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ABSTRACT

ARTICLEINFORMATION

A new creatinine molecular imprinted polymer on the surface of goethite nanorods (CMIPG) was synthesized
using the core-shell structure for the absorption and identification of creatinine. Nano goethite particles (NG) that
had been modified with fumaric acid were employed as a core, and a polymerization procedure was carried out in
the methacrylic acid (MAA) presence as a functional monomer and creatinine as a template on the surface of the
modified goethite nanorods (MGN). Characterization of the CMIPG by energy dispersive spectroscopy-coupled
scanning electron microscopy (SEM-EDS), field emission scanning electron microscopy (FESEM), Fourier trans-
form infrared (FT-IR), and thermal gravimetric analysis (TGA) showed that the polymerization was successful.
The effect of different factors such as pH, contact time, the amount of the adsorbent, imprinting efficiency, and pri-
mary creatinine concentration on creatinine adsorption capacity of CMIPG were evaluated and the results showed
that recognition sites were created on the nanoparticles’ surface through the polymerization process. The ability
of CMIPG for selective identification was studied by the binary solution of creatinine and its analogous such as

creatine, L-tyrosine, and N-hydroxysuccinimide (NHS) revealing its ability to selectively absorb creatinine. More-
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over, the CMIPG's release and reusability, isotherm, and kinetic models were examined.
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1. Introduction

Creatinine is a byproduct of the muscular contraction mechanism.
During this mechanism, creatine and its analogue, phosphocreatine, are
tranformed to creatinine [1, 2]. The reference level of creatinine in hu-
man serum is 60-130 uM for a male and 0.5-120 uM for a female [3].
Measuring creatinine is the most commonly used indicator of renal func-
tion [4]. One of the routine clinical laboratory methods for measuring
creatinine is the Jaffe’s reaction [5, 6]. The other methods are mass-spec-
trometry [7], cation-exchange chromatography [8], biosensors [9, 10],
high-performance liquid chromatography (HPLC) [11, 12], spectroscop-
ic methods [13], and separation methods including capillary electropho-
resis (CE), gas chromatography (GC), and liquid chromatography (LC)
[14]. Expensive instruments, difficult stabilization, and immobilization
of some biological molecules are the problems of these methods [15].
Today, site-specific polymers for detecting target molecules have attract-
ed much attention. Molecular imprinting is an advanced technique to
design specific cavities for various target molecules [16-23]. In molecu-
lar imprinted polymers (MIPs), the pore shape, size, and chemical func-
tionality are exactly complementary to the target molecule. Hence, these
polymers have molecular memory to select the specific target molecule
[24, 25]. Different MIPs are designed to evaluated creatinine adsorption
[26,27].
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In order to increase the efficiency of the MIPs and organize their
structure, nanoparticles (NPs) such as Fe,O, [28], quantum dots [29],
and silica [30] has been used. There are several methods for prepar-
ing creatinine MIPs: bulk polymerization [31], sol-gel [32] core—shell
techniques [33], etc. Nowadays nanoparticles are commonly used in
preparing MIPs due to the high surface-to-volume ratio for adsorbing
templates. Thus, the use of nanoparticles has gained the researchers’
attention and provides a suitable method for recognizing target mole-
cules in a short time. Because of the unique structure of core—shell MIPs,
most of the target molecules stay on the shell surface resulting in better
removal of the template and the easier attachment of the template mole-
cule to target sites. This method can thereby lead to a more proper mass
transfer [34].

Due to their distinctive chemical compositions, great stability, and
low toxicity, iron oxy-hydroxides have demonstrated outstanding ad-
sorption affinity in water systems. Due to its great thermal stability and
high mobility, goethite (a-FeOOH) is probably the most common and
stable iron oxy-hydroxide polymorph found in natural soils and sedi-
ments [35]. Due to its numerous surface hydroxyl groups, it can join
with different compounds [36]. Its rod-like crystal structure gives a high
level of surface-to-volume ratio. This property causes the adsorption of
the template as well [37].

In this article, modified goethite nanoparticles were used for the first
time to prepare CMIPG to adsorb and identify creatinine. Non-imprinted
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polymer on the surface of goethite nanorods (NIPG) was synthesized in
order to determine the imprinting efficiency. The ability of CMIPG to
adsorb creatinine in different conditions was also investigated.

2. Materials and methods
2.1. Materials

2, 2-azobis (isobutyronitrile) (AIBN), Methacrylic acid (MAA), cre-
atinine, N-hydroxysuccinimide (NHS), ethylene glycol dimethacrylate
(EGDMA), L-tyrosine, potassium hydroxide (KOH), creatine, fumaric
acid, iron (III) nitrate nonahydrate (Fe(NO,),-9H,0) and solvents were
purchased from Sigma-Aldrich (Germany). Tamin Pharmaceutical In-
vestment Company in Iran provided the polyvinylpyrrolidone (PVP)
with Mw of 40000 g/mol (TPICO). Also, analytical grade bases and ac-
ids were provided from Sigma—Aldrich (Germany) and utilized without
any purification.

2.2. Characterization and instrumentation

TGA analysis (with DuPont Instruments TGA 951 from 25°C to 700
°C in a nitrogen flow with a 10 °C min™' rate of heating) and FT-IR spec-
tra (with Bruker Tensor 27 spectrometer using KBr discs) were used
to recognize thermal resistance and functional groups, respectively. A
Mighty-8 apparatus was used to perform SEM-EDS (TESCAN Compa-
ny, Prague). FESEM was employed for the determination of the size of
nanoparticles and the surface morphology of produced materials using
a Mighty-8 instrument (TESCAN Company, Prague). To evaluate the
creatinine concentration in the solutions, a UV-vis spectrophotometer
(Cecil Instruments, Cambridge, UK) was used.

2.3. NG synthesis and functionalization

The preparation of the MGNs was conducted in two stages [38].
The initial stage was the preparation of NG with several -OH functional
groups. Continuous stirring resulted in the dissolution of 4.85 g of Fe
(NO,),,H,0 in 50 ml of distilled water. The process was followed by
adding KOH solution (2.73g in 10 ml H,0) while vigorously stirring.
The KOH solution was used to raise the pH of the final mixture to 12.
An ultrasonic bath at 25°C was used for 30 minutes to thoroughly mix
and homogenize the mixture. We next dried the precipitates in an oven
at 100°C for 75 minutes before filtering, washing, and filtering again. In
the second phase, 15 g of NG, 10 g of compound fumaric acid, and 250
ml of distilled water were mixed in an ultrasonic bath followed by re-
fluxing at the boiling point of the mixture for 18 hours. Once the mixture
reached ambient temperature and was centrifuged, it was dried for 10

hours at 80 °C in an oven.

2.4. Design and preparation of CMIPG

After mixing 0.5 mmol of creatinine and 2 mmol of MAA in sol-
vents (a mixture of acetonitrile and toluene (3:1)) at room temperature
for 30 minutes, hydrogen bonds were formed between creatinine and
MAA functional groups and host sites that were specifically designed
to accept the creatinine were created. As a final step, the template/MAA
solution was supplemented with 0.16 g of PVP and 0.25 mmol of AIBN
as an initiator. The reason for selecting MAA as the functional mono-
mer is its carboxylic acid groups that can produce hydrogen bonds with
the template. The process of CMIPG formation consisted of interaction
between MAA/creatinine complex, cross-linker, MGN as a core, and
AIBN as initiator. The blend was placed in an ultrasonicator for 15 min-
utes. Nitrogen was used for 10 minutes to remove oxygen from the final
solution. A 60 °C oil bath was used for 24 hours for the polymerization
process. CMIPG was dissolved in distilled water for two hours, and

dried in a vacuum oven at 50 °C. For the removal of the template, the re-
sultant particles were extracted using a soxhlet and 24 hours of refluxing
methanol. A vacuum oven at 60 °C was used to dry polymer particles.
NIPG was synthesized under similar circumstances except adding cre-
atinine to confirm the performance of the CMIPG. Scheme 1 depicts the
CMIPG preparation procedure.

2.5. Adsorption study

Effect of different parameters was studies to examine the optimal
conditions for adsorption, including pH, the adsorbent amount, the ini-
tial concentration of creatinine, and contact time. For example, the im-
pact of pH was tested between 5 to 9 (utilizing adjusted buffer solution
by NaOH or HNO, solutions), the contact time was considered in the
range of 5-45 min, initial concentration of creatinine and amounts of
CMIPG were tested in the range of 10 to 500 uM and 5-40 mg, re-
spectively. When one factor changed, the others kept constant at their
optimum value. A curve for calibration was created at varied creatinine
concentrations using a UV-vis spectrophotometer at % =235 nm to
determine the equilibrium concentration of adsorbed creatinine. The ad-
sorption capacities (Q, pmol g') of CMIPG and NIPG were determined
by Eq. (1):

(G-

m

0 1

where C, (umol L") is the primary concentration of creatinine and
C f.(umol L") is the equilibrium creatinine concentrations in solutions; V'
(L) denotes the volume of the creatinine solution; m (g) is the CMIPG
weight. The experiments were repeated three times to ensure that they
were repeatable.

2.6. CMIPG imprinting efficiency

In four different concentrations (50, 100, 200, and 400 M), 30 mg of
CMIPG and NIPG were added to a 10 ml creatinine solution. Polymer
particles were collected via filtration after 20 minutes of stirring. Using
a calibration curve, the concentration of the remaining creatinine was

calculated from the maximum adsorption of creatinine at A =235 nm.

X

2.7. Creatinine release and reusability of CMIPG

To learn more about CMIPG’s desorption qualities, the study exam-
ined its reusability and release. In order to study the release ability, 30
mg of loaded CMIPG were stirred in 10 ml methanol. After 20 min, the
CMIPG particles were collected by filtering, dried, and eventually sub-
jected to fresh methanol. The release experiment was repeated 3 times.
A UV-vis spectrophotometer was utilized to determine the amount of
isolated creatinine in the release medium. 30 mg of CMIPG was added
to a 10 ml creatinine solution at a concentration of 200 uM to test its re-
usability. At ambient temperature, the blend was stirred for 20 minutes.
Filtering was used to collect the loaded CMIPG. CMIPG was poured
into methanol to extract creatinine, and the dried CMIPG was employed
four times in the adsorption-desorption cycle. UV-vis spectra were used
to determine the amount of adsorbed creatinine in each cycle.

2.8. Selectivity and competitive adsorption of CMIPG

Three structural mimics, such as NHS, L-tyrosine, and creatine were
used to quantify the amount of loaded creatinine in their presence for in-
terference studies and to examine the CMIPG selectivity. Four solutions
of creatinine/creatine, creatinine, creatinine/L-tyrosine, and creatinine/
NHS were tested (10 mL of four 200 uM solutions). Then, in each of
these four solutions, 30 mg of CMIPG was added. At room temperature,
each solution was stirred for 20 minutes. The concentration of adsorbed
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Scheme. 1. Preparation steps of CMIPG.

creatinine was evaluated via a UV-vis spectrophotometer after the bind-
ing equilibrium was achieved. Equation 2 and 3 were used to calculate
the selectivity coefficients of creatinine and distribution in relation to

its analogues:

€-C)
K, = Tf(%,) )

_ K, (template creatinine)

K, (interferent creatinine) &)

where K, denotes distribution coefficient and K represents the selec-
tivity coefficients ; C, and G denote the primary and equilibrium con-
centrations of creatinine in the solution (umol L'); m is the CMIPG
mass (g); V stands for the solution volume (L). The remained creatinine
concentration in solution was calculated by adsorption amount of creat-

inine in maximum adsorption at A

‘max

= 235 nm evaluated by the use of
a calibration curve via UV-spectrophotometer. All examinations were
done three times to make sure that they were repeatable. As illustrated
in Fig. 1, the creatinine chemical structure and its relevant molecules
could be seen.

3. Results and discussion
3.1. Characterization of CMIPG

The FT-IR spectra of NG, MGN, and CMIPG are shown in Figure
2. The Fe—O stretching vibration is associated with the adsorption band
at around 638 cm™ in the NG spectrum, while the -OH groups on the
surface of NG are presented by the broad adsorption band at ~3500 cm
!. The Fe-O-OH vibration in NG is related to the particular and sharp
bands at 892 cm™' and 794 cm'. Stretching vibrations at 1604 cm™ in the
MGN spectrum are related to the C=C band and confirm the formation
of modified nanoparticles. C=O and C-O ester bonding were attributed
to the adsorption bands at 1731 cm™ and 1151 cm, respectively, and
were indications of CMIPG production. An aliphatic stretching vibration
peak was visible at 2958 cm'. The elimination of the characteristic band
of creatinine in the FT-IR spectra of CMIPG can confirm the complete
removal of creatinine from CMIPG.

The FESEM images of NG, MGN, and CMIPG show their mor-
phological properties (Fig. 3). The FESEM image of the NG (Fig. 3a)
showed rod-like morphology and a mean particle size of ~72 nm. The
micrographs of MGN illustrate uniform regular shapes (Fig. 3b). Reg-
ular morphology was clear for CMIPG in Fig. 3¢, which demonstrated
core-shell structure. The results of EDS analysis of MGN and CMIPG
(Fig. 3d and 3e) showed that the C and O peaks are present in the MGN
spectrum (Fig. 3d) revealing a successful functionalization of nanopar-
ticles. The Fe, C, and O peaks in Fig. 3e, demonstrates the presence of

I\/U\OH /]; )=NH

Z-O

H O/\‘)L
N-Hydroxysuccinimide

L-Tyrosine Creatine Creatinine

Fig. 1. NHS, creatinine, L-tyrosine, and creatine molecular structures.
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Fig. 2. FT-IR spectrum of NG, MGN, CMIPG.

MGN in the CMIPG structure. Also, the absence of nitrogen ensures that
creatinine was removed.

The TGA curves of NG, MGN, and CMIPG are plotted in Fig. 4.
In the TGA curve of NG, 15% weight loss at 250 °C can be due to the
surface humidity and the char-yield was about 85% at 700 °C. The 30%
weight loss of the MGN from 200-400 °C could be related to the deg-
radation of the organic compounds on the surface of NPs. About 55%
weight loss at ~450 °C in TGA curve of CMIPG was observed and ~40%
of the initial weight was remained at 700 °C.

3.2. Optimum adsorption time determination

As observed in Fig. 5a, the creatinine absorption capacity of CMIPG
changes with time. In this study, 30 mg CMIPG was in touch with 10
ml of creatinine solution (200 uM) at ambient temperature for 5-45 min.
The adsorption capacity of CMIPG was improved by increasing the con-
tact duration up to 20 minutes (97 %) and then it became constant. As
a result, 20 minutes was regarded as the optimum time for creatinine to
be absorbed.

3.3. Evaluation of pH effect on creatinine adsorption

In order to achieve the optimum pH as a vital factor for creatinine
adsorption by the CMIPG, the influence of pH (in the range of 5-9) on
the adsorption of CMIPG was examined using 30 mg of CMIPG in con-
tact with creatinine solution (200 uM) for 20 min. The results (Fig. S5b)

Table 1.
Isothermal correlation coefficients at room temperature (pH of 7).
Isotherm models Parameters
1/Q K, (gL 0.04
Langmuir
R? 0.99
A(Lgh 0.11
Temkin B 0.91
R? 0.88
K, 3.13
Freundlich n 2.77
R? 0.83
K, 0.77
Redlich—Peterson e 038
B -
R? 0.74
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Fig. 3. FESEM micrographs of (a) NG, (b) MGN, and (c¢) CMIPG, EDS images
of (d) MGN, (¢) CMIPG.
showed that the adsorption capacity of creatinine was not different in
acidic and basic pHs. According to these results, the optimum pH was at
pH=7, which is close enough to the pH of biological systems. Thus, the
pH of all measurements was kept at 7.

3.4. Effect of CMIPG mass on creatinine adsorption

To study the impact of the CMIPG mass, different amounts of
CMIPG (5-40 mg) were exposed to 200 uM creatinine. Results showed
maximum adsorption of creatinine was achieved by using 30 mg of
CMIPG in the adsorption procedure. Thus, 30 mg of CMIPG was used
in the next optimization steps.

3.5. Isotherm studies (Effect of creatinine concentration)

MIP adsorption is greatly influenced by the initial concentration of
the template. For this purpose, different concentrations of creatinine
solution (10 ml of 10-500 uM) at pH=7 were mixed with 30 mg of
CMIPG for 20 min. After filtering the adsorbent particles, the adsorbed
creatinine was measured (Fig. 5c). It is clear that increasing the creat-
inine concentration from 10 to 200 uM leads to an increase in CMIPG
adsorption capability (about 100 %). It means that the maximum ad-
sorption occurred at 200 uM of creatinine concentration. For all concen-
trations (50,100,200,400 uM), the equilibrium adsorption capacity (Q
umol g') for CMIPG and NIPG was calculated (equation 1) and imprint-
ing efficiency was determined by dividing absorbed creatinine amount
by CMIPG to the adsorbed creatinine by NIPG. As Fig. 5d shows, the
maximum adsorption of NIPG was in a concentration of 50-100 pM
(about 57%) and after that, it decreased. However, the adsorption values
for CMIPG at 50-100 pM were about 96%. Thus, the adsorption capac-
ity of CMIPG is high due to the selective adsorption sites in the CMIPG
structure. The imprinting efficiency, in 50, 100, 200, 400 uM concentra-
tions of creatinine were 1.6, 1.8, 4.1, and 5.9, respectively. It can be con-
cluded that the presence of template during the polymerization process
creates selective sites for the creatinine identification.

To study binding parameters in the adsorption process, isotherm
equations such as Langmuir (Equation. (4)), Temkin (Equation (5)), Fre-

Table 2.
CMIPG selectivity
Substrate Q C,-C, Competitive K, K
(umol/g) (pmol/L) Loading (%) (L/g)
Creatinine 64.66 194 97 10.77 -
Creatinine/Creatine 63.64 190.92 95.46 7.00 1.53
Creatinine/NHS 61.26 183.78 91.89 377 2.85

Creatinine/L-tyrosine 64.29 192.89 96.44 9.04 1.19
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Fig. 4. The TGA plots of NG, MGN, and CMIPG.
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Fig. 5. Adsorption capacity variations with (a) time, (b) pH (30 mg of CMIPG,
200 umol/L creatinine), (¢) beginning concentration of creatinine, and (d) im-
printing efficiency of CMIPG and NIPG.

undlich (Equation (6)), and Redlich—Peterson (Equation (7) were used.

[ e
0. 0K o, @
0, =BIn(4)+BIn(C,) 5)
1
anE=an/+;lnC€ (6)
C. = L + 73 Cf %)
Qe KR KR

where C, is the equilibrium concentration of creatinine (umol L™);
the adsorption amount at the equilibrium (umol g') is denoted by 0.0,
stands for the maximum capacity of adsorption of CMIPG (umol g).
The Langmuir constant related to the adsorption energy is K, and K/.is
Freundlich constants that show the capacity of adsorption. K, and QO

are obtained from the linear plot slope and intercept of C /O against C,.

Table 3.
Kinetic parameters at pH of 7.0 and room temperature
kinetic model parameters
Q, (mgg") 388
pseudo-first-order K, (min™) 0.05
R? 0.54
Q,(mgg") 8.90
pseudo-second-order K, (g mg' min™) 0.015
R? 0.97
o (mg g' min™) 2.17
Elovich equation B (gmg") 0.46
R? 0.85
K, (mg g' min'?) 0.96
Weber—Morris intraparticle
o C 1.86
diffusion

R? 0.73
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Fig. 6. (A) The creatinine selectivity by CMIPG in the presence of creatine, NHS, and L-tyrosine, (B) creatinine released from CMIPG, and (C) reusability of CMIPG.

K, and n are obtained by fitting a linear plot of /nQ, vs. InC,. The value
obtained for the coefficient of determination (R’) of each equation (Table
1) showed that the experimental data complied with Langmuir equation
and the behavior of CMIPG adsorption was explainable by this equation.

3.6. Evaluation of the CMIPG selectivity in binary mixtures

To observe the selectivity behavior of CMIPG in creatinine adsorp-
tion, NHS, creatine, and L-tyrosine were selected as creatinine ana-
logues. Creatinine adsorption was studied in the presence of these ana-
logues (Fig. 6A). The results showed that CMIPG selectively adsorbed
creatinine in the presence of the analogues. Interferences of each materi-
al led to the decrease in the creatinine amount adsorbed by CMIPG. The
CMIPG’s selectivity for creatinine considering the individual interfer-
ence was determined by dividing the amount of adsorbed creatinine by
the amount adsorbed by the individual interference (Table 2). The results
demonstrated imprinting efficiency. Accordingly, CMIPG act selectively
in the adsorption of creatinine because the cavities formed during the
imprinting process are similar in size and shape to creatinine.

3.7. CMIPG release and reusability

To identify the desorption ability of CMIPG, the release and reus-
ability of CMIPG were tested (Fig. 6b, ¢). In this regard, the CMIPG
containing creatinine was washed with methanol for 20 min. Determin-
ing the total amount of adsorbed creatinine extracted by methanol from
CMIPG by the first extraction and after second and third extractions
showed that it contained no creatinine. Thus, CMIPG showed good re-
lease ability (Fig. 6b).

To understand the reusability of the CMIPG, after each adsorption,
CMIPG was used again up to 4 times. The results showed that the ad-
sorption by CMIPG was 97% after four desorption-adsorption cycles
(Fig. 6¢).

3.8. Studies of adsorption kinetics

Adsorption kinetics of CMIPG was studied from 5 to 45 min in cre-
atinine concentration of 200 uM. As demonstrated in Fig. 5a, the bind-
ing capacity was increased with the increment of time and the binding
equilibrium was achieved at 20 minutes. The relatively high adsorption
capacity of CMIPG demonstrated the presence of selective sites on the
CMIPG surface for creatinine recognition. To specify the adsorption
mechanism of CMIPG, the models containing pseudo-first-order (equa-
tion 8) pseudo-second-order (equation 9), the Elovich (equation 10),
and Weber-Morris (equation 11) are used to analyze the experimental
equilibrium data.

kl

log(Q, -0,)=logQ, - 2_3031 (®)
t 1 1
—= +—t ©)
Qz kZQeZ Qe

1 1
), =—In(aff) +—Int (10)
© B / B

i

0 =K,1+C an

where Q and Q, (umol g') represent the adsorbed creatinine amount
at various times and at equilibrium, respectively. The rate constants
containing, &, k, a, B, C, O, and Kp are obtained by the correspond-
ing slopes and intercepts of linear plots. To find a kinetic model for the
adsorption of creatinine, kinetic parameters and the coefficient of deter-
mination (R?) of all plots were calculated (Table 3). As can be seen, R’
was 0.97 for pseudo-second-order; thus, the pseudo-second-order model
explains the creatinine adsorption mechanism.

4. Conclusions

A novel molecular imprinted polymer shell on goethite nanorod core
was synthesized for selective creatinine detection. In the presence of
MAA (functional monomer), EGDMA (cross-linker), and functionalized
nanoparticles, a radical polymerization process was carried out. Differ-
ent methods such as EDS, FT-IR, TGA, and FESEM were used to char-
acterize CMIPG. FT-IR and EDS showed that the core-shell structure
was successfully achieved. TGA showed thermal resistance and FESEM
confirmed a regular shape of CMIPG in size of 72 nm and spherical
morphology. The selectivity was investigated by using a binary solu-
tion of creatinine and its analogues (NHS, L-tyrosine, and creatine).
The value of K, for binary solution of creatinine/L-tyrosine, creatinine/
NHS, and creatinine/creatine was obtained 1.53, 2.85, and 1.19, respec-
tively. Optimum time for creatinine adsorption was achieved at 20 min.
A pseudo-second-order kinetic model and a Langmuir isotherm model
both verified the experimental results by using R? values. It was shown
that at a creatinine initial concentration of 200 pmol L™, the capacity
of adsorption reached its maximum (64.66 pmol g!). According to the
results, CMIPG demonstrated exceptional properties for the detection of
creatinine because of selective cavities on CMIPG’s surface.
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