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ABSTRACT: This study investigated the conjugation of chitosan with the
insulin-mimetic [meso-tetrakis(4-sulfonatophenyl)porphyrinato]-
oxovanadate(IV)(4−), VO(tpps), in an aqueous medium as a function of
conjugation time, VO(tpps) concentrations, and temperatures. To validate
the synthesis of chitosan-VO(tpps) conjugate, UV−visible and Fourier
transform infrared spectrophotometric techniques were utilized. Conjugate
formation is ascribed to the electrostatic interaction between the NH3

+ units
of chitosan and the SO3

− units of VO(tpps). Chitosan enhances the stability
of VO(tpps) in an aqueous medium (pH 2.5). VO(tpps) conjugation with
chitosan was best explained by pseudo-second-order kinetic and Langmuir
isotherm models based on kinetic and isotherm studies. The Langmuir
equation determined that the maximal ability of VO(tpps) conjugated with
each gram of chitosan was 39.22 μmol at a solution temperature of 45 °C.
Activation energy and thermodynamic studies (Ea: 8.78 kJ/mol, ΔG:
−24.52 to −27.55 kJ/mol, ΔS: 204.22 J/(mol K), and ΔH: 37.30 kJ/mol) reveal that conjugation is endothermic and physical in
nature. The discharge of VO(tpps) from conjugate was analyzed in freshly prepared 0.1 mol/L phosphate buffer (pH 7.4) at 37 °C.
The release of VO(tpps) from the conjugate is a two-phase process best explained by the Higuchi model, according to a kinetic
analysis of the release data. Taking into consideration all experimental findings, it is proposed that chitosan can be used to formulate
both solid and liquid insulin-mimetic chitosan-VO(tpps) conjugates.

■ INTRODUCTION
In biotechnology, enzymatic catalysis, medicine, and ther-
apeutics, the conjugation of polymer with bioactive molecules
has attracted considerable scientific interest.1 Intensive
research is being conducted to develop polymer-based
therapeutic systems.2,3 Polymer conjugation increases the
therapeutics’ stability and efficacy.4 In the formulation of
therapeutic agents, various polymers such as poly[N-(2-
hydroxy-propyl)methacrylamide],5 polyacrylamide,6 poly(vinyl
alcohol),7 poly(γ-glutamic acid),8 and chitosan9 have been
utilized as carriers.
Chitosan (Figure 1a) is a deacetylated product of chitin that

occurs naturally as structural building blocks in the shell of
insects and fungal cell walls.10 It is believed that chitosan’s
unique structure (a high proportion of primary amines) is
responsible for its many physicochemical properties.11

Chitosan’s high sorption capacity offers a promising method
for removing organic dyes, heavy metals, and pharmaceutical
contaminants from effluent water.12−14 Its positively charged

surface facilitates electrostatic interactions with anionic species.
Chitosan is a versatile biomolecule15−17 due to its numerous
medicinal properties, including antidiabetic. Due to its high
mucoadhesiveness and minimal production cost, chitosan is
frequently used as a carrier for oral therapeutics.18 Chitosan-
based therapeutic strategies are regarded as a viable method for
managing diabetes.19−21

There are multiple applications for naturally occurring
porphyrins and their metal complexes in various research
disciplines, including dye degradation,22 sonodynamic anti-
cancer therapy,23 photodynamic therapy,24,25 MRI contrast
agent,26 drug delivery,27 single-cell imaging,28 and antimicro-
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bial to cancer treatment.29−31 VO(tpps) (Figure 1b) is a water-
soluble insulin-mimetic vanadyl-porphyrin complex for oral
therapy of type 1 and type 2 diabetes mellitus in animals.32,33

VO(tpps) is regarded as an effective insulin-mimetic complex.
These significant results prompted us to investigate the

chitosan-VO(tpps) conjugation mechanism based on kinetics,
equilibrium isotherm, and thermodynamics, thus paving the
way for chitosan-based metallodrug delivery. In this study,
chitosan-VO(tpps) conjugate was synthesized and character-
ized, and the kinetics and equilibrium of conjugation in
aqueous solution were investigated. Particularly, the effects of
various conjugation parameters, including conjugation time,
VO(tpps) concentration, and solution temperature, were
examined. We observed equilibrium conjugation between
VO(tpps) and chitosan in an aqueous medium at numerous
temperatures. The kinetic and isotherm data obtained from
chitosan-VO(tpps) conjugation experiments were evaluated
using kinetic (pseudo-first-order, pseudo-second-order, and
Elovich), diffusion (film diffusion and intraparticle diffusion),
and isotherm (Freundlich, Temkin, and Langmuir) models. In
an aqueous environment, the activation and thermodynamic
characteristics for the conjugation between VO(tpps) and
chitosan were evaluated. We investigated the stability of the
chitosan-VO(tpps) conjugate in an acidic medium (pH 2.5).
The experiment of VO(tpps) in vitro release from chitosan-
VO(tpps) conjugate was conducted in 0.1 mol/L phosphate
buffer (pH 7.4) at 37 °C.

■ RESULTS AND DISCUSSION
Chitosan-VO(tpps) Conjugate Synthesis and Charac-

terization. A straightforward technique was used to conjugate
VO(tpps) with chitosan in an aqueous medium without adding
any cross-linking agent. Aqueous solution of VO(tpps) (4
μmol/L) was added to chitosan solution (1% w/v; pH 2.5) at
1:1 (v/v) ratio with continuous stirring to facilitate
conjugation, which was evaluated by spectroscopically.34 The
UV−vis absorption spectra of chitosan, VO(tpps), and
chitosan-VO(tpps) complex in an aqueous medium are
exhibited in Figure 2. The characteristic peak of chitosan at
287 nm (Figure 2a) was moved to 295 nm in the complex
(Figure 2c). Consequently, the 8 nm bathochromic shift of the
chitosan characteristic peak was attributed to conjugate
formation in an aqueous environment.34 In VO(tpps), the
soret band appeared at 436 nm (Figure 2b), whereas in the
conjugate, it shifted to 413 nm (Figure 2c). Moreover, the Q-

band at 564 nm was moved to a higher wavelength (566 nm),
and a second Q-band at 603 nm was removed from the
conjugate spectrum (Figure 2c). As seen in Figure 2, the
significant hypsochromic shift (23 nm) of the soret band and
the bathochromic shift (2 nm) of the Q-band indicate the
effective conjugation of VO(tpps) and chitosan in an aqueous
environment. The chitosan-VO(tpps) complex also exhibited
comparable spectral observations.35−37

Fourier transform infrared (FTIR) spectroscopy reveals the
specific functional groups in chitosan and VO(tpps) that are
involved in the formation of the chitosan-VO(tpps) complex.
The electrostatic relationship between the NH3

+ groups of
chitosan and the SO3

− groups of porphyrin is credited with the
creation of chitosan-VO(tpps) complex.38 The FTIR spectra of
chitosan, VO(tpps), and the chitosan-VO(tpps) complex
noted in KBr are given in Figure 3. Chitosan’s absorption
bands at 1153, 1091, 1031, and 894 cm−1 are typical backbone
of the polysaccharide (Figure 3a). Chitosan’s O−H (broad)
and C−H(narrow) bands have respective stretching frequen-
cies of 3417 and 2875 cm−1. Two typical peaks were detected
at 1649 and 1600 cm−1 for the stretching frequency of amide I
(C�O) and amide II (N−H), respectively.39 The O−H band
of the −SO3H group in the VO(tpps) molecule was noted at
3450 cm−1 (Figure 3b) and transferred to 3421 cm−1 in the
conjugate spectrum (Figure 3c). The electrostatic interaction
between anionic VO(tpps) and cationic chitosan may explain
this phenomenon. The band at 1024 cm−1 was ascribed to the

Figure 1. Structure of chitosan (a) and [meso-tetrakis(4-sulfonatophenyl)porphyrinato]oxovanadate (IV) (4−), VO(tpps) (b).

Figure 2. UV−vis absorption spectra of 0.5% (w/v) chitosan (a), 2
μmol/L VO(tpps) (b), and a chitosan-VO(tpps) conjugate (c) in an
aqueous environment (pH 2.5).
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stretching frequency of V�O in the VO(tpps) molecule32;
this frequency was moved to 1033 cm−1 in the conjugate. The
peaks of various phenyl groups at 900, 821, 740, and 632 cm−1

were displaced to smaller frequencies (5−12 cm−1), indicating
that the chitosan-VO(tpps) conjugate’s macrocyclic core was
disturbed.38 The peaks at 1145 and 1205 cm−1 (Figure 3b)

were ascribed to the symmetric and asymmetric stretching
frequencies of the sulfonato group (SO3

−) in VO(tpps).40 In
Figure 3c, the symmetric and asymmetric stretching bands of
the sulfonato group (SO3

−) were moved to 1033 and 1093
cm−1 with considerably attenuated N−H bands, suggesting
that the SO3

− groups of the VO(tpps) molecule participate
actively in conjugation with chitosan.34 Figure 3c depicts a
wide peak at 1570 cm−1 that implies to the stretching
frequency of NH3

+ groups in the conjugate. The prominent
peak at 1406 cm−1 (Figure 3c) ascribes to the stretching
frequency of the S�O bond in the conjugate.41 The ionic
attraction between NH3

+of chitosan and SO3
− of VO(tpps)

facilitates the formation of chitosan-VO(tpps) conju-
gate.34,35,38 Figure 4 depicts the proposed structure of the
chitosan-VO(tpps) conjugate.

Stability of Conjugate Chitosan-VO(tpps). To prevent
VO(tpps) self-aggregation, an aqueous VO(tpps) solution (5
μmol/L) was steadily added to chitosan solution (1% w/v; pH
2.5) at a 1:1 (v/v) ratio with continuous magnetic stirring.
Conjugation of VO(tpps) with chitosan occurred in an acidic
aqueous environment due to the electrostatic attraction
between the NH3

+ and SO3
− groups present in chitosan and

VO(tpps). The stability of the complex was investigated in an
acidic aqueous solution (pH 2.5) by measuring its kinetic UV−
visible spectra at various time intervals. The UV−vis spectra of
chitosan-VO(tpps) conjugate (Figure 5a) and the absorbance
intensity of conjugate at 413 nm (Figure 5b) were found to be
pretty steady in an acidic aqueous environment (pH 2.5),
indicating that chitosan effectively increases the stability of
VO(tpps) in acidic environments. By forming micelles,
chitosan effectively protected Zn(tpps) in an acidic environ-

Figure 3. Chitosan (a), VOtpps (b), and chitosan-VOtpps complex
(c) FTIR spectra noted in KBr.

Figure 4. Proposed structure of the chitosan-VO(tpps) conjugate.
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ment from demetallization, as previously described.34 It was
also assumed that the cross-linked network of chitosan was
responsible for Zn(tpps) segregation. The analogous mecha-
nism may explain the stability of the chitosan-VO(tpps)
conjugate in an acidic environment.

Impact of Contact Time. The influence of the interaction
period on the kinetics and quantity of VO(tpps) conjugation
with chitosan in an aqueous environment is illustrated in
Figure 6. Initially, the conjugation rate between VO(tpps) and
chitosan rises sharply but then decreases with time. It took
240−300 min for the conjugation rate between VO(tpps) and
chitosan to attain equilibrium. Effective electrostatic magnet-
ism among NH3

+ and SO3
− groups present in chitosan and

VO(tpps), respectively, may account for the rapid conjugation
at an early stage. As the chitosan surface became saturated, the
rate of conjugation decreased, and VO(tpps) began penetrat-
ing chitosan pores at a very sluggish rate, as observed for
Zn(tpps) and dye molecule conjugation with chitosan in
aqueous solution.34,42 Therefore, 300 min was chosen as the
equilibrium time for maximal VO(tpps) conjugation.

Impact of the VO(tpps) Concentration. In order to
study the dependence of VO(tpps) intensity on chitosan-
VO(tpps) conjugation kinetics, the initial VO(tpps) concen-
tration was varied from 2 to 10 μmol/L, whereas the other
parameters remained constant. With increasing VO(tpps)
intensity, the magnitude of VO(tpps) conjugated per unit

weight of chitosan boosted from 21.31 to 32.85 μmol/g, as
depicted in Figure 7. This shows that the VO(tpps)

concentration had an important impact on the conjugation
process. The concentration gradient of VO(tpps) may be the
source of a driving force that enhances VO(tpps) conjugation.
Similar explanations have previously been provided for the
conjugation of Zn(tpps),34 reactive black 5 (RB5),42 and
H2tpps

43 with chitosan in an aqueous medium.
Temperature Effect. Temperature effect analysis is

required to design every bulk experiment. Experiments on
the conjugation of VO(tpps) with chitosan were conducted at
varying temperatures (30 to 45 °C). As shown in Figure 8, as
the temperature of a solution increases, the equilibrium
conjugation capacity increases slightly, representing an
endothermic process. The negligible effect of temperature
suggests that VO(tpps) conjugation with chitosan is a sluggish
equilibrium process.44 Similar behavior was noted in the
conjugation of Zn(tpps) and anionic dye RB5 with chitosan in
an aqueous environment.34,42 The insignificant impact of

Figure 5. (a) Kinetic UV−vis absorption spectra of chitosan-
VO(tpps) conjugate in an aqueous environment (pH 2.5) at various
times. The conjugate absorption spectra were noted at 0, 6, 12, 24, 48,
72, 96, and 120 h. The VO(tpps) concentration in chitosan solution
(0.5% (w/v); pH 2.5) was 2.5 μmol/L. (b) Kinetic trace at 413 nm of
the chitosan-VO(tpps) conjugate. The data are extracted from Figure
5a.

Figure 6. Influence of contact time on kinetics and quantity of
VO(tpps) bound to chitosan in aqueous solution at the temperature
of 30 °C (volume of solution: 40 mL, chitosan: 0.5% w/v,
[VO(tpps)]0: 4 μmol/L). The solid line was generated numerically
using pseudo-second-order kinetics eq 2, and the values of k2 and
qe(cal) are stated in Table 1.

Figure 7. VO(tpps) conjugation with chitosan in aqueous solution at
30 °C (volume of solution: 40 mL; chitosan: 0.5% w/v; [VO(tpps)]0:
△: 2 μmol/L; ▲: 4 μmol/L; □: 6 μmol/L; ■: 8 μmol/L; and ○: 10
μmol/L. The solid line was calculated numerically using pseudo-
second-order kinetic eq 2 and the values of k2 and qe(cal) from Table 1.
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solution temperature on decolorization efficacy was also
reported by other authors.45

Kinetic Analysis. To evaluate the kinetics involved in
chitosan-VO(tpps) conjugation, well-known kinetic models,
including pseudo-first-order,46 pseudo-second-order,47 and
Elovich kinetic48 models, were applied to examine data
obtained from kinetic experiments. The equation of a
pseudo-first-order model is given as follows:

=q q q k tln( ) lnte e 1 (1)

where k1 (min−1) represents a pseudo-first-order conjuga-
tion rate constant estimated by plotting ln(qe − qt) against t.
The pseudo-second-order rate equation is expressed by eq 2:

=
+

q
k q t

k q t(1 )t
2 e

2

2 e (2)

where k2 (g/μmol min) represents a pseudo-second-order
conjugation rate constant computed from the linear expression
imparted in the following eq 3:

= +t
q k q q

t1 1

t 2 e
2

e (3)

The eq 4 for the Elovich kinetic model is

= +q t
1

ln( )
1

lnt (4)

where α (μmol/g min) represents the primary rate constant of
VO(tpps) conjugation and β (g/μmol) is related to the extent
of exterior expose and the activation energy for chemisorption.
By plotting qt versus lnt, we can determine the magnitudes of α
and β can be determined.
The estimated kinetic results from the application of the

kinetic equations are tabulated in Table 1. Typically, the
optimal kinetic model is chosen on the basis of high correlation
coefficients (R2) and the similarity between theoretical and
observed qe values. The values of R2 = 0.965 to 0.997 obtained
from the pseudo-first-order model and the Elovich kinetic
model (R2 = 0.979 to 0.991) are trivial in comparison to the
values of R2 = 0.992 to 0.995 obtained from the pseudo-
second-order model. The VO(tpps) conjugation data can be
interpreted using a pseudo-second-order kinetic expression
based on R2 values and the similarity between theoretical and
observed qe values (Table 1). The good fit to the pseudo-
second-order model suggests that the conjugation path is
primarily driven by physisorption and is dependent on the
electrostatic magnetism between the NH3

+ and SO3
− groups of

chitosan and VO(tpps).34,43,49 The high values of the Elovich
rate constant (α) indicate the rapid conjugation of VO(tpps)
at the beginning of the reaction (Figure 6), whereas the small
values of the desorption constant (β) suggest the stability of
the chitosan-VO(tpps) conjugate in the solution.50−52

Mechanism of Conjugation. To gain insight into the
conjugation mechanism, experimental kinetic data were
analyzed by two commonly employed diffusion models-film
diffusion53 and intraparticle diffusion.54 The equations
describing diffusion models are as follows:
Film diffusion model

=F k tln(1 ) fd (5)

=F q q/t (6)

Intraparticle diffusion model

Figure 8. Influence of solution temperature on the kinetics and
quantity of VO(tpps) bound to chitosan in an aqueous environment
(volume of solution: 40 mL; chitosan: 0.05% w/v; [VO(tpps)]0: 4
μmol/L; solution temperature: △, 30 °C; ▲, 35 °C; □, 40 °C; ■: 45
°C). The solid line was calculated numerically using pseudo-second-
order kinetic eq 2 and the values of k2 and qe(cal) from Table 1.

Table 1. Characteristics of the Kinetic Models Applied for the Assessment of Experimental Kinetic Data Acquired from
Chitosan-VO(tpps) Conjugation at Various Concentrations of VO(tpps) and Solution Temperatures

parameters [VO(tpps)] (μmol/L) temperature (°C)

2.0 4.0 6.0 8.0 10.0 30 35 40 45

qe (exp) (μmol/g) 21.31 25.80 28.46 30.58 32.85 25.80 27.97 30.87 33.19
pseudo-first-order kinetic model

k1 × 10 −3 (1/min) 10.20 10.20 10.00 10.20 10.40 10.20 10.40 10.20 10.80
qe(cal) (μmol/g) 15.89 18.28 19.62 19.44 20.30 18.28 18.04 18.67 18.89

R2 0.977 0.991 0.997 0.995 0.995 0.991 0.985 0.990 0.965
pseudo-second-order kinetic model

k2 × 10 −3 (g/μmol min) 1.13 1.14 1.15 1.26 1.27 1.24 1.32 1.40 1.46
qe(cal) (μmol/g) 23.42 27.70 30.12 32.15 34.36 27.70 29.59 32.15 34.60

R2 0.993 0.993 0.992 0.994 0.994 0.993 0.995 0.994 0.995
Elovich kinetic model

α (μmol/g min) 1.80 2.82 3.77 5.77 7.28 2.82 4.25 7.29 12.07
β (g/μmol) 0.23 0.21 0.20 0.20 0.19 0.21 0.20 0.20 0.20

R2 0.979 0.985 0.986 0.984 0.985 0.985 0.991 0.989 0.984
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= +q k t It id
0.5

(7)

where kfd (1/min) and kid (μmol/g min0.5) are film diffusion
and intraparticle diffusion rate constants, respectively. F is a
fractional quantity conjugated at equilibrium that can be
calculated using the ratio qt/q∞, where qt (μmol/g) and q∞
(μmol/g) are the extent of VO(tpps) conjugated with chitosan
at t time and infinite time, respectively. In eq 7, the intercept is
represented by I (μmol/g), which gives evidence regarding the
width of the frontier layer. Figure 9 depicts typical plots of

applied diffusion models. Figure 9a displays specific plots of
the film diffusion model, ln(1 − F) versus t, for the chitosan-
VO(tpps) conjugates in aqueous environments at varying

VO(tpps) concentrations. The absence of any line passing
through the origin is indicative that film diffusion alone does
not solely control the chitosan-VO(tpps) conjugation process.
The values of kfd and correlation coefficient (R2) acquired from
the film diffusion model are presented in Table 2. In Figure 9b,
all the plots of the intraparticle diffusion model, namely qt
versus t0.5, exhibit two linear regions with distinct slopes. This
implies that there are two phases in the conjugation process.
The first linear region was attributed primarily to external
surface conjugation or macro pore diffusion with a rate
constant kid1 (μmol/g min0.5), whereas the second linear region
was attributed to a progressive diffusion into the interior
surface of chitosan with a rate constant kid2. Similar
explanations for this phenomenon were previously re-
ported.34,55,56

Conjugation Isotherm. To predict the nature of the
interaction between VO(tpps) and chitosan, bulk equilibrium
data were tested with the most prevalent isotherm models.
Figure 10 illustrates the correlation between qe and Ce. The

graph demonstrated that a rise in solution temperature
increases the extent of VO(tpps) conjugation, indicating that
the conjugation process is endothermic.
The Freundlich,57 Temkin,58 and Langmuir59 isotherm

equations were used to study the bulk conjugation experiment
data and determine the most appropriate model. Following are
the equations of the employed isotherm models:
Freundlich model:

Figure 9. Characteristic charts of ln(1 − F) versus t (a) and qt versus
t0.5 (b) for chitosan-VO(tpps) conjugation in the aqueous environ-
ment at five different concentrations of VO(tpps) (solution volume:
40 mL; chitosan: 0.5% w/v; [VO(tpps)]0: △: 2 μmol/L; ▲: 4 μmol/
L; □: 6 μmol/L; ■: 8 μmol/L; ○: 10 μmol/L).

Table 2. Estimated Values of Diffusion Parameter for VO(tpps) Conjugation with Chitosan in Aqueous Solution at Various
Concentrations of VO(tpps) and Solution Temperatures

parameters [VO(tpps)] concentration (μmol/L) temperature (°C)

2.0 4.0 6.0 8.0 10.0 30 35 40 45
film diffusion model

kfd × 10 −2 (1/min) 1.15 1.08 1.01 1.07 1.08 2.58 1.75 1.95 1.83
R2 0.996 0.995 0.995 0.996 0.995 0.985 0.993 0.994 0.984

intraparticle diffusion model
kid1 (μmol/g min0.5) 1.53 1.77 1.84 1.86 1.96 1.77 1.93 1.83 1.75
R2 0.994 0.997 0.992 0.999 0.999 0.997 0.994 0.984 0.992
kid2 (μmol/g min0.5) 0.72 0.82 0.93 0.89 0.92 0.82 0.78 0.86 0.87
R2 0.986 0.998 0.999 0.997 0.998 0.998 0.997 0.997 0.984

Figure 10. Conjugation isotherms of chitosan-VO(tpps) conjugate in
aqueous medium at various temperatures (volume of solution: 40 mL;
[VO(tpps)]0: 2−10 μmol/L; chitosan concentration: 0.5% w/v;
solution temperature: ○: 30 °C; ●: 35 °C; △: 40 °C; ▲: 45 °C).
The Langmuir isotherm eq 12 is used to generate all solid lines
numerically.
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where Ce (μmol/L) represents the equilibrium concen-
tration of VO(tpps) and qe (μmol/g) represents the VO(tpps)
conjugation ability of chitosan at equilibrium. The Freundlich
constants KF ((μmol/g)(μmol/L)−1/n) and n represent the
capacity and potency of VO(tpps) conjugation. The constant
of the Temkin equation is KT (μmol/L), bT (J/mol) is a
measure of the heat of conjugation, R (8.314 J/mol K) is the
universal gas constant, and T (K) is the absolute temperature.
The ratio of Langmuir isotherm constants (KL/aL) character-
izes the upper limit of chitosan’s conjugation capacity, qm
(μmol/g). In Table 3, the parameters of the isotherms are
enumerated. The Langmuir isotherm equation adequately
explains the equilibrium behavior of chitosan-VO(tpps)
conjugation based on the magnitudes of R2. The Freundlich
isotherm parameter n was calculated to be greater than one,
indicating that conjugation between chitosan and VO(tpps) is
favorable.34,43 At 30 to 45 °C, the maximal amount of

VO(tpps) conjugated with chitosan was estimated to be
between 36.10 and 39.22 μmol/g. However, at 30 and 45 °C,
the maximal amount of Zn(tpps) bound to chitosan was
determined to be 135.14 and 151.52 mol/g, respectively.34

Separation factor (RL) is a dimensionless constant, which
represents the fundamental features of the Langmuir equation,
which is stated as follows:

=
+

R
a C

1
(1 )L

L 0 (14)

where aL (L/μmol) represents the Langmuir isotherm constant
and C0 (μmol/L) represents the maximum initial concen-
tration of VO(tpps) used in conjugation experiments.
Separation factor (RL) values imply the nature of conjugation
(RL > 1.0 indicates an unfavorable interaction; 0 < RL < 1.0
implies a promising interaction). The values of RL for chitosan-
VO(tpps) conjugate at 30, 35, 40, and 45 °C were estimated to
be 0.855, 0.818, 0.776, and 0.749, respectively, indicating
favorable conjugation at all of the aforementioned temper-
atures.60 Three error functions, including the sum of squares of
errors (SSE), the sum of absolute errors (SAE), and the
average relative errors (ARE), were considered to determine
the isotherm model that best fits the present conjugation
process.61 Freundlich, Temkin, and Langmuir isotherms were
subjected to error analysis (Table 4). In addition, error analysis
data revealed that the Langmuir isotherm model provided the
best fit for chitosan-VO(tpps) conjugation in an aqueous
medium.

Parameters for Activation and Thermodynamics. The
activation energy (Ea) for the studied conjugation system was
determined using the values of k2 imparted in Table 1 at
various temperatures of the solution. The correlation between
activation energy (Ea), rate constant (k2), and solution
temperature (T) according to the Arrhenius equation is as
follows:

= +k
E
R T

ln
1

Constant2
a i

k
jjj y

{
zzz (15)

where R (8.314 J/mol K) represents the constant for an ideal
gas. The activation energy (Ea) at 30−45 °C was determined
using the Arrhenius plot of lnk2 versus 1/T (R2 = 0.997) when
the VO(tpps) concentration was 4 μmol/L in an aqueous
medium. The computed Ea value of 8.78 kJ/mol suggests that

Table 3. Isotherm Constants for the Conjugation of VOtpps with Chitosan at Varied Temperatures

isotherm models parameters temperatures (°C)

30 35 40 45

Freundlich KF ((μmol/g)(μmol/L)−1/n) 15.39 17.98 20.72 23.36
n 2.99 3.45 3.96 4.51
R2 0.967 0.977 0.982 0.985

Temkin KT (μmol/L) 6.77 10.98 19.48 33.50
bT (J/mol) 331.73 354.17 380.07 403.04
R2 0.989 0.994 0.995 0.996

Langmuir KL (L/g) 0.61 0.81 1.09 1.31
aL × 10 −2 (L/μmol) 1.69 2.22 2.89 3.35
qm (μmol/g) 36.10 36.63 37.59 39.22
R2 1.0 0.999 0.997 0.994

thermodynamics ΔG (kJ/mol) −24.52 −25.63 −26.73 −27.75
ΔH (kJ/mol) 37.30
ΔS (J/mol K) 204.22
R2 0.987
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VO(tpps) conjugation with chitosan is a physisorption
mechanism.34

Using the following equations,43 the thermodynamic
activation parameters of VO(tpps) conjugation with chitosan,
including enthalpy (ΔH‡), entropy (ΔS‡), and Gibb’s free
energy (ΔG‡), were estimated:

= + +
‡ ‡k

T
H
R T

k
h
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ln
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=‡ ‡ ‡G H T S (17)

where k2, R, and T have the same meaning as previously
mentioned, kB represents the Boltzmann constant (1.381 ×

10−23 J/K), and hP represents the Planck constant (6.626 ×
10−34 J s). From the slope and intercept of the linear plot of
ln(k2/T) versus 1/T (R2 = 0.994), ΔH‡ (6.20 kJ/mol) and ΔS‡

(−280.21 J/mol K) values of the conjugation process were
calculated.
The estimated ΔH‡ value of conjugation (≤40 kJ/mol)

indicates physical binding of VO(tpps) with chitosan, which
was confirmed by the Ea value (8.78 kJ/mol).

62 The positive
value of ΔH‡ (6.20 kJ/mol) also implies that the conjugation
process is endothermic.63 Based on the ΔS‡ value (−280.21 J/
mol K), it can be concluded that the VO(tpps) conjugation did
not significantly alter the internal structure of chitosan.64

Negative ΔS‡ also indicates that VO(tpps) conjugation occurs
via an associative mechanism in which individual VO(tpps)
molecules remain intact.65 The estimated value of ΔS‡Tav was
found to be greater than ΔH‡, indicating an entropy-driven
activation process,34,66 where Tav represents the mean of the
studied temperatures. Positive ΔG‡ values (91.10, 92.50, 93.90,
and 95.30 kJ/mol) at the investigated temperatures (30, 35, 40,
and 45 °C) indicate that the chitosan-VO(tpps) conjugation
system contains an energy barrier. This phenomenon is quite
typical and logical as the actuated compound is an agitated
form in the transition state.
Using the following expressions,67 the thermodynamic

parameters of VO(tpps) conjugation with chitosan, including
variations in Gibb’s free energy (ΔG), entropy (ΔS), and
enthalpy (ΔH), were estimated.

=G RT aln L (18)

Table 4. Isotherm Error Analysis for Chitosan-VO(tpps)
Conjugation in Aqueous Solution

isotherm models temperatures (°C)
errors

SSE SAE ARE

Freundlich 30 5.131 4.408 3.613
Temkin 1.381 2.350 1.981
Langmuir 0.059 0.398 0.285
Freundlich 35 3.199 3.469 2.639
Temkin 0.721 1.693 1.334
Langmuir 0.235 0.839 0.583
Freundlich 40 2.502 3.222 2.242
Temkin 0.554 1.551 1.110
Langmuir 0.485 1.407 1.047
Freundlich 45 1.882 2.729 1.768
Temkin 0.468 1.376 1.205
Langmuir 0.371 1.284 1.176

Figure 11. (a) Usual UV−vis spectra of VO(tpps) liberated from chitosan-VO(tpps) conjugate at different intervals of time in 0.1 mol/L
phosphate buffer (pH 7.4) at 37 °C; (b) in vitro discharge profile of VO(tpps) from chitosan-VO(tpps) conjugate in 0.1 mol/L phosphate buffer
(pH 7.4) at 37 °C; (c) plot of log [residual VO(tpps) (%)] vs time (data are taken from Figure 11b); and (d) plot of VO(tpps) release (%) vs
square root of time (data are taken from Figure 11b).
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where aL, T, and R have the same meaning as previously
mentioned. By plotting lnaL versus 1/T (R2 = 0.987; figure not
given), the slope and intercept were employed to estimate the
extent of enthalpy (ΔH) and entropy (ΔS), respectively. Table
3 provides a summary of the thermodynamic parameter values
obtained. The magnitude of ΔH (37.3 kJ/mol) indicates that
the chitosan-VO(tpps) conjugation is endothermic, which is
confirmed by the increase in the equilibrium conjugation of
VO(tpps) with temperature. The negative calculated ΔG
values (−24.52 to −27.55 kJ/mol) at the investigated
temperatures (30 to 45 °C) indicate that the conjugation
between VO(tpps) and chitosan is spontaneous. VO(tpps)
conjugation with chitosan is anticipated to be favorable at
elevated temperatures34,43 based on the positive ΔS value
(204.22 J/mol K), which is also supported by the positive ΔH
values.

Release of VO(tpps) In Vitro from the Chitosan-
VO(tpps) Conjugate. The dialysis procedure was used to
investigate the liberation of VO(tpps) from the chitosan-
VO(tpps) conjugate in 0.1 mol/L phosphate buffer (pH 7.4).
In a dialysis tube (MWCO ≤ 14,000 Da), 50 mg of the
conjugate and 3 mL of the buffer were incubated in a vial
containing 37 mL of the same buffer solution. A magnetic stir
bar was utilized to agitate the system at 150 rpm at 37 °C.
Using spectrophotometry, the concentration of VO(tpps)
released from the conjugate in the buffer solution was
determined. Figure 11a depicts the typical UV−visible spectra
of VO(tpps) liberated from the chitosan-VO(tpps) conjugate
in 0.1 mol/L phosphate buffer (pH 7.4). The concentration of
VO(tpps) was found to increase progressively in the outer
buffer solution. However, only 7.65% of VO(tpps) was
released within 120 h from the conjugate (Figure 11b). The
strong electrostatic attraction between the NH3

+ and SO3
−

groups of chitosan and VO(tpps) was primarily responsible
for the slow discharge of VO(tpps) from the chitosan-
VO(tpps) conjugate.34,68 The plot of logarithmic residual
VO(tpps) percentage in conjugate versus time in Figure 11c
indicates that the kinetics of VO(tpps) liberation did not obey
the first-order equation (R2 = 0.761). Figure 11d demonstrates
that VO(tpps) was liberated from the conjugate in two distinct
phases. The first linear region (R2 = 0.947) was primarily
attributed to the release of adsorbed or entrapped VO(tpps)
from the chitosan surface, whereas the second linear region (R2
= 1.000) was attributed to the diffusion of VO(tpps) from the
distended chitosan matrix.69 The kinetics of VO(tpps) release
appears to conform more closely to the Higuchi model than to
the first-order kinetics, indicating that the chitosan-VO(tpps)
conjugate is a matrix type rather than a reservoir type.

■ CONCLUSIONS
UV−visible and FTIR spectrophotometric techniques were
utilized to validate the conjugation of chitosan with insulin-
mimetic VO(tpps). Chitosan-VO(tpps) conjugate was formed
in the aqueous environment due to electrostatic attraction
between NH3

+ and SO3
− groups of chitosan and VO(tpps),

respectively. Chitosan increases the stability of VO(tpps) in
extremely acidic environments. The conjugation between
chitosan and VO(tpps) was anticipated to influence the
solution’s concentration and temperature. The VO(tpps)
assimilation capacity of chitosan intensified with increasing

temperature (30 to 45 °C) and VO(tpps) solution
concentration (2 to 10 μmol/L). The pseudo-second-order
kinetic equation correlates better with kinetic data than the
pseudo-first-order and Elovich models. The Langmuir
isotherm accurately described the isotherm data of VO(tpps)
conjugation (R2 = 0.994 to 1.0). According to the Langmuir
equation, the maximal conjugation capacity of VO(tpps) was
calculated to be 39.22 μmol/g at 45 °C. The conjugation
system is spontaneous and endothermic according to
thermodynamic analyses. The liberation of VO(tpps) from
the chitosan-VO(tpps) conjugate was evaluated in 0.1 mol/L
phosphate buffer solution (pH 7.4) at 37 °C. Kinetic analysis
of experimental release data revealed that the release of
VO(tpps) from the conjugate was a two-stage process, which is
best described by the Higuchi model. Chitosan could
potentially be used as an effective carrier agent for the
development of a solution and solid insulin-mimetic chitosan-
VO(tpps) conjugate, as indicated by the experimental results.

■ EXPERIMENTAL SECTION
Materials. The chitosan was provided by Katokichi Bio Co.

Ltd. and used exactly as received. Frontier Scientific Inc. of
Utah , Uni ted Sta te s , supp l i ed meso - t e t r ak i s(4 -
sulfonatophenyl)porphyrin, H2(tpps). The vanadium(IV)
oxide sulfate was acquired from Japan’s Wako purified
chemical industries. The Sephadex LH-20 supplied by
Amersham Pharmacia Biotech was utilized as the stationary
phase of column chromatography for the separation of
VO(tpps) from the reaction mixture. Dialysis membranes
were obtained from Medicell International Ltd., London. This
study employed deionized water. This experiment utilized only
substances of analytical grade.

Synthesis of Complex VO(tpps). The synthesis of
VO(tpps) from H2(tpps) was conducted with minor
modifications as previously reported.32 H2tpps (1.1131 g)
and VOSO4.5H2O (2.8839 g) were refluxed with agitation for
24 h at 150 °C in 250 mL of N,N-dimethylformamide. The
solution was subjected to evaporation until it reached a volume
of approximately 5 mL and passed through the Sephadex LH-
20-packed glass column. To prevent photodegradation, the
isolated VO(tpps) solution was evaporated to dryness and
stored in a dark amber glass vial. Elemental analysis of
C44H28O12S4N4VO·8H2O·2C3H7NO, VO(tpps), calculated
(%): C 46.55, H 4.53, N 6.51; observed (%): C 46.21, H
4.48, N 6.55.32

Preparation of Chitosan-VO(tpps) Conjugate. The
synthesis of chitosan-VO(tpps) conjugate was conducted in
an aqueous medium with minor modifications as previously
reported.34 A 1% chitosan solution was made by mixing 5 g of
chitosan with 500 mL of diluted acetic acid (pH 2.5) and
stirring the mixture for 2 h at 30 °C. While continuously
agitating, the freshly prepared chitosan solution and a 500
μmol/L aqueous solution of VO(tpps) were mixed in a 1:1 (v/
v) ratio. This was done slowly to prevent the self-aggregation
of VO(tpps). To enable the conjugation between chitosan and
the VO(tpps) molecule, the solution was preserved at 30 °C
for 8 h with constant magnetic stirring. By means of dialysis,
the unconjugated VO(tpps) were removed from the melange.
The resulting chitosan-VO(tpps) conjugate solution was
desiccated in an electric furnace at 70 °C and kept in an
orange glass container.

Spectroscopic Investigations. The UV−vis spectra of
chitosan, VO(tpps), and the chitosan-VO(tpps) complex were
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measured in an aqueous environment using a UV-1900i
spectrophotometer (Shimadzu, Japan) at a wavelength range of
200−800 nm and a quartz cuvette with a width of 1 cm. Prior
to each sample run, the zero line of the UV−vis
spectrophotometer was corrected with the respective medium.
The FTIR spectra of chitosan, VO(tpps), and the chitosan-

VO(tpps) complex were measured by using an IRPrestige-21
FTIR spectrophotometer (Shimadzu, Japan) with a range of
400−4000 cm−1. The solid materials were finely milled and
mixed with potassium bromide (KBr) in a 1:100 ratio to create
a translucent disk.

Preparing the Membrane. Dialysis tube (10 × 2.5 cm) of
Visking dialysis flat membranes (Medicell International Ltd.,
London, SE8 3FD; MWCO ≤ 14,000 Da) was dipped in
deionized water for 8 h while being agitated at 35 °C. Every
hour, the media water was altered with fresh deionized water to
eradicate any water-soluble foreign materials. The dialysis
conduit was then immersed in 60 °C water for 2 min. The
membrane tube was then immersed for 30 min in 70% aqueous
methanol. The dialysis tube was stored in a 50% methanol
aqueous solution until the experiment.

Studies of Batch Equilibrium. At room temperature, 37
mL of aqueous VO(tpps) solution was placed in a 125 mL
stoppered vial to conduct a batch conjugation experiment.
Chitosan aqueous solution (0.5% w/v; 3 mL) was taken in a
membrane tube and dipped in 37 mL of a VO(tpps) solution
(4 μmol/L). Each bottle’s closure was secured to prevent
solvent evaporation. The sample containers were stirred (150
r/min) in a thermostatic water bath at 30 °C until attained the
equilibrium. Sample containers were removed from the water
immersion at predetermined intervals, and the quantity of
VO(tpps) conjugated with chitosan was determined spec-
trophotometrically using a UV-1900i Shimadzu spectropho-
tometer with a λmax value of 436 nm.34 At 436 nm, the molar
absorption coefficient of VO(tpps) in aqueous solution was
determined to be 1.84 × 105 L/mol.cm. The extent of
VO(tpps) conjugated with chitosan at any time t, qt (μmol/g)
was calculated by using eq 20:

=q
V C C

m
( )

t
t0

(20)

where C0 (μmol/L) is the VO(tpps) concentration in
solution at time zero, Ct (μmol/L) represents the VO(tpps)
concentration in outer membrane solution at time t, V (L)
represents the solution volume, and m (g) represents the
weight of chitosan.
The kinetic experiment was conducted at changing

concentrations of VO(tpps) (2−10 μmol/L) and temperatures
of the solution (30−45 °C). Additionally, the conjugation
equilibrium experiment was conducted at varying solution
temperatures (30−45 °C).
The quantity of VO(tpps) conjugated with chitosan at

equilibrium, qe (μmol/g), was calculated by

=q
V C C

m
( )e

e
0
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where Ce (mol/L) is the VO(tpps) concentration in the
outer membrane solution at equilibrium; as indicated
previously, C0, V, and m are the same.

Studies of VO(tpps) Release In Vitro. The VO(tpps)
release experiment was performed in 0.1 mol/L phosphate
buffer (pH 7.4 at 37 °C) using a dialysis procedure with a bag

of dialysis membrane (MWCO ≤ 14,000 Da).34 One end of
the dialysis tube was secured with thread, and 50 mg of solid
chitosan-VO(tpps) complex and 3 mL of buffer solution were
placed inside. The other end of the tube was then knotted and
plunged into the same buffer solution (37 mL) in a bottle with
a stopper. At 37 °C, the corked bottle was magnetically
agitated at 150 r/min. At various time intervals, the
concentration of VO(tpps) in the outer solution of the dialysis
membrane was determined using a spectrophotometer. After
each measurement, the removed solution was reintroduced
into the system. All experimental data provided in this article
represent the mean of two separate analyses.
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