuming, require complex reactions and
equipment. In our work, we address two fundamental issues for
the utilization of chitosan nanoparticles in biomedicine: (i)
optimization of chitosan nanoparticle properties at physiolog-
ical pH, and (ii) development of a novel PEGylation method for
chitosan nanoparticles for long term feasibility and large-scale
synthesis.

The novel method we introduce here for the PEGylation of
chitosan overcomes the limitations associated with the use of
chitosan nanoparticles in biomedicine. We prepare ionically
crosslinked and PEGylated chitosan nanoparticles through
simultaneous addition of photoinitiator with TPP and acrylate-
PEG prior to UV light exposure at 365 nm, which promotes
covalent bond formation between the acrylate groups of PEG
and methacrylamide chitosan nanoparticles (CSMA) (Fig. 1).
Methacrylamide chitosan was synthesized according to previ-
ously described protocol.””*® (ESI Experimental section 27).
Synthesis of methacrylamide chitosan is a scalable one-step
process and allows for the large amounts of product forma-
tion. Two groups of methacrylamide chitosan chains were
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Fig.1 Overall strategy for the new method. (A) Synthesis of methacrylamide chitosan from chitosan. (B) Nanoparticle synthesis via ionic gelation
method. Interaction between positively charged methacrylamide chitosan and negatively charged TPP crosslinker form nanoparticles. (C)
PEGylation of methacrylamide chitosan nanoparticles. UV light triggers the reaction between methacrylic groups on nanoparticles and acrylate-
PEG derivative in the presence of photoinitiator. PEGylated nanoparticles are obtained under optimized conditions.

prepared for the optimization of degree of methacrylation
during nanoparticle formation: chitosan functionalized with (1)
50 pL and (2) 100 pL methacrylic anhydride (MA) per 30 mg of
chitosan. Aggregation was observed inside the CSMA solution
with the higher methacrylation degree (100 uL MA to 30 mg
chitosan) for different groups at pH 4.7 (Table S1}). Hence, we
continued our experiments with the methacrylamide chitosan
polymer that has lower degree of methacrylation. It was possible
to obtain nanoparticles with high colloidal stability using the
less methacrylated-chitosan polymer with sub 100 nm size and
positive charge at pH 4.7 (Table 1, Negative control 1).

Degree of methacrylation for the less methacrylated polymer
(50 uL MA to 300 mg chitosan) was calculated with 2,4,6-trini-
trobenzenesulfonic acid (TNBS) assay, where 20% of amino
groups were converted into photosensitive methacrylamide
groups. this group of methacrylamide chitosan
nanoparticles had no colloidal stability and aggregated irre-
versibly at pH 7.4 (Table 1, Negative control 2). To obtain
PEGylated chitosan nanoparticles, we added the photoinitiator,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) to
methacrylamide chitosan monomer solutions prior to nano-
particle synthesis. After nanoparticle synthesis, we added
acrylate-PEG (5 and 10 kDa molecular weights) into nano-
particle solutions and exposed them to UV light with altered
exposure time. Optimization of the photoinitiator concentra-
tion inside the CSMA solutions were completed through

However,
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addition of 6.9 uL or 69 pL of 1% (w/v) LAP solution simulta-
neously with TPP into the CSMA solutions (2.5 mL TPP, and
10 mL CSMA solution). We first added 69 pL of LAP to the CSMA
solution and prepared nanoparticles with subsequent addition
of TPP. Then, we exposed this nanoparticle solution to UV light
for 1 min without any addition of acrylate-PEG. We observed
aggregation of nanoparticles at pH 4.7 (pH of the solution after
mixing with CS and TPP) due to crosslinking of nanoparticles
with each other as a result of high number of radicalized acry-
late groups (ESI, Table S1, Sample 27}). Then, we decreased LAP
amount by tenfold, from 69 pL to 6.9 and 1 pL, and observed no
aggregation at pH 4.7 with 1 and 10 min of UV light exposure for
both groups (Table S1, Samples 4 and 107). Accordingly, we
prepared five different nanoparticle solutions of 12.5 mL which
contained 6.9 pL of LAP and 7 umoles of 5 kDa acrylate-PEG.
Next, we exposed these solutions to UV light for altered dura-
tions of 0, 1, 5, 10 and 20 minutes. For these groups, no
aggregation was observed at pH 4.7. However, for the groups
that were exposed to 0, 1, and 5 minutes of UV, aggregations
were visible at pH 7.4, probably due to no or insufficient
PEGylation reaction. On the other hand, the groups that were
exposed to 10 and 20 minutes of UV light did not aggregate at
pH 7.4 (ESI, Table S17). The solutions of these groups of 10 and
20 minutes of UV exposure were observed as clear at pH 7.4,
which was a direct indication for successful PEGylation. The
group that had 1 uL LAP solution aggregated at pH 7.4 probably
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Table 1 Size, PDI and zeta potential of different group of nanoparticles
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Observed zeta potential

Sample name PEG MW (kDa) PEG mole” (nmole) pH UV  Observed size (nm) Polydispersity index (mV)
Negative control 1 =~ — — 4.7 No  90.75 £ 0.56 0.383 + 0.05 32.3 +4.34
Negative control 2~ — — 74 No Agg’ Agg.? Agg.”
1 5 4 4.7 Yes 83.97 £1.00 0.297 £ 0.08 32.2 +3.80
2 5 4 7.4 Yes 136.30 £ 6.85 0.118 £ 0.01 6.01 + 3.14
3 5 7 4.7 Yes 88.38 £ 0.56 0.390 £ 0.28 31.8 £6.94
4 5 7 7.4 Yes 120.06 + 6.91 0.230 £ 0.02 4.23 + 3.36
5 5 10 4.7 Yes 89.31 & 0.80 0.411 £ 0.01 31.9 £4.41
6 5 10 7.4  Yes Agg.b Agg.b Agg.b
7 10 4 4.7 Yes 91.93 £1.33 0.424 £ 0.01 30.7 £+ 3.82
8 10 4 7.4 Yes 189.56 + 11.87 0.145 £ 0.01 5.64 £+ 3.20
9 10 7 4.7 Yes 83.55 +4.03 0.466 £ 0.01 30.2 £ 4.05
10 10 7 7.4  Yes Agg.b Agg.b Agg.b
11 10 10 4.7 Yes 60.82 & 0.10 0.496 £ 0.01 28.6 £ 3.76
12 10 10 7.4  Yes Agg.b Agg.b Agg.b

“ Number of PEG mole per 25 mg of chitosan nanoparticle solution. ” Aggregated.

due to insufficient PEGylation (ESI, Table S1, Sample 11}). We
also investigated the direct effect of LAP initiator to the PEGy-
lation, and the group without initiator aggregated at pH 7.4
(ESI, Table S1, Sample 121). We measured larger particle sizes
for the group that was exposed to UV for 20 minutes, probably
due to crosslinking of nanoparticles (Fig. S1 and S27). From
these results, we concluded that 6.9 puL. LAP and 10 min UV
exposure conditions are optimal for fast and simple PEGylation
of nanoparticles.

Thus, this condition was utilized for the following experi-
mental trials. We used 5 kDa and 10 kDa chain lengths of PEG
for the PEGylation of chitosan nanoparticles. Six different
conditions of 4, 7 and 10 pumoles of 5 kDa and 10 kDa PEG were
used per 5 mg of chitosan nanoparticle solution in different
trials as was presented in Table 1. Increasing the amount of PEG
resulted in alterations in size and zeta potential. These alter-
ations were not proportional, that is, number of acrylate-PEG
macromolecules were used in excess compared to the number
of methacrylamide groups in nanoparticles even with the
condition of lowest number of PEG moles. Thus, increasing the
number of PEG molecules caused slight changes in the nano-
particle properties with, non-proportional zeta potential differ-
ences. However, there is a difference between comparable 5 and
10 kDa groups, where 10 kDa groups have slightly less zeta
potential. This change can be explained as longer PEG chain
lengths cause more hindrance effects on the surface of the
nanoparticles.”” We were able to obtain nanoparticles with
decreasing surface charge at pH 7.4 for 5 kDa groups. This also
means that, it is possible to tune the surface charge of nano-
particles to some extent. However, increasing the amount of
PEG to decrease surface charge of nanoparticles resulted in
aggregation.

These aggregations can be due to the tangling of free and
conjugated PEG on the surface of the nanoparticles which stay
closer to each other at increased pH levels due to ionic attrac-
tion forces as is shown schematically in Fig. 2. This effect was
more obvious in 10 kDa groups since longer chains induces

This journal is © The Royal Society of Chemistry 2019

more entanglement in the solution (Table 1). The samples with
4 and 7 umoles of 5 kDa PEG and 4 umoles of 10 kDa PEG
proved that these respective conditions were optimal for
biomedical applications, as they remained stable under physi-
ological pH (Table 1). Furthermore, cytotoxicity of PEGylated
chitosan nanoparticles was carried out using HEK293-T cells via
CellTiter-Glo Luminescent Cell Viability Assay. Cells were
treated with altered concentrations of PEGylated chitosan
nanoparticles (25, 50, 75 ug mL ") for 48 h. Cell survival was
measured as higher than 80% for all groups with the highest
dose of nanoparticle concentration (Fig. S3t). These results
suggest that PEGylated chitosan nanoparticles are non-toxic to
HEK293-T cells at high doses.

Presence of PEG in the PEGylated chitosan nanoparticles was
confirmed via FTIR analysis and results are shown in Fig. S4.f
PEGylated chitosan nanoparticles were dialyzed to eliminate
the unreacted PEG macromolecules. FT-IR spectrum of PEGy-
lated chitosan nanoparticles retained C-H stretches around
2800 cm ' and amine stretches around 1639 cm™ ', which
further confirmed PEGylation of nanoparticles. Moreover,
scanning electron microscopy (SEM) image was examined to
visualize these nanoparticles as presented in Fig. S5-S7.1 The
particle characterization results indicated an increasing trend
in particle sizes and a decreasing trend in observed zeta
potentials with increasing molecular weight of PEG due to the
increased number of conjugated PEG chains on the surface of
the nanoparticles.

In summary, a new and simple PEGylation method has been
introduced in this study, through photopolymerization of
functional photosensitive groups of chitosan. This method has
shown to be significant as it is achieved within minutes and
does not involve complex equipment compared to the existing
PEGylation of chitosan methods. The results suggest that
particles synthesized using this approach are non-toxic and
colloidally stable under physiological pH condition. The opti-
mization of nanoparticle characteristics for different UV expo-
sure durations, PEG chain lengths and concentrations has
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Illustration for the aggregation behaviour observed in high PEG mole or PEG chain length groups. At low pH, particles are stable due to

strong repulsion force. At higher pH values, nanoparticles tend to be close to each other due to lower repulsion effects. This tendency results in
the aggregation of nanoparticles induced by entanglement of conjugated and free PEG macromolecules.

proven that the desired characteristics for PEGylated chitosan
nanoparticles can be achieved under different conditions
combinations. It has been concluded that the simultaneous
increase in PEG chain length and concentration in nanoparticle
solution should be avoided as free and conjugated PEG chains
might promote chain entanglements with shorter intermolec-
ular distances at physiological pH. This new method can be
used for the realistic biomedical applications of chitosan
nanoparticles and offers scalable and fast fabrication of
colloidally stable nanoparticles.
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