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ABSTRACT: Oligochitosan is an anticancer water-soluble bio-
material. Conjugating cisplatin (anticancer drug) and folic acid
(targeting ligand) with oligochitosan reduces its aqueous solubility,
thus requiring excessive drug dose to be biologically active and
organic instead of aqueous processing into nanomedicine.
Covalent grafting of oleic acid onto oligochitosan-folate-cisplatin
conjugate is envisaged to promote aqueous solubility via reducing
interchain interaction, but it is challenging where multiple
functional moieties are covalently attached onto a short oligomer
(<5 kDa). This study produced oligochitosan-oleate-folate-
cisplatin conjugate dissolvable in aqueous media pH 3−7, which
represents common processing pH in drug vehicle development and tumor microenvironmental pHs. Oligochitosan-oleate
conjugation was effected through O-acylation to provide amino groups of oligochitosan for folate and cisplatin grafting.
Oligochitosan-folate-cisplatin conjugate was poorly soluble in aqueous and organic media. A degree of oleic acid substitution (DS) <
10% conferred aqueous solubility beyond which became less soluble due to hydrophobicity rise. Oligochitosan-oleate-folate-cisplatin
conjugate with 4.51 ± 0.32% DS, 8.50 ± 0.57% folate content, and 0.94 ± 0.80% cisplatin content was dissolvable in aqueous media
pH 3.3−7, conferring processing safety with improved cancer cytotoxicity in the nanoparticulate form at the acidic tumor
microenvironment.

■ INTRODUCTION
Chitosan is a deacetylated derivative of chitin, the second most
abundant polymer after cellulose.1 It is a cationic poly-
saccharide constituting N-acetyl-D-glucosamine and D-glucos-
amine. Chitosan possesses amino and hydroxyl functional
groups that enable chemical modification into covalent or
complex derivatives for drug delivery applications.2 N-
trimethylated chitosan, a quaternary derivative of chitosan,
has been developed to confer aqueous solubility and promote
cellular uptake of therapeutics over a wide pH range due to its
permanent ionic characteristics.3−8 The ester forms of chitosan
such as chitosan succinate, chitosan glutamate, and chitosan
phthalate have been synthesized as matrix polymers for
sustained drug release applications.9

Chitosan is available commercially in several grades:
oligochitosan (<3.9 kDa), low molecular weight chitosan
(<100 kDa), medium molecular weight chitosan (100−1000
kDa), and high molecular weight chitosan (>1000 kDa).10 The
aqueous solubility of chitosan is dictated by molecular weight
and its solution pH, with smaller molecular weight chitosan
and an acidic pH being favorable to promote its solubiliza-
tion.11−13 Chitosan is known to exert anticancer activity
through raising the production of lymphokine and proliferation

of cytotoxic T-lymphocytes.14−17 Oligochitosan, the most
soluble form of chitosan, has been reported to show a direct
anticancer activity by interfering with cell metabolism,
inhibiting cell growth and inducing apoptosis.18 It is found
to inhibit cancer growth by diminishing the metastasis colonies
in vivo.19−21 Higher molecular weight chitosans are however
met with restricted use as they are poorly soluble in aqueous
media.16,20,22

The latest cancer therapy has chitosan advances as the
platform to develop drug delivery vehicles. Cancer therapeutics
such as 5-fluorouracil,23−26 doxorubicin,27−29 gemcitabine,30

methotrexate,31,32 paclitaxel,33,34 camptothecin,35 daunorubi-
cin,36 6-mercaptopurine,37 docetaxel,38,39 cisplatin,40 and
targeting ligands such as folate41 and biotin42 (vitamin),
transferrin38,43 (glycoprotein), trastuzumab28 and cetuximab44

(monoclonal antibody), estrone45 (hormone), cyclic RGD
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(Arg-Gly-Asp),34,35 cyclic RPM (CPIEDRPMC)34 and PCP
(DPRATPGS)29,34,35 (peptide), galactose46 (simple sugar),
and anisamide47 (benzamide derivative) have been covalently
grafted onto chitosan/amino-rich polymers and processed into
nanomedicine. The nanomedicine adopts active and passive

t a rge t ing approaches to de l i v e r the drugs in
vivo.28,34,38,42,44,46,48−50 It raises drug accumulation at the
tumor microenvironment with reduced systemic adverse effects
at a lower required drug dose. An overview of literature from
2017 to 2022 indicated that most chitosans of conjugates were

Figure 1. Profiles of (I) ATR-FTIR and (II) 1HNMR spectra of (a) cisplatin and (b) CPT.
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characterized by a molecular weight of 50−190 kDa and have a
maximum of two ligands (drug and homing device)
conjugating to their backbone.28,38,39,41,44,47,48 The chitosan-
drug-targeting ligand conjugate is foreseeably less soluble in
the aqueous milieu, as most amino groups of chitosan
participate in covalent conjugation and are not available to
undergo protonation and form hydrogen bonding with the
surrounding water molecules. Further, most drugs and
targeting ligands such as 5-fluorouracil, paclitaxel, doxorubicin,
methotrexate, camptothecin, docetaxel, folate, and estrone are
relatively hydrophobic and bulky.34,38,41,43,44 This in turn
negates the solubilization process of chitosan conjugates.
Lower molecular weight chitosan is relatively soluble in the

aqueous medium and has an inherent anticancer activity.51

Thus, it is deemed favorable for use as a platform for cancer
nanomedicine development. Preliminary trials in our labo-
ratory indicated that conjugation of drug (i.e., cisplatin) and

targeting ligand (i.e., folic acid) onto lower molecular weight
chitosan however led to reduced aqueous solubility in
deionized water, 0.1−2% v/v acetic acid solution, and
phosphate-buffered saline, thus causing the processing of
conjugate into nanomedicine requiring harmful and flammable
organic solvents and altering its pharmacokinetics as well as
pharmacodynamics performances in the tumor microenviron-
ment. The solubility of chitosan has been improved through
grafting with fatty acids, namely, linoleic acid or oleic acid onto
chitosan of 250 kDa52,53 and deoxycholic acid onto chitosan of
30 kDa.51 The aqueous solubility of chitosan is enhanced via
reducing the intermolecular hydrogen bonding of chitosan
through the insertion of hydrophobic or bulky substituents
without negating the chitosan−water hydrogen bonding.54−56

The hydrophobic fragment can be separated from the aqueous
exterior by entropic gain to form an inner core surrounded
with a hydrophilic shell undergoing solvation by the aqueous

Figure 2. (I) Synthesis scheme of UCS-FA-CPT conjugate and (II) ATR-FTIR spectra of (a) UCS, (b) FA, (c) CPT, and (d) UCS-FA-CPT
conjugate.
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medium.55 With reference to drug and targeting ligand
conjugate of lower molecular weight chitosan, specifically
oligochitosan (<5 kDa), it is hypothesized that the spaces for
covalent grafting the oligomeric backbone with fatty acid can
be limited due to overcrowding of drug, targeting ligand, and
fatty acid on the same oligochitosan backbone. The solubilizer
function of fatty acid may not be expressed due to steric
hindrance of drug and targeting ligand against the chitosan−
fatty acid conjugate to orientate into a structure with a
hydrophilic shell and hydrophobic core. On this note, this
study aims to elucidate the challenges faced in the synthesis of
oligochitosan conjugate using oleic acid, folic acid, and
cisplatin as solubilizer, targeting ligand, and drug, respectively,
and examine the solubility profiles of conjugate as a function of
oleic acid.

■ RESULTS AND DISCUSSION
Preparation of Ultralow Molecular Weight Chitosan

(UCS). Under the influence of microwave and electrolyte, the
parent chitosan (weight-average molecular weight = 45,611 ±
145 Da, number-average molecular weight = 32,321 ± 726 Da,
dispersity = 1.400 ± 0.026, degree of deacetylation = 88.4 ±
2.1% (FTIR); 93.5 ± 1.1% (NMR)) became shorter (weight-
average molecular weight = 2685.66 ± 0.94 Da, number-
average molecular weight = 2550.00 ± 6.38 Da, dispersity =
1.053 ± 0.002; Student’s t test: p < 0.05) and was
characterized by a degree of deacetylation of 96.3 ± 1.1%
(FTIR) (98.0 ± 0.2% (NMR)) with a yield of 94.87 ± 2.10%.
UCS was approximately 17 times shorter than the low
molecular weight chitosan meeting the molecular weight
classification of oligochitosan with a higher degree of

Figure 3. ATR-FTIR spectra of (a) UCS, (b) OA, (c) UCS-OA conjugate 1, (d) UCS-OA conjugate 2, (e) UCS-OA conjugate 3, and (f) UCS-OA
conjugate 4.
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deacetylation. UCS was dissolvable in 0.1% v/v acetic acid
solution (pH 3.3) and deionized water (pH 6.5). It is
foreseeable to be processable in an aqueous milieu for
nanoparticle development and able to be solubilized by the
biological medium in the acidic tumor microenvironment (pH
= 5.5−757), which eases cellular transport.
Synthesis of UCS-Folate-Cisplatin (UCS-FA-CPT) Con-

jugate. UCS contains amino functional groups where folic
acid can be covalently conjugated onto its parent chain via an
amidation reaction involving the carboxylic acid groups of the
latter. Cisplatin has two amino functional groups in each
molecule. To enable cisplatin to conjugate with UCS, it was
functionalized with a carboxylic acid moiety via the
introduction of succinic anhydride. The cisplatin was
characterized by FTIR peaks attributing to the N−H group
at 3393.9 ± 0.8 and 1647.2 ± 1.1 cm−1 (Figure 1Ia). Successful
succinylation of cisplatin was indicated by the development of
FTIR peaks at 2980.3 ± 0.4 and 2888.2 ± 0.6 cm−1 due to the
introduction of CH2 moiety, and the formation of dual peaks at
1637.7 ± 0.2 and 1590.3 ± 4.4 cm−1 with transmission
intensity being lower with peak at 1637.7 ± 0.2 cm−1 than that
of 1590.3 ± 4.4 cm−1 due to the formation of carbonyl ester
(Figure 1Ib). The wavenumber of the FTIR peak attributed to
the N−H group at 3393.9 ± 0.8 cm−1 was increased to 3432.1
± 1.4 cm−1, following a reduction in inter−N−H interaction
due to N−H interacting with the adjacent COOH group
(Figure 1Ib). The succinylation evidence was further
supported by 1H NMR characteristics of cisplatin and its

succinyl ester with chemical shift signals at δ 2.40 ± 0.00 ppm
(m, 4H) and NH protons of CPT at δ 5.80−6.09 ppm (br,
6H) (Figure 1II). The signal at 3.33 ppm was assigned to the
water residue present in DMSO-d6.
Covalent grafting of CPT and FA onto UCS led to the

formation of a conjugate with folate content and drug content
of 5.34 ± 0.28 and 0.38 ± 0.55%, respectively (Figure 2I). The
UCS-FA-CPT conjugate was dissolved poorly in 0.1% v/v
aqueous acetic acid solution (pH 3.3), deionized water (pH
6.5), and phosphate-buffered saline pH 7.4. The same
conjugate was not soluble in deuterated chloroform, methanol,
benzene, acetonitrile, acetone, and dimethyl sulfoxide. Thus, it
was not characterizable by the 1H NMR spectroscopy
technique. The conjugation of UCS-FA-CPT was reflected
by FTIR analysis at the following peaks: 3374.1 ± 6.2 and
3296.8 ± 1.8 cm−1 attributing to O−H and N−H groups of
UCS, CPT, and FA; 2976.8 ± 3.0 and 2886.4 ± 3.4 cm−1

attributing to C−H group of UCS and CPT; overlay peaks at
1400−1700 cm−1 ascribing to amide C�O group of UCS-
CPT/UCS-FA (1649.8 ± 1.6 cm−1); a broad peak between
1000 and 1200 cm−1 representing UCS and 953.6 ± 0.9 cm−1

ascribing CPT (Figure 2II).
Preparation of UCS-Oleate-Folate-Cisplatin (UCS-OA-

FA-CPT) Conjugate. UCS-FA-CPT exhibited poor aqueous
and organic solubilities, attributed to its polymeric nature and a
high intramolecular binding affinity of UCS to the grafted CPT
and FA via N−H and O−H moieties. The latter was reflected
by the formation of an FTIR band with dual peak

Figure 4. 1H NMR spectra of (a) UCS, (b) OA, and (c) UCS-OA conjugate 1.
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characteristics at 3374.1 ± 6.2 and 3296.8 ± 1.8 cm−1 of which
the wavenumbers were intermediate to those of UCS with FA
and CPT or lower than the starting materials (Figure 2II). The
introduction of OA onto the backbone of the UCS-FA-CPT
conjugate was envisaged to introduce a relatively hydrophobic
hydrocarbon-rich domain, thereby reducing its intramolecular
bonding and converting the UCS-FA-CPT conjugate into an
amphiphilic molecule dissolvable in an aqueous or organic
milieu.
UCS-OA conjugate was first synthesized via selective O-

acylation of UCS with oleoyl chloride in the presence of
methanesulfonic acid to allow the amino groups of UCS to be
available for covalent conjugation with FA and CPT in the
subsequent reaction steps. Under O-acylation reaction
condition, N-acylation of UCS was not mediated since the
primary amino groups rapidly formed salt with the
methanesulfonic acid molecules and were not available for
acylation.
Oleic acid was characterized by FTIR peaks at 2924.5 ± 0.1

and 2854.4 ± 0.0 cm−1 denoting C−H group, 1709.6 ± 0.0
cm−1 denoting C�O group (COOH), and two broad bands
between 1464.7 cm−1 ± 0.1 and 1285.3 ± 0.6 cm−1 ascribing
to CH3 and CH2 deformation (Figure 3). The grafting of
oleoyl group onto UCS was supported by FTIR spectra, which
exhibited the OA characteristics at the corresponding average
wavenumbers: 2925.6 ± 1.0 and 2856.2 ± 0.3 cm−1 denoting
C−H moiety, 1709.6 ± 0.4 cm−1 denoting C�O moiety, and
two broad bands between 1040.6 ± 0.3 and 1091.2 ± 0.3 cm−1

ascribing to CH3 and CH2 deformation. The grafting of oleic
acid onto UCS was translated to the formation of FTIR dual
peaks at 1630.4 ± 2.4 cm−1 attributing to the ester linkage
developed through the oleoylation of UCS and 1530.4 ± 1.2
cm−1 attributing to the free amino group of UCS. A strong O-
acyl peak was detected at 780.1 ± 0.3 cm−1.58 No N-acyl peak
was detected at ∼2300 cm−1.59

NMR analysis of UCS-OA conjugate indicated that OA was
grafted onto UCS: 2.89 ppm ascribed to the H2 proton of
chitosan; 3.14−4.02 ppm ascribed to the H3−H6 protons of
chitosan; 0.85 ppm ascribed to the terminal methyl (CH3)
protons of oleic acid; 8.27 ppm ascribed to amino protons of
chitosan (Figure 460). The degree of oleoyl substitution
increased with the molar ratio of oleoyl chloride to the
glucosamine unit of UCS (Table 1). UCS-OA conjugate with a

DS < 10% (weight-average molecular weight = 2979.50 ± 5.16
Da, number-average molecular weight = 2705.60 ± 10.99 Da,
dispersity = 1.099 ± 0.001) was dissolvable in aqueous and
organic media (Figure 5b). A rise in DS beyond 10% or more
decreased the solvation tendency of the UCS-OA conjugate in
the aqueous media (Figure 5c). These oleoyl-rich UCS,

however, were soluble in dimethyl sulfoxide owing to their
hydrophobic character that favored them being solvated by the
organic medium (Figure 5c).
To facilitate the design of a UCS-FA-CPT conjugate that is

soluble in liquid medium for nanoparticle preparation and in
acidic tumor microenvironment for efficient cellular interaction
and uptake, UCS-OA-FA-CPT conjugate with a DS value of
OA < 10% was developed. The folate content and drug content
of the conjugate were 8.50 ± 0.57% and 0.94 ± 0.80%,
respectively. The conjugate was characterized by weight-
average molecular weight of 3882.66 ± 5.44 Da, number-
average molecular weight of 3086.03 ± 23.95 Da, and
dispersity of 1.258 ± 0.010. Grafting of UCS with OA, FA,
and CPT increased its molecular size and translated to
molecular species of varying sizes due to heterogeneity in
chemical reactions. FTIR analysis indicated that a character-
istic OA peak was evidently shown in the spectrum of the
UCS-OA-FA-CPT conjugate at wavenumber between 1500
and 1700 cm−1 denoting the C�O moiety of OA (Figure 6).
NMR analysis of UCS-OA-FA-CPT conjugate indicated that
OA, FA, and CPT were grafted onto UCS: 2.40 ppm ascribed
to the CH2 of CPT, 0.86 ppm ascribed to the terminal methyl
(CH3) protons of OA, 1.07 and 1.24 ppm ascribed to CH2
protons of OA, 6.57−8.63 ppm ascribed to aromatic protons of
FA, and 3.64 ppm ascribed to the H3−H6′ protons of UCS
(Figure 7). DS of OA in UCS-OA-FA-CPT conjugate was 4.51
± 0.32%. Using the same molar ratio of oleoyl chloride to the
glucosamine unit of UCS as UCS-OA conjugate that was
initially substituted with 7.37 ± 0.45% of OA, a reduction in
DS was due to subsequent UCS-OA bond hydrolysis during
FA and CPT conjugation onto the UCS-OA chains. UCS, with
a given short chain length, nonetheless was able to covalently
conjugate with OA, FA, and CPT. The formed conjugate,
unlike the OA-free counterpart, was dissolvable in 0.1% v/v
acetic acid solution and dimethyl sulfoxide fully, and in
distilled water and phosphate-buffered saline to great extents
(Figure 5). The solubilization process of the UCS-OA-FA-
CPT conjugate was deemed to be accompanied by reduced
chain entanglement as suggested by reduced specific viscosity
against that of UCS (Table A1). In comparison to the UCS-
FA-CPT conjugate, the introduction of OA reduced the
strength of hydrogen bonding of the conjugate. This was
evidenced by an increase in the wavenumber of the UCS-OA-
FA-CPT conjugate at 3380.9 ± 1.6 and 3299.7 ± 2.0 from
3374.1 ± 6.2 and 3296.8 ± 1.8 cm−1 in the case of the UCS-
FA-CPT conjugate (Figure 6). OA is characterized by 1
hydrogen bond donor and 2 hydrogen bond acceptors unlike
folic acid with 6 hydrogen bond donors and 10 hydrogen bond
acceptors. It was hydrophobic and able to sterically hinder the
interchain interaction with a lower tendency to develop
chemical bonding, thus promoting the aqueous solubility of
the UCS-FA-CPT conjugate.
Cytotoxicity Profiles. With the water-soluble feature, the

UCS-OA-FA-CPT conjugate (degree of oleate substitution =
4.51 ± 0.32%; folate content = 8.50 ± 0.57%; cisplatin content
= 0.94 ± 0.80%) can be easily solubilized in the acetic acid
solution and spray-dried into spherical nanoparticles (size =
985.7 ± 10.5 nm; polydispersity index = 0.53 ± 0.23; ζ-
potential = 45.20 ± 2.41; aspect ratio = 1.03 ± 0.03; surface
roughness = 24.82 ± 1.29 Ra) (Figure 8). The ζ-potential of
UCS-OA-FA-CPT conjugate nanoparticles was larger than that
of UCS-OA-CPT conjugate nanoparticles (34.80 ± 0.66 mV)
indicating that the particle surface is populated with a folate

Table 1. Degree of the Oleoyl Substitution (DS) of UCS-OA
Conjugates and Their Yields

UCS-OA
conjugate

chitosana
(mmol)

oleoyl
chloride
(mmol) DS (%) yield (%)

1 1 0.05 7.37 ± 0.45 87.20 ± 3.45
2 1 0.20 12.38 ± 0.65 78.41 ± 5.05
3 1 0.8 30.63 ± 0.83 71.12 ± 4.92
4 1 1.2 47.00 ± 1.20 69.11 ± 3.82

aBased on the molecular weight of glucosamine unit of UCS at 161 g
mol−1.
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moiety. The viability of H1299 human lung cancer cells was
reduced from 100.1 ± 2.3 to 50.5 ± 1.1% when they were
treated with cisplatin (Figure 8). A further decrease in cancer
cell viability to 10.3 ± 0.3% was obtained in cells receiving
UCS-OA-FA-CPT conjugate nanoparticles at equivalent drug
content. The ability to conjugate cisplatin onto the UCS-FA
backbone and introduce OA to raise its water solubility enables
one to prepare spray-dried nanoparticles that express a higher
anticancer activity than the neat drug.

■ CONCLUSIONS
Combination effects of microwave irradiation and ionic
strength converted low molecular weight chitosan into
oligochitosan, an ultralow molecular weight variant. Grafting
oligochitosan with folic acid and cisplatin translated to the
formation of a conjugate that was poorly soluble in both
aqueous and organic media. Grafting such a conjugate with
oleic acid promoted its aqueous and organic solubilities
through reducing the intramolecular binding affinity of
oligochitosan to the grafted folate and cisplatin via N−H and
O−H moieties. Co-conjugating oleic acid, folic acid, and

cisplatin onto oligochitosan risks crowding and steric
hindrance, which hinder the grafting process. On this note,
oligochitosan-oleate conjugation was effected through O-
acylation to provide amino groups of oligochitosan for folate
and cisplatin grafting. A degree of oleic acid substitution (DS)
lower than 10% was preferred as higher substitution degrees
conferred hydrophobicity and reduced the aqueous solubility
of the conjugate. Oligochitosan-oleate-folate-cisplatin conju-
gate with 4.51 ± 0.32% DS, 8.50 ± 0.57% folate content, and
0.94 ± 0.80% cisplatin content was dissolvable in dimethyl
sulfoxide as well as aqueous media pH 3−7 which represent
common processing pH in drug vehicle development and
tumor microenvironmental pHs for drug action where
conjugate solubilization is imperative for exertion of cytotoxic
actions.
The present study highlighted the challenges in the synthesis

of the oligochitosan-oleate-folate-cisplatin conjugate with
reference to aqueous solubility that is expected to have a
strong bearing on conjugate solubility for processing into
nanoparticles and nanoparticle solubilization in the tumor
microenvironment for exertion of cancer cytotoxic actions. It

Figure 5. Solubility profiles of (a) UCS, (b) UCS-OA (7.37%) conjugate 1, (c) UCS-OA (47.00%) conjugate 4, (d) UCS-FA (5.34%)-CPT
(0.38%) conjugate, and (e) UCS-OA (4.51%)-FA (8.50%)-CPT (0.94%) conjugate.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03529
ACS Omega 2025, 10, 2428−2441

2434

https://pubs.acs.org/doi/10.1021/acsomega.4c03529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03529?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6. (I) Synthesis scheme of UCS-OA-FA-CPT conjugate and (II) ATR-FTIR spectra of (a) OA, (b) UCS-FA-CPT conjugate, and (c) UCS-
OA-FA-CPT conjugate.
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only provides a tentative biological implication. Relevant
molecular biology and in vivo studies are required to elucidate
the pharmacokinetics and pharmacodynamics properties of the
oligochitosan-oleate-folate-cisplatin conjugate nanoparticles as
a cancer therapeutic.

■ EXPERIMENTAL SECTION
Materials. Low molecular weight chitosan (CAS 9012−

76−4; Zhejiang Aoxing Co. Ltd., China) was used as the
polymeric backbone in conjugation with drug, targeting ligand,
and solubilizer. Cisplatin (CAS 15663−27−1; Sigma-Aldrich,
Germany) was selected as the drug of interest, with folic acid
(CAS 59−30−3; FA, Sigma-Aldrich, Germany) as the
targeting ligand and oleoyl chloride (CAS 112−77−6;

Sigma-Aldrich, Germany) as the oleic acid derivative acting
as the solubilizer to the conjugate. Acetic acid (CAS 64−19−7;
Merck, Germany) was used to prepare the solvent for chitosan
and its conjugates with tween 20 (CAS 9005−64−5; Fisher
Scientific, U.K.) as the surfactant where applicable. Meth-
anesulfonic acid (CAS 75−75−2; Sigma-Aldrich, Germany),
acetone (CAS 67−64−1; Merck, Germany), N-hydroxysucci-
nimide (CAS 6066−82−6; NHS; Merck, Germany), 1-ethyl-3-
(−3-(dimethylamino)propyl) carbodiimide hydrochloride
(CAS 25952−53−8; EDC; Merck, Germany), anhydrous
dimethyl sulfoxide (CAS 67−68−5; DMSO; Sigma-Aldrich,
Germany), and hydrogen peroxide 30% (CAS 7722−84−1;
Merck, Germany) were chemicals used in the conjugation
reaction. Succinic anhydride (CAS 108−30−5) and dimethyl
sulfoxide were used in the preparation of the cisplatin prodrug.
Hydrochloric acid (CAS 7647−01−0), potassium chloride
(CAS 7447−40−7) (Merck, Germany), and potassium
bromide (CAS 7758−02−3; FTIR grade; Sigma-Aldrich,
Germany) were used in molecular weight and degree of
deacetylation analysis of chitosan. Deuterated dimethyl
sulfoxide (CAS 2206−27−1, DMSO-d6; Merck, Germany)
was used as the solvent of conjugates in nuclear magnetic
resonance spectroscopy analysis. Nitric acid 70% (CAS 7697−
37−2; Trace metal grade; Fisher Scientific, UK) was used in
the cisplatin content analysis.

Figure 7. 1H NMR spectra of (a) UCS, (b) OA, (c) FA, (d) CPT, and (e) UCS-OA-FA-CPT conjugate.

Table A1. Specific Viscosity of UCS and UCS-OA-FA-CPT
Conjugate

specific viscosity

concentration (% w/w) UCS UCS-OA-FA-CPT conjugate

0.1 1.600 ± 0.000 0.103 ± 0.004
0.05 0.902 ± 0.004 0.067 ± 0.000
0.025 0.322 ± 0.004 0.042 ± 0.000
0.0125 0.183 ± 0.000 0.025 ± 0.000
0.0063 0.100 ± 0.007 0.008 ± 0.000
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Synthesis and Characterization of Ultralow Molec-
ular Weight Chitosan (UCS). UCS Preparation. UCS was
prepared by subjecting the chitosan solution to microwave
irradiation in a high ionic strength liquid as previously
reported.26 One gram of low molecular weight chitosan was
dissolved in 49 g of 2% v/v acetic acid solution under
continuous magnetic stirring at 25 ± 1 °C. The chitosan
solution was added with 2 mL of 0.9% w/w sodium chloride
solution and continued to stir for 1 h. The mixture was placed
on a turntable of a microwave oven (EM-D953, Sanyo, Japan)
at an off-center position. The solution was treated by
microwave treatment at an irradiation power of 800 W for
up to 9 min. It was covered with aluminum foil, cooled to
ambient temperature, and had its pH adjusted to 7.5 using a 2
N sodium hydroxide solution. The chitosan in solution was
precipitated using 96% ethanol (Fisher Scientific, U.K.). The
chitosan precipitate was filtered (Whatman grade 1, Sigma-
Aldrich), washed with distilled water, and subjected to hot air
drying (Memmert, Germany) at 40 ± 1 °C for 24 h. The dried
chitosan was conditioned in a silica gel desiccator at 25 ± 1 °C
for at least 24 h prior to the determination of molecular weight
and degree of deacetylation.
Molecular Weight Analysis. The apparent molecular weight

of parent chitosan and UCS was determined using the gel
permeation chromatography-refractive index detector techni-
que (Agilent 1200 Series, Agilent Technologies Inc.) as
previously reported by Nawaz and Wong.61 A PL aquagel−
OH mixed column (7.5 mm × 300 mm, 8 μm; Agilent
Technologies, U.K.) was used with buffer pH 2.2 made of
hydrochloric acid and potassium chloride as the mobile phase.
The flow rate of the mobile phase and the column temperature
were kept at 0.5 mL/min and 30 °C, respectively. Dextrans
with molecular weights of 1000, 12,000, 50,000, 80,000,
150,000, 270,000, 410,000, 670,000, and 1,400,000 Da (Sigma-
Aldrich, Denmark) were used as standards. A diluted chitosan
solution at 2 mg/mL dissolved in 0.002% v/v acetic acid was
prepared and filtered through a nylon syringe filter (pore
diameter = 0.45 μm; GVS) before analysis. Number-average
and weight-average molecular weights specific to gel
permeation chromatography were determined with dispersity
calculated as the quotient of the weight-average molecular
weight to the number-average molecular weight. At least
triplicates were carried out for each batch of sample, and the
results were averaged.

Degree of Deacetylation Analysis. The degree of
deacetylation (DD) of parent chitosan and UCS was
determined using the Fourier transform infrared (FTIR)
spectroscopy technique.62−65 A mixture of chitosan and dry
potassium bromide (weight ratio = 2:78) was ground into a
fine powder using an agate mortar. The ground powder was
compressed into a disc. Each disc was scanned at a resolution
of 4 cm−1 over a wavenumber region of 450−4000 cm−1 using
an FTIR spectrometer (Spectrum RX1 system, PerkinElmer).
DD was calculated using the following equation:
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ÅÅÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑÑÑ
= ×
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A

DD 100
100
1.33

1655

3450 (1)

where A = FTIR absorbance value at 1655 and 3450 cm−1

wavenumbers ascribing to amide-I of N-acetyl moiety and
hydroxyl/amine moieties of the chitosan, respectively, and
factor 1.33 = the value of A1655/A3450 for a fully N-acetylated
chitosan. At least triplicates were carried out for each batch of
sample and the results were averaged.
The degree of deacetylation was also determined using the

1H NMR method in accordance with the procedure reported
by Hirai, Odani, and Nakajima.66 Two milligrams of the
sample was dissolved in 1 mL of 0.1% v/v deuterated acetic
acid in deuterated water. The samples were transferred to
NMR tubes and analyzed using a Fourier transform-NMR
AVANCE III 400 MHz NMR spectrometer (Bruker,
Germany) with tetramethylsilane as the internal standard.
DD was calculated using the following equation:
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where IHAc = integral intensity of acetyl group protons (HAc)
and IH2−6 = integral intensity of protons H2, H3, H4, H5,
H6, and H6′ (H2−6) of chitosan. HOD signal at 4.79 ppm
was attributed to an exchange with the solvent deuteriums. At
least triplicates were carried out for each batch of sample and
the results were averaged.
Synthesis and Characterization of UCS Conjugates.

Synthesis of UCS-O-Oleate (UCS-OA) Conjugate. UCS (161
mg) was dissolved in methanesulfonic acid solution (96%, 3
mL) at 25 ± 2 °C through continuous magnetic stirring for 20
min. Oleoyl chloride, at different equivalent weights of
glucosamine unit of chitosan, was added into the UCS

Figure 8. Scanning electron micrograph of UCS-OA-FA-CPT conjugate nanoparticles and their cytotoxicity profile against neat cisplatin in H1299
human lung cancer cells.
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solution (Table 1). The reaction mixture was stirred for 5 h.
Thirty grams of crushed ice prepared from distilled water was
subsequently added to the reaction mixture to terminate the
reaction. The mixture was transferred into a centrifuge tube,
diluted with acetone (20 mL), and subjected to centrifugation
at 1000 rpm for 10 min (IEC Clinical Benchtop Centrifuge).
The sediment was collected and washed twice with 14 mL of
acetone followed by 14 mL of diethyl ether. It was dialyzed
against dimethyl sulfoxide for 48 h at 25 °C to remove the
excess oleoyl chloride and subsequently with deionized water
for another 48 h to remove the methanesulfonic acid using the
dialysis membrane (molecular weight cutoff: 1000 Da;
Spectra/Por, Spectrum laboratories, Spain). The conjugate
was then dried in a silica gel desiccator at 25 ± 2 °C.
Synthesis of Cisplatin Prodrug (CPT). The cisplatin

p r o d r u g , c i s , c i s , t r a n s - [ P t ( N H 3 ) 2 C l 2 ( O H ) -
(O2CCH2CH2CO2H)](CPT) was prepared using the method
reported by Shi, Liu, Kerwood, Goodisman, and Dabrowiak.67

A mixture of cisplatin (2 g, 6.67 mmol), hydrogen peroxide
(30%, 11.37 mL, 100 mmol), and deionized water (90 mL)
was heated to 60 °C under magnetic stirring at 1000 ± 32 rpm
for 3 h in the dark. The mixture was cooled to room
temperature and continued stirring for 16 h. The reaction
mixture was concentrated under reduced pressure, and the
product was allowed to precipitate at 4 °C over a week into a
bright-yellow solid. The bright-yellow solid was collected by
vacuum filtration, washed sequentially with ice-cold deionized
water, ethanol, and diethyl ether, air-dried in the dark for 48 h,
and further conditioned in a silica gel desiccator at 25 ± 1 °C
until use.
In the second step, 0.2 g of bright-yellow solid (0.6 mmol)

was dissolved in dimethyl sulfoxide (16 mL). The solution was
added to succinic anhydride (0.06 g, 0.6 mmol). The reaction
mixture was subjected to continuous magnetic stirring at 1000
± 32 rpm and 25 ± 1 °C for 18 h. It was lyophilized using a
freeze-dryer (α 1−2 LDplus, Martin Christ, Germany) at −40
°C under 0.1 mbar for 24 h. The light-yellow solid CPT was
washed three times with 10 mL of acetone and 10 mL of
diethyl ether followed by air drying and further conditioned in
a silica gel desiccator at 25 ± 1 °C until use.
Synthesis of UCS-Oleate-Folate-Cisplatin (UCS-OA-FA-

CPT) and UCS-FA-CPT Conjugates. Briefly, 161 mg of UCS
or UCS-OA conjugate (degree of OA substitution, DD = 7.37
± 0.45%) was dissolved in 10 mL of anhydrous dimethyl
sulfoxide. FA (0.177 g, 0.4 mmol), NHS (0.046 g, 0.4 mmol),
and EDC (0.040 g, 0.4 mmol) were dissolved in 3 mL of
anhydrous dimethyl sulfoxide. Cisplatin prodrug (CPT) (0.174
g, 0.4 mmol), NHS (0.046 g, 0.4 mmol), and EDC (0.04 g,
0.40 mmol) were separately dissolved in 3 mL of anhydrous
dimethyl sulfoxide. The folic acid and cisplatin prodrug
mixtures were individually added dropwise into the UCS or
UCS-OA conjugate solution and subjected to further magnetic
stirring for 48 h in the dark at 25 ± 1 °C. The resultant mixture
was coagulated by 300 mL of acetone and centrifuged (PK121
R, ALC) at 3400 rpm for 5 min. The supernatant was
discarded, and the solid sediment was collected. The solid
sediment was purified by dialysis against dimethyl sulfoxide for
48 h and subsequently with deionized water for another 48 h at
25 °C to remove the excess EDC, NHS, FA, and CPT using a
dialysis membrane (molecular weight cutoff: 1000 Da;
Spectra/Por, Spectrum laboratories, Spain). It was freeze-
dried (−40 °C, 0.1 mbar; α 1−2 LDplus, Martin Christ,
Germany) and further conditioned in a silica gel desiccator at

25 ± 1 °C until use. The yields of UCS-FA-CPT and UCS-
OA-FA-CPT were 58.20 ± 7.14 and 48.50 ± 4.05%,
respectively.
Nuclear Magnetic Resonance (NMR) Spectroscopy Anal-

ysis. Two milligrams of conjugate, prodrug, or starting material
was dissolved in 1 mL of deuterated dimethyl sulfoxide and
transferred into a 5 mm NMR tube. The sample was analyzed
using a Fourier transform-NMR AVANCE III 400 MHz NMR
spectrometer (Bruker, Germany) with tetramethylsilane as the
internal standard. At least triplicates were carried out, and the
results were averaged.
Fourier Transform Infrared (FTIR) Spectroscopy Analysis.

One milligram of conjugate, prodrug, or starting material was
scanned over a wavenumber range of 450−4000 cm−1 with
FTIR spectrometer (Spectrum RX1 FTIR system, PerkinElm-
er) using MIRacle ATR accessory (PIKE Technologies,
Madison). The characteristic peaks of infrared transmission
spectra of the samples were recorded at a resolution of 16 cm−1

over a wavenumber region of 450−4000 cm−1 with an
acquisition time of 1.5 min. At least triplicates were carried
out and the results were averaged.
Molecular Weight Analysis. The molecular weight profiles

of soluble UCS-OA and UCS-OA-FA-CPT conjugates were
determined using the test protocol outlined in the section on
UCS synthesis.
Degree of Substitution of Oleic Acid Analysis. The degree

of substitution (DS) of oleic acid was determined from the 1H
NMR spectra of UCS-OA conjugates.58 It was calculated using
eq 3 as follows:

=
×

×DS
integral at 0.85

3 integral at 2.89
100%

(3)

where δ 0.85 and δ 2.89 are the 1H NMR peak area of CH3 of
oleoyl and H2 of chitosan, respectively. At least triplicates were
carried out and the results were averaged.
FA Content Analysis. Two milligrams of UCS-OA-FA-CPT

conjugate or UCS-FA-CPT conjugate was dissolved in 0.01 M
hydrochloric acid solution overnight in the dark at 25 ± 1 °C.
The pH of the dissolved conjugate was adjusted to 10 using 0.1
M sodium hydroxide solution. The folate content of conjugates
was analyzed at the wavelength maxima of 365 nm using a
UV−visible spectrophotometer (extinction coefficient: 27614;
Cary 50 Conc. Varian Australia Pty. Ltd., Australia) with UCS-
OA-CPT and UCS-CPT as controls. The results were taken as
an average of three readings.
CPT Content Analysis. One milligram of UCS-OA-FA-CPT

conjugate or UCS-FA-CPT conjugate was digested in 1 mL of
70% nitric acid at 95 °C for 2 h. The digested conjugates were
diluted 100-fold with the final platinum concentration within
the working range of 0.1−100 μg L−1 with Milli-Q water. The
platinum content was determined by an inductively coupled
plasma mass spectrometer (ICPMS 7500 Single Turbo System,
Agilent). The most abundant isotope of platinum was
monitored at m/z = 195. The experiment was conducted in
triplicate, and the results were taken as an average of three
readings.
Solvation Analysis. Fifty milligrams of UCS, UCS-OA

conjugate, UCS-FA-CPT conjugate, or UCS-OA-FA-CPT
conjugate was suspended in 5 mL of deionized water, 0.1%
v/v acetic acid solution, phosphate-buffered saline pH 7.0
(Fisher Scientific, U.K.), and dimethyl sulfoxide of which
represented the common solvents employed in nanoprocessing
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and analysis. They were subjected to sonication at 25 ± 1 °C
for 3 × 10 min with a 2 min rest interval between each
sonication in a tightly sealed vial. The solvation status of UCS
and its conjugates was recorded following 24 h of standing at
25 ± 1 °C. A soluble sample was defined by complete
solubilization with no detectable solid residue. A poorly soluble
sample was defined by the presence of solid particles. Its
insolubility profile was verified through further incubation at
40 °C for 3 h.
Solution Viscosity Analysis. The UCS and UCS-OA-FA-

CPT conjugates were dissolved in 0.1% v/v acetic acid solution
to form 0.1, 0.05, 0.025, 0.0125, and 0.0063% w/w polymer
solutions. The viscosity of the solutions was examined using a
U-tube (size B, Poulten Self-e & Lee Ltd., U.K.) at 30.0 ± 0.5
°C. The specific viscosity of the UCS and UCS-OA-FA-CPT
conjugate solutions was calculated using the following
equation:

= F F
F

specific viscosity 0

0 (4)

where F is the flow time of the test solution and F0 is the flow
time of 0.1% v/v acetic acid solution that was used as the
solvent for the test sample. Triplicates were conducted, and the
results were averaged.
Cytotoxicity Study. Preparation of UCS-OA-FA-CPT

Nanoparticles. An accurately weighed 100 mg (0.1% w/w)
of UCS-OA-FA-CPT conjugate and 10 mg (0.01% w/w) of
tween 20 were dissolved in 99.89 g of 1% v/v acetic acid
solution under magnetic stirring at 2083 ± 32 rpm for 2 h. The
resultant solution was then nanospray-dried using a nanospray
dryer (TwinNanoSpray, UiTM, Malaysia) adapting the
following operating parameters: inlet temperature = 70 °C,
outlet temperature = 24 °C, solution feed rate = 2.92 g/min,
concurrent airflow = 2−2.5 m/s, and atomizing air pressure = 6
bar. The spray-dried powder was harvested from the collecting
electrode using a rubber spatula. The sample was kept in a
sealed vial and placed in a desiccator at 25 °C until use.
Size and ζ-Potential Analysis. One milligram of UCS-OA-

FA-CPT conjugate nanoparticles was dispersed in 15 mL of
95% ethanolic solution through brief sonication. The size and
ζ-potential were measured by photon correlation spectroscopy
(Nano ZS 90, Malvern Instruments Ltd., U.K.) at 25 °C in a
quartz cell and ζ-potential cell, respectively. Scattered light was
detected at a scattering angle of 90°. Triplicates were
conducted, and the results were averaged.
Morphology Analysis. The shape and surface morphology

of UCS-OA-FA-CPT conjugate nanoparticles were examined
using a scanning electron microscope (Quanta 450 FEG, FEI,
The Netherlands). The sample was first adhered to carbon
tape. It was then platinum sputter-coated (JEOL JFC-1600,
Jeol, Japan) and subjected to microscopic examination at an
accelerating voltage of 5 kV. The particle shape was defined by
the aspect ratio deriving from the quotient of length to breadth
of a particle. The surface roughness of nanoparticles was
analyzed using ImageJ-win32 software, employing the “Anal-
ysis Particle” and “Roughness Calculation” modes. The
arithmetic mean roughness (Ra) of the nanoparticles was
calculated from nine measurements across three images, and
the results were averaged.
MTT Assay. The folate receptor-expressed NCI-H1299

human nonsmall cell lung cancer cell line (ATCC) was
cultured in 25 cm2 cell culture flask (Nunclon, Thermo Fisher

Scientific, Denmark) containing RPMI 1640 medium
(supplemented with 10% fetal bovine serum, 100 unit/mL
penicillin, and 100 μg/mL streptomycin) and incubated
(CO2CELL 170, MMM, Germany) at 37 °C with 5% carbon
dioxide under humidified conditions. The cell culture medium
was replaced every 48 h. At 80% confluency, the cells were
washed twice with prewarmed phosphate buffer saline pH 7.4.
One mL of trypsin-EDTA (CAS 9002−07−7; Sigma-Aldrich,
Denmark) was added to the cells and further incubated for 5
min at 37 °C. The cells were suspended in 2 mL of cell culture
medium. The cell suspension was centrifuged at 1500 rpm for
5 min (Multispeed centrifuge PK 121R, ALC International,
Italy). The pellet was harvested and resuspended in an
appropriate volume of the cell culture medium.
The cytotoxicity of UCS-OA-FA-CPT conjugate nano-

particles was evaluated in vitro using an MTT assay against
the drug-treated group and the control group receiving no
treatment. The resuspended H1299 cells were introduced into
a sterile 96-well plate (Nunc, Denmark) at a density of 1 × 105
cells/well and incubated in a complete RPMI 1640 medium for
24 h at 5% carbon dioxide ambiance and 37 °C to promote cell
adhesion. The medium was then replaced by 100 μL of UCS-
OA-FA-CPT conjugate nanoparticles or cisplatin at a final
equivalent platinum concentration of 11.25 μg/mL in a
complete RPMI 1640 medium. The incubation was continued
for 48 h. Then, 20 μL of MTT reagent solution (CAS 298−
93−1; 0.5 mg/mL in phosphate buffer saline pH 7.4) was
added with further 4 h incubation in darkness. The culture
medium was subsequently removed. A volume of 100 μL of
DMSO was added to each well and shaken for 15 min to
dissolve the formed formazan crystals. The absorbance of the
formazan product was determined at 570 nm by a microplate
reader (POLARstar Omega, BMG Labtech, Germany). The
cell viability was defined as the absorbance ratio of the treated
sample (n = 6) to that of the control, expressed in percentage.
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