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GRAPHICAL ABSTRACT
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HIGHLIGHTS
- Flexible spacer of cross-linking agent improves the performance of MIPs.
- MIP as thin layers of cross-linked polyacrylamide selectively binds histamine.

- Selective and non-selective adsorption from modeling adsorption thermodynamics.
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ABSTRACT

The ability of molecularly imprinted polymers (MIPs) prepared with flexible cross-linking
agents for selective uptake of guest molecules is investigated. New polyacrylamide polymers
had been synthesized for histamine (HA) extraction using solid supports based on MIPs
immobilized on silica surface (SiO2). The MIPs were prepared via radical polymerization in
acetonitrile and in the presence of azobisisobutyronitrile (AIBN) as initiator, using HA as a
target molecule, acrylamide as a functional monomer and several cross-linking agents having
alkyl spacers of wvarious lengths: N,N’-methylenebisacrylamide (BA1), N,N’-
ethylenebisacrylamide (BAz), N,N’-(butane-1,4-diyl)-bis(2-methacrylamide) (BA4) and N,N’-
(hexane-1,6-diyl)-bis(2-methacrylamide) (BAs). All the prepared MIPs have a strong
absorption capacity of HA compared to non-imprinted polyacrylamide (NIPs). MIP4 made with
the BA4 cross-linker shows a higher selectivity for adsorption of HA than MIPs made with BA,
BA: and BAs. Thus, the imprinting factor for adsorption from a 5 ppm HA solution was 2.5 for
MIP4 against 1.4 to 1.6 for MIP1, MIP2 and MIPe. Langmuir—Volmer and VVolmer models of
the adsorption isotherms of MIPs and NIPs accurately fit the experimental data. They provide
the characteristic parameters of the adsorption thermodynamic of the materials. The higher
performance of MIP, for selective adsorption of HA is mainly coming from a higher density of
molecular imprints (1.4 umol'm2 against 0.13-0.15 pmol'm2 for MIP1 and MIP, and
0.4 pmol-m2 for MIPs) than a higher affinity of HA for the molecular imprints. The selectivity
with respect to the tyramine and melamine interfering molecules is also higher for MIP4. As the
main outcome, some moderate flexibility of the material is advantageous. Such flexibility
allows for a reversible healing and re-opening of the molecular imprints as the HA guest is
removed and back-adsorbed.

Keywords. Molecularly imprinted polyacrylamide, Histamine, Cross-linking agent effects.



1. Introduction
Molecularly Imprinted Polymers (MIPs) are made of densely cross-linked polymer where the
presence of a guest molecule during polymerization leaves a shape memory as a molecular
imprint able to selective recognition of the guest molecule [1]. Such materials showing selective
binding of the target guest molecule find many types of applications where a molecular
recognition is wished: stationary phases of HPLC and preconcentration SPME cartridges,
chemical sensors, catalysis... [2,3,4,5]. The conventional molecular imprinting technique
involves extensive cross-linking yielding highly rigid structures [6]. Cross-linking the polymer
materials increases their mechanical strength and stiffness [7]. In the framework of MIPs, the
purpose of the dense cross-linking is freezing the shape of the guest molecule acting as a
template during the polymerization process. A too large amount of cross-linker nevertheless
seems detrimental to the selective adsorption properties. The choice of the cross-linker and the
optimum cross-linking density depend on the specific case (type of target molecule and type of
application) and which criterion is considered for the determination of the optimum. Thus,
Sellergren stated that divinylbenzene (DVB) was not suitable because of "lower selectivity,
poorer chromatographic performance™ [8]. Conversely, DVB was preferred by Muhammad et
al. because of a higher selectivity expressed by the imprinting factor (IF), but at the expense of
the binding capacity [9]. The optimum monomer:cross-linker ratio was found for 1:1 in the case
of the chromatographic separation of L-phenylalanine anilide using the classical (methacrylic
acid-EGDMA)-based MIPs [10]. A similar ratio of 35:50 was used by da Mata et al. [11] in the
case of glyphosate extraction by a polyacrylamide-based MIP. Much higher amounts of cross-
linker were determined as optimum in more recent studies [12,13,14]. An opposite conclusion
was reached, giving the optimum ratio of 12 mol%, based on measurements of the binding
capacity (instead of selectivity) in a quite low and narrow range of such ratio [15]. An NMR

investigation of polyacrylamide gels cross-linked with N,N'-methylene-bis-acrylamide (BA: in



the present study) showed that the onset of solid-like behavior of the gel was reached at 40 wt%
cross-linker [16]. As an outcome, there is a large variety of case, all of them appearing specific,
so that it is difficult to draw general trends from several reports of studies performed under
various specific conditions. Owing to the many parameters of relevance, approaches by
multivariate analysis allow reaching interesting conclusions [17,18]; they remain restricted to
specific cases however. Selecting the appropriate cross-linker is critical for improving the
recognition performance of imprinted polymers. A systematic study on the cross-linker under
control of the other parameters is needed.

Acrylamide has been identified as a suitable functional monomer for the manufacture of MIPs because
of its ability to bind many types of molecules by means of hydrogen bonds [19]. Acrylamide binds
histamine (HA) as a model basic compound [20]. The acrylamide monomer and polyacrylamide
show strong hydrogen bonding interactions with HA. Considering their similar reactivity in free radical

polymerization, alkylenebisacrylamides appear well-suited as cross-linking agents of
polyacrylamide for providing the imprinted polyacrylamide a high degree of selectivity [16].

The choice of the cross-linker for optimum performance of the MIPs is addressed. Importantly,
variations of the polymethylene spacer length of the cross-linker may control the flexibility
around the molecular imprints that allows favorable structural rearrangements for rebinding the
guest molecule. Four MIPs were studied utilizing four different types of N,N'-
polymethylenebis(acrylamide) cross-linkers with spacers of 1 to 6 methylenes BA1, BAz, BAs
and BAe. The non-imprinted polymers (NIPs) were made under identical conditions as the
imprinted polymers but without the HA. The adsorption performances of MIPs toward HA

molecules were studied, as well as competitive adsorption with possible interfering substances.

2. Materials and Methods

2.1. Materials and reagents



Fumed silica was used, which is an amorphous pyrohydrolysis silica manufactured by Degussa
under the brand name Aerosil 200. (3-Aminopropyl)triethoxysilane (APTES, 99%),
methacryloyl chloride (97%), diisopropylethylamine (99%), triethylamine (99%), histamine
(HA, 97%), tyramine (TYR, 98%), melamine (MEL, 99%), acrylamide (AA, > 99%), N,N’-
methylenebisacrylamide (BA1, > 99.5%), N,N’-ethylenebisacrylamide (BA2, > 99.5%), 1,4-
diaminobutane (99%) and 1,6-diaminohexane (99%) for the synthesis of N,N’-(butane-1,4-
diyl)-bis(2-methacrylamide) (BA4) and N,N’-(hexane-1,6-diyl)-bis(2-methacrylamide) (BAs),
Na2SOs4, azobis(isobutyronitrile) (AIBN, 98%), tetrahydrofuran (THF), acetonitrile, methanol
(MeOH), ethanol (EtOH), dichloromethane, toluene, LC-MS grade ammonium acetate and
formic acid were all purchased from Sigma-Aldrich. Water of resistivity > 18 MQ-cm was

delivered by a Millipore water purification system (Bedford, MA).

2.2. Materials synthesis

2.2.1. Modification of the silica surface

The silica has been dehydrated at 140 °C for 2 h before grafting the organosilane to its surface.
SiO2 was modified in two steps [21] (Figure 1): methacryloylamidopropyltriethoxysilane
(APTESMA) was first synthesis by the reaction of APTES and methacryloyl chloride, and
APTESMA was chemically grafted to silica in a second step.

Step I: To a solution of APTES (2.5 mL, 14.32 mmol) in 60 mL of toluene was added the
triethylamine (3 mL, 22.22 mmol) and methacryloyl chloride (2.5 mL, 25.58 mmol) dissolved
in 40 mL of toluene. The reaction mixture was left under stirring at room temperature for 48 h,
then filtered. The filtrate was evaporated to dryness under reduced pressure and purified by
chromatography on silica gel using (80/20 v/v: hexane/ethyl acetate) as eluent to give a

yellowish oil product (APTESMA).



Step Il: To 5g of activated silica dispersed in 150 mL of toluene was added 5 mL of
diisopropylethylamine, followed by 3 g (12.13 mmol) of APTESMA synthesized product
diluted in 50 mL of toluene. During 24 h, the mixture was kept at a temperature of 120 °C while
being stirred. When the reaction was completed, the content was filtered and washed with THF.
The obtained modified silica SiO2(APTESMA) material was dried in an oven at 60 °C and then

stored for later uses.
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Figure 1. Reaction schemes for the preparation of the methacryloyl-modified silica
SiO2(APTESMA). Step I: Synthesis of APTESMA. Step Il: Grafting of APTESMA onto the
silica surface.

2.2.2. Preparation of histamine imprinted polyacrylamide polymers

Imprinted polyacrylamide polymers were synthesized using radical polymerization as follows:
1 mmol of HA dissolved in 20 mL of acetonitrile was added to 500 mg of modified silica
SIO2(APTESMA). The reaction mixture was stirred until the temperature reached 80 °C.
Thereafter, 0.2 mmol of the initiator AIBN was added, followed by 8 mmol of AA and 8 mmol
of the corresponding cross-linker (BA1, BA2, BA4, BAs). The reaction mixture was stirred for

24 h. Then, the obtained material was filtered and washed with THF. The four obtained solids



named as MIP1, MIP2, MIP4, MIPs were dried in an oven, ground, and stored for later uses. To
remove the template molecules, the prepared materials were extracted in a Soxhlet apparatus
using methanol for 72 h [22]. Finally, the MIPs were thoroughly washed with deionized water
for 72 h and dried in a vacuum oven for 24 h. Non-imprinted polymer materials NIP1, NIP2,
NIP4 and NIPs were prepared in the same experimental conditions as MIPs, but in the absence
of HA molecule.

2.2.3. Synthesis of the cross-linking agents

The synthesis procedure of cross-linkers BAs and BAg [23,24] is summarized in Figure 2. To a
solution of methacryloyl chloride (50 mmol, 5 mL) dissolved in dichloromethane (20 mL) was
added dropwise a mixture of 1,4-diaminobutane (24 mmol, 2.41 mL) or 1,6-diaminohexane
(24 mmol, 3.13 mL) and triethylamine (50 mmol, 6.75 mL) in water (50 mL) at temperature 0—
5°C. The mixture rapidly turned heterogeneous upon the addition because water and
dichloromethane are not miscible. After 2 h, the mixture was extracted with dichloromethane
(310 mL). The combined organic phases were dried over Na,SQg, filtered and concentrated
under reduced pressure. The crude product was then purified by precipitation in hexane to
afford monomer (BAs or BAs) as a white solid powder. *H and *3C NMR, IR and MS analyses
are as follows:

- N,N’-(butane-1,4-diyl)-bis(2-methacrylamide) (BA4)

Yield: 74 %. 'H NMR (500.13 MHz, DMSO-ds) & (ppm): 7.93 (s, 2H); 5.63 (s, 2H); 5.31 (s,
2H); 3.11 (s, 6H); 1.84 (s, 4H); 1.42 (s, 4H). 3C NMR (125.76 MHz, DMSO-ds) & (ppm): 167.8
(2); 140.6 (2); 119.1 (2); 39.1 (2); 27.1 (2); 19.1 (2).

IR (ATR, v (cm™): 3312 (N-H); 2925 and 2860 (sym C—H and asym C—H); 1651 (C=0); 1530
(C=C); 1173 (C-N).

HRMS ESI* m/z: calculated for C1oH20N202H™: 225 .1598; found: MH™: 225.1598.

- N,N’-(hexane-1,6-diyl)-bis (2-methacrylamide) (BAs)



Yield: 83 %. 'H NMR (500.13 MHz, DMSO-ds) & (ppm): 7.89 (s, 2H); 5.62 (s, 2H); 5.29 (s,
2H); 3.11 (s, 6H); 1.84 (s, 4H); 1.42 (s, 4H); 1.25 (s, 4H). 3C NMR (125.76 MHz, DMSO-ds)
& (ppm): 167.8 (2); 140.6 (2); 119.1 (2); 39.2 (2); 29.5 (2); 26.6 (2); 19.1 (2).

IR (ATR, v (cm™): 3324 (N-H); 2928 and 2854 (sym C—H and asym C—H); 1655 (C=0); 1531
(C=C); 1176 (C-N).

HRMS ESI* m/z: calculated for C14H24N202H™: 253.1911; found: MH™: 253.1911.

cl . NH NH
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Figure 2. Synthesis of the cross-linkers BA4 and BAe.

2.3. Methods

Thermogravimetric analysis (TGA) measurements were carried out using a TG 209 F1 Netzsch
instrument in the temperature range of 25-1000 °C at a heating rate of 10 °C-mint in a nitrogen
gas flow. A Perkin-Elmer 2400 series Il equipment was used for C H N analysis. The infrared
spectra were carried out in the wavenumber range 400-4000 cm™* using a Bruker IFS 55
Equinox FTIR spectrometer in ATR mode. A Bruker Avance Il 500.13 ultra shield Plus
spectrometer was used to obtain *H NMR as well as *C and solid-state *3C and %*Si NMR
spectra at 500.13 MHz, 125.76 MHz and 59.62 MHz, respectively. The specific surface areas
were measured by BET experiments at 77 K using a Micromeritics ASAP2020 instrument. The
MIP and NIP samples were heated at 150 °C under vacuum before nitrogen adsorption
measurements. The full nitrogen adsorption-desorption isotherms were collected and the
Brunauer-Emmett-Teller (BET) equation was used to calculate the specific surface area. Images
of transmission electron microscopy (TEM) were obtained using a Philips CM120 microscope
set at 80 kV acceleration voltage. A drop of a dispersion of the materials in water was deposited

on a formvar copper grid and dried before observation by TEM. Zeta potential measurements
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of aqueous suspensions of the materials were performed by electrophoresis in DTS1070 U-
shaped cells using a Malvern NanoZS instrument (Malvern, UK). The calculation of the zeta
potential from the electrophoretic mobility was done using the Henry equation under the
Smoluchowki approximation. Chromatography measurements were carried out using the
Agilent 1290 Infinity LC system coupled to the Agilent 6490 Triple Quadrupole LC/MS System
with Agilent Jet Stream Technology. Chromatographic separation of histamine was carried-out
on Waters XBridge® BEH C18 2.5 um 3.0 X150 mm XP Column at 25 + 1 °C with an isocratic
flow rate of 0.30 mL-min~! and the injection volume was 10 uL-min* and the UV detector was
set at 254 nm. The mobile phases were 10 mM ammonium acetate in water containing 0.1 %
formic acid (mobile phase A) and acetonitrile (mobile phase B) in a 65/35 v/v ratio. The
autosampler was kept at a constant temperature of 20 + 1 °C. The electrospray MS detector was
used in a positive mode (ESI") to ionize neutral histamine molecules to molecular ions. The
desolvation gas (nitrogen) was heated to 350 °C, whereas the ion source was at 120 °C. The
capillary and cone voltages were 4 kV and 10 V, respectively. The collision gas was argon, and
the collision energy was set to 10 V. The mass spectrometer was set to MRM (multiple reaction
monitoring) modes, and the molecular ion used for quantification of HA was m/z = 112 g-mol™*
[25]. For the selectivity study, the molecular ions for the quantification of TYR and MEL were

respectively m/z = 138 g-mol~* and 127 g-mol 2.

2.4. Binding experiments

Equilibrium adsorption experiments were carried out by mixing 30 mg of MIP or NIP with
5 mL of deionized water at different initial concentrations of HA (45-2700 umol-L™). After a
20 min equilibration time, the mixture was centrifuged at 10000 rpm, the molecular ion m/z
112 g-mol™* corresponding to HA was used to calculate the residual concentration of HA in the

supernatant using LC-MS as a detection method. For kinetics experiments, the same method



was used but for various contact times (5-40 min). The calibration curves and the

chromatogram of HA are given in section S.5 of Supporting Information.

Eq. 1 was used to calculate the adsorbed amount at time t:

Q(t) = M (1)

m Agp
where Q(t) (mol-m?) is the adsorption capacity at time t; C(0) (mol-L ) and C(t) (mol-L™) are
the concentrations of HA at initial and time t; V (L) is the volume of HA solution, m (g) is the
mass of adsorbent, and Asp is the specific surface area (m?-g™2).

The imprinting efficiency of the imprinted material was defined as follows:

_ Qe(MIP)
IF = Qe(NIP) @)

where Qe(MIP) (mol'm2) and Qe(NIP) (mol'm™2) are the adsorbed quantities of HA at
equilibrium for the MIP and NIP [26].

2.5. Selectivity study

Adsorption of HA and structurally similar chemicals TYR and MEL was measured from 5 mL
of this mixed solution at 45 pmol-L™* in deionized water at pH 5.5 to 30 mg of MIP4 or NIP4
materials. At the equilibrium time (40 min), the amount of analyte adsorbed by MIP4 or NIP4
was determined using equation (1). The selectivity for HA with regards to competitive species
(TYR and MEL) acting as interfering molecules was characterized by the distribution

coefficient (D, L-g 1) and the selectivity factor () calculated using Eqs 3 and 4 [27]:

p=%% 3)

Ce
with Qe (mol‘m™2) being the adsorbed amount and Ce (mol-L ™) being the concentration
remaining in solution at equilibrium;

__ Danalyte,MIP
o Dcompetitor,MIP

(4)
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3. Results and Discussion

3.1. Synthesis and characterization of MIPs and NIPs materials

A combination of the surface imprinting method and the use of a stiff polyacrylamide polymer
was investigated to prepare HA imprinted polymers. The modification of SiO2 using APTES
coupled to methacryloyl chloride is essentially based on a direct reaction between the SiO»
surface containing silanol groups and reactive groups of the organosilane to yield a solid support
to be used in the synthesis of MIPs and NIPs. The reaction is carried out in anhydrous medium
on a dry substrate, preventing the hydrolysis of the silane. The grafting density of APTESMA
onto SiO, was 6.21 umol-m~2 according to thermogravimetric analyzes, and 6.44 pmol-m™2 and
6.26 umol-m2 inferred from elemental analyses of carbon and nitrogen. The difference of
grafting density obtained by elemental chemical analysis (EA) and thermogravimetric analyzes
is due to incomplete condensation of methoxy groups [25]. All characterizations (IR, EA, *C
CP-MAS NMR, 2°Si CP-MAS NMR) have been made for modified silica and all details are
reported in section S.1 of Supporting Information confirming the successful grafting.
HA-imprinted polyacrylamide materials were synthesized using the four cross-linkers BA,
BA>, BAs and BAg differing by the length of their polymethylene spacer, and using AA as a
functional monomer. The conventional free radical polymerization in solution was used with
AIBN as initiator and acetonitrile as the solvent. The use of an aprotic solvent allows
maintaining the stability of the formed pre-polymerization complex by favoring the interaction
between the template and the functional monomers as avoiding the too strong interactions with
the solvent molecules. NIPs were prepared under the same polymerization conditions except
that the HA guest molecule was absent in the polymerization process.

The IR spectra of all the synthesized polymers were identical [28]. The IR spectrum of NIP
showed peaks that were similar to those of MIP, indicating that HA was well extracted from

the polymer matrix. The IR spectra of MIP4 and NIP4 materials (Figure 3) showed a broad
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absorption band in the range 3500-3200 cm ™! associated with the O—H vibration of moisture
and N—H stretching vibration of the secondary amide group. Secondary amides are revealed by
stretching vibrations of C=0 bonds and amide 11 band centered around 1605 cm™ (vc=o0) and
1570-1510 cm™* (8n-n and vc n). The stretching vibrations of C—H bonds of CH3 and CH;
groups as a broad composite band in the 31002850 cm™ range. Stretching vibrations of the
silica Si—O-Si as well as the out-of-plane deformation of the CH> groups gave an absorption at
1100-1000 cm™2. In the spectra of MIP4 and NIP4 compared to that of SiO2(APTESMA), the
absorbance of Si—O-Si relative to all other bands was less because polymerization increased

the amounts of organic materials.

V{Si-0-8i)
S(N-H)
v(C-N)
(c—o)v -4
(c)  vow Ve '

M

(@) B

N oa

?

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. IR spectra of MIP4 (a), NIP4 (b), and SiO2(APTESMA) modified silica (c).

The 13C CP-MAS NMR spectra of MIP and NIP (Figure 4) revealed a characteristic peak of the
C=0 group of the amide function at 202.89 ppm, as well as other characteristic peaks of C=C
at 123.44 and 162.37 ppm and those of C—C at 27.62 and 84.94 ppm, confirming the formation
of the polymer layer on the surface of the modified silica. The similar spectra of imprinted and

non-imprinted polymers showed that histamine extraction from the MIP was successful.
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Figure 4. 13C CP-MAS NMR spectra of MIP (A) and NIP (B).

Thermogravimetric analysis of the imprinted materials and the non-imprinted materials was
used to infer the mass fraction of organic polymer in the MIPs and NIPs (Figure S5 in section
S.2 of Supporting Information). The TGA curves of each MIP and NIP were identical, showing
that the presence of the template molecules during the MIP polymerization did not affect the
amount of polymer attached to the silica, and confirming that the histamine has been removed
to completion during the washing step. The mass fraction of grafted polymer was taken as the
mass loss between 200 and 500 °C in the TGA curves [29]. A slight but significant increase in
the mass fraction of grafted polymer material was noted as going from MIP1/NIP1, to
MIP2/NIP2, MIP4/NIP4, and finally MIPs/NIPs (Table 1), which was explained by the increase

in the polymethylene chain of the cross-linking agents of the various polymers materials.

Table 1. Mass losses of the different synthesized MIPs and NIPs.
Polymer MIP:  NIP1 MIP2  NIP2  MIPs NIPs  MIPs  NIPs
Mass loss (%) [ 53.5 519 615 583 802 795 869 851

BET measurements of nitrogen gas adsorption at 77 K were used to evaluate the specific surface
area of the MIPs and NIPs. The adsorption-desorption isotherms of nitrogen gas (Figure S6)

were similar: they were of the type Il of the IUPAC classification [30]; and adsorption and
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desorption profiles did not show significant hysteresis. The Harkins—Jura analysis did not reveal
microporosity. The BET specific surface area determined by fitting the BET equation to the
adsorption branch below 0.3 relative pressure were all of the order Asp = 100 m?-g~* (Table S2).
The morphology of MIP and NIP synthesized materials has been characterized by means of
transmission electron microscopy observations. TEM images of MIP and NIP at various
magnifications (Figure 5) revealed that the particles were spherical and homogenous in shape
with a narrow size distribution in the range of 20-100 nm. Image analysis of the TEM images
gave the average particle size of 11.0 £ 0.7 nm with a standard deviation of 1.86 nm.

N N 5

o".c:o
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Figure 5. TEM images of MIP (A, B) and NIP (C, D) at two magnifications (scale bars are
20 nm and 100 nm).

The pH of the solution is an important parameter in the adsorption process. Indeed, the variation
of pH directly affects the surface charge of the adsorbent and the molecular structures of the
adsorbates, which makes it essential to study the effect of this factor on the retention capacity
of HA. According to the potential zeta measurements of the MIPs and NIP4 particles as a
function of pH (Figure 6), the isoelectric point was at pH 4.7, which is significantly different
from the isoelectric point of the modified silica at pH 2.0. The surface charges of MIP and NIP

are positive for pH < 4.7 and negative for pH > 4.7.

[
o
[ ]

NIP4

o

Zeta potential (mV)

Modified silica

Figure 6. Zeta potential measurements of MIP and NIP as a function of pH.

3.2. Evaluation of the adsorption properties of MIPs and NIPs
3.2.1. Adsorption experiments
The thermodynamic equilibrium between adsorbed and free HA molecules is represented by

“adsorption isotherms” that link their respective concentrations Q(umol-m~2) and C(mol-L™?).
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Bisacrylamides were specifically used as cross-linking agents for imprinting polyacrylamides
with HA since they provide the polymer with high flexibility and conformational adaptability.
pH is a key parameter impacting adsorption behavior; it strongly influences electrostatic
interactions that affect the adsorbent and adsorbate properties. Due to the pKa values of HA
(5.8, 9.4 and 14), the strong positive charge was shifted to negative by varying the pH from 5.5
to 11.4. Temperature changes allow us to evaluate the relative contributions of enthalpy and
entropy to the free energy of adsorption. Finally, the adsorption kinetics was studied due to the
importance of this parameter for the use of MIPs as chromatographic stationary phases.
Selective interactions are used to bind HA to molecular imprints, thus supplementing the non-
selectivity of electrostatic interactions. Adsorption measurements to NIP were used to evaluate
the contribution of non-selective interactions to the binding. The comparison of MIP and NIP
adsorption behavior is obvious in MIP-related works. The “Imprinting Factor” (IF) is defined
as the ratio of adsorptions of MIP and NIP that demonstrates selective adsorption to molecular
imprints.

3.2.2. Thermodynamics of equilibrium adsorption

Equilibrium adsorption isotherms have been measured for adsorption of HA to all MIP and NIP
materials after an equilibration time of 40 min. Their analysis using may be done with the help
of various thermodynamic models. The Langmuir isotherm model is the most basic of them; it
assumes that molecules are adsorbed on specified sites on the adsorbent surface and that MIPs
have a single affinity constant value and homogeneous binding sites. Thus, the adsorption is
localized, as opposed to the non-localized adsorption model of VVolmer for which adsorbate
molecules can move freely on the adsorbent surface. As a result, the Langmuir model was used
for localized adsorption to the molecular imprints and the Volmer model was used to describe
non-selective adsorption of HA on non-imprinted materials and besides the molecular imprints

of MIPs. The choice of a combined Langmuir—VVolmer model appears an accurate description
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of the simultaneous selective and non-selective adsorption of HA on the MIPs, as well as the
choice of the Volmer model for the non-selective adsorption of HA on NIPs.

3.2.2.1. The Langmuir—Volmer model

The following equations describe the interaction model between the synthesized materials
MIP4, NIP4, and HA:

Langmuir model equation

KsC

Qs = Qmax,sl— (7)

+Ks C
where Qs (umol-m2) is the amount adsorbed at equilibrium, Qmax,s (umol-m2) is the maximum
adsorption capacity for selective sites, C (umol-L ™) concentration of the solute at equilibrium,
and Ks is the binding constant for selective sites.

Volmer model equation
Ce = — ——e1-6 (8)

where 8= Q/Qmax,ns IS the coverage and Kns is the binding constant for non-selective adsorption.
The difference between the Langmuir equation and the VVolmer equation is that the affinity
remains constant in the Langmuir adsorption mechanism, whereas it decreases with the
coverage ¢ in the Volmer mechanism.

The Volmer isotherm was fitted to the experimental non-selective adsorption isotherms to NIPs
by non-linear regression for the two variable parameters, non-selective binding constant Kns and
adsorption at full coverage Qmax,ns Minimizing the absolute relative error (ARE, Eq. 9). The non-
selective and selective contributions to the experimental adsorption to MIPs was described by
the sum of a Langmuir and a VVolmer isotherm with four characteristic parameters Ks, Qmax.s,

Kns and Qmax for selective and non-selective adsorption [31].

1

ARE = )

§V=1|Qexp,i - Qcalc,i | (9)

3.2.3. Effect of varying the type of cross-linking agent
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The type of cross-linking agent has a significant impact on the performance of the MIP, namely
the material morphology, the stabilization of the imprinted cavity, the mechanical stability of
the polymer matrix and the complementary interactions with the target molecules (histamine).
It is usual considered that an efficient cross-linking agent allows the formation of a very rigid
three-dimensional polymer matrix keeping selective microcavities having shape and chemical
functions complementary to that of the target, even after its removal. The rigidity of the matrix
polymer allows the functions to remain at their optimal position and orientation for optimum
recognition. It has also been shown that for chromatography applications, a high degree of
cross-linking agent of the imprinted polymer is advantageous to achieve good separations [32].
Sufficient mechanical stability of the polymer is undoubtedly required for applications such as
HPLC; some rigidity of polymer matrix is required to preserve the imprinting memory. In the
present study, these ideas about the rigidity requirements are studied in more details. Four types
of polymers were synthesized by varying the alkyl chain lengths of the cross-linking agent:
BA{, BA2, BAs and BAs. The structure of the cross-linking agent, particularly the spacer length,
plays a key role in increasing the adsorption capacity of the MIP, as observed by comparing
MIP1, MIP2, MIP4 and MIPg adsorption capacities at different concentrations of HA. Figure 7
shows the experimental adsorption isotherms for MIP1, NIP1, MIP2, NIP2, MIP4, NIP4, MIPs,
and NIPes at 298 K pH 5.5, as well as the best fit of the suitable model. The thermodynamic

parameters are listed in Table 2.
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Figure 7. Adsorption isotherms and best fits of the adsorption models to experimental
adsorption of HA onto MIP1 and NIPz (a), MIP2 and NIP2 (b), MIP4 and NIP4 (c), and MIPg
and NIPg (d) at 298 K and pH 5.5.

Table 2. Parameters of the Langmuir—VVolmer and VVolmer models fitting to HA experimental
adsorption isotherms MIP1 and NIP1, MIP2 and NIP2, MIP4 and NIPs, MIPs and NIPg at 298 K
and pH 5.5.

(urg(:]la)r(rsrz) Ks LOg(Ks) (ul?lr;:i(ll:‘ls_z) Kns LOg(Kns)
MIP, 0.13 12000 4.08 0.40 11500 4.06
NIP¢ 0.58 2700 3.43
MIP2 0.15 15000 4.18 0.40 5000 3.70
NIP2 0.47 3200 3.50
MIP4 1.40 25000 4.40 1.00 5000 3.70
NIP4 1.20 4500 3.65
MIPs 0.40 7000 3.85 0.68 2500 3.40
NIPs 0.80 2500 3.40

The calculated adsorption isotherms matched the experimental data in all instances (Figure 7).
Adsorbed amounts to MIP were larger than to NIP, indicating that the MIPs a large contribution

of molecular imprints to the adsorption. Furthermore, the adsorption capacity of MIP4, which
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is the sum of Qmax,s and Qmax,ns, Was higher than those of the MIP1, MIP, and MIPe. Therefore,
the best-imprinted polymer among the prepared series was MIP4 due to its highest adsorption
capacity and highest difference between the MIP4 and NIP4 adsorption capacities. For a HA
concentration of 5 ppm, the imprinting factor of MIP4/NIP4 pair was IF = 2.5, and the high
adsorbed percentage (90 %) demonstrated the efficacy of using the cross-linking agent BA4 for
the synthesis of the polyacrylamide MIP materials. As a comparison under the same conditions,
IF =1.6, 1.4 and 1.4 for the MIP1/NIP1, MIP2/NIP2 and MIPs/NIPs pairs respectively.

Long spacer and flexibility of the cross-linking agent appear to be beneficial to promote the
free radical polymerization around template by improvement of monomer/template interactions
in pre-polymerization medium [33]. However, too high flexibility may cause healing of the
cavities and the disappearance of molecular imprints [34].

The thermodynamic parameters coming from fitting the adsorption models to the experimental
adsorption isotherms provide more specific insight into the physical chemistry of adsorption.
Considering the selective part of adsorption to the MIPs, both Qmaxs and Ks assumed maximum
values for MIP4. This confirmed to above-mentioned a priori ideas: a moderate flexibility is
advantageous, but too much flexibility allows the molecular imprint to irreversibly disappear
by healing.

A tentative rationale to the benefits brought about by moderate flexibility considers the
formation process of molecular imprints. Cross-linking agents with a short spacer cause the
instantaneous formation of a highly rigid network as the polymerization proceeds. There is a
need for the HA molecules are present at that time, which requires the presence of a
“prepolymerization complex” between HA and the functional monomer (or cross-linker). Such
complex species are labile because they are formed by weak interactions. Only the part of the
functional monomer associated with HA can cause the formation of molecular imprints.

Polymerization and strong cross-linking of the free monomer does not freeze molecular
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imprints and the high rigidity prevent further re-arrangement for subsequent binding of HA and
delayed formation of molecular imprints. A slight flexibility of the cross-links allows for re-
accommodation of the network to the shape and position of functional groups of HA for more
HA can bind to the material, thereby increasing the final density of molecular imprints.
Regarding the stronger affinity of MIP4, some flexibility allows for small-scale structural re-
arrangements as HA absorbs to the MIP. The stability of the complex species formed during
adsorption is therefore better and the affinity constant is higher. Of course, a too high flexibility
causes irreversible healing of the molecular imprints and loss of selective adsorption, both
regarding the adsorbed amount (Qmaxs) and the affinity (Ks).

The same phenomena may explain the maximum of Qmaxs and Ks for the non-selective
adsorption of HA to the MIP besides the molecular imprints and to the NIP. Qmax,ns assumed an
approximately constant value (0.5 pmol-m~2) in all cases but MIP4 and NIP4. 2500 < Kps < 5000
is all instances. The higher values of Qmaxns for MIP4 and NIP4 may come again from the slight
flexibility that allows for rearrangements upon adsorption of HA. Too much flexibility allows
the amide functional groups being buried inside the bulk of the polymer material as self-
hydrogen-bonded complex species. Indeed, the polymethylene linker of the cross-linking agent
BAg is preferentially oriented towards the outside because the surface energy of polymethylene

(hydrocarbon) is lower than that of polar groups (amide).

3.2.4. Effect of pH

The adsorption behavior depends on the pH for acidic or basic molecules (including histamine)
experiencing several ionization states according to the pH [35,36]. It has been assessed at the
three pH values of 5.5, 7.4 and 11.4. A strong pH dependence of the surface properties of
polyacrylamide is not expected because the neutral primary and secondary amide units of cross-

linked polyacrylamide do not have significant acid or basic properties in aqueous medium.
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Conversely, the HA molecule experiences several different states in the studied pH range owing
to its two pKa values of 6.059 and 9.826 [37]. At the strongly basic media of high pH, HA is
predominantly in its neutral form. Lowering the pH to 7.4 causes the aliphatic amino group to
bind a proton, yielding the singly protonated HA. However, decreasing the pH of the solution
will increase the protonation of HA even more. As decreasing the pH again, the imidazole ring
can bind a proton, resulting in the formation of the doubly protonated form of HA. At pH 5.5
close to the first pKa value, HA is about half singly protonated and half doubly protonated.
Figure 8 shows the experimental adsorption isotherms at 298 K for pH 7.4 and 11.4, along with
the best fits of the Volmer model to the NIP4 data and the combined Langmuir—\Volmer model
for the MIP4. The parameters of the selective and non-selective adsorption processes provided
by the Langmuir—VVolmer model for the MIP4 as well as the parameters for non-selective

adsorption found by the Volmer model for the NIP4 are shown in Table 3.
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Figure 8. Adsorption isotherms of HA to MIP4 and NIP4 at 298 K and pH 7.4 and 11.4.

Table 3. Parameters of the best fits of the Volmer and Langmuir—\Volmer models to
experimental adsorption isotherms of HA to NIP4 and MIP4 at 298 K and various pH.

NIP. MIP,
pH (HI?IZ;‘:::—Z) Khs LOg(KnS) (un?:la');lsl_z) Ks LOg(Ks) (HI?IZ:TIIH;Z) Kns I—Og(Kns)
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5.5 1.20 4500 3.65 1.40 25000 4.40 1.00 5000 3.70
7.4 0.70 4000 3.60 0.83 10000 4.00 0.70 4000 3.60
11.4 0.42 500000 5.70 0.057 6000 3.78 0.42 500000 5.70

Adsorption was stronger at pH 5.5 than 7.4, showing that the protonated form of HA has a
stronger affinity for amide functional groups. The acidic ammonium groups bind to the basic
carbonyl of amide functional groups by hydrogen bonds. Selective adsorption to molecular
imprints may rely on a kind of shape memory, but much more probably the presence of several
functional groups with optimum position and orientation allowing for multiple hydrogen
bonding interactions with HA. A doubly protonated form of HA allows for the formation of
two hydrogen bonds with two different basic sites in the same molecular imprint. The
adsorption isotherm measured at pH 11.4 looks in contradiction with this picture because of the
reproducible very steep increase of adsorbed amounts for low concentrations of HA. Therefore,
the affinity constant was very high. The maximum adsorbed amounts Qmax,s and Qmax,ns Were
lower than at pH 5.5 and 7.4 according to the trend. Indeed, the fast hydrolysis of the amide
groups into carboxylic salts may be the origin of such a behavior. Indeed, such hydrolysis is
well-documented for the water-soluble polyacrylamide [38,39]. The low adsorbed amount of
HA that marks a low density of functional groups may correspond to a low level of hydrolysis.
Hydrolysis taking place at random on the surface of the material does not form molecular

imprints, so that the difference between the MIP and NIP vanishes at pH 11.4 (Figure 8).

3.2.5. Enthalpic and entropic contributions to the standard free energy of adsorption

The association equilibrium constants Ks and Kxs measured at pH = 5.5 and various temperatures
(298 K, 313 K, 323 K and 333 K) were used to estimate the thermodynamic parameters of the
adsorption process such as the standard Gibbs free enthalpy AagsG°, standard enthalpy AagsH®,

and standard entropy AagsS°. The Langmuir—-Volmer model was used to model the adsorption
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isotherms in the same way as for the part on the influence of pH, and these constants were
determined for each type of adsorption to the imprinted polymer MIP4 (Figure S7). These

thermodynamic parameters have been determined from the van’t Hoff equation shown below:

Aa Ssg Aa SHg
In(K,) = ‘; — ;T )

where Ka is the temperature-dependent association equilibrium constant for selective adsorption
Ka = Ks or non-selective adsorption Ka = Kns, T is the temperature and R is the gas constant
(8.314 J-mol 1-K™). The plot of Log(Ka) as a function of 10%/T allows the calculation of AagsH°
(slope) and AagsS® (y-intercept) (Figure 9). These plots were linear, showing that AagsH® and
AadsS° did not depend on temperature in the temperature range studied. Table 4 summarizes the
values of the thermodynamic parameters of each adsorption process. The thermodynamic
parameters for the adsorption of HA to the NIP were identical to those of the non-selective

adsorption to the MIP.
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Figure 9. Variation of Log(Ka) as a function of 10%/T for the selective (red) and non-selective
(blue) adsorption of HA on the imprinted material MIPa4.

Table 4. Thermodynamic parameters of the selective and non-selective adsorption of HA on
the imprinted material MIP4, AagsH®, AagsS®, and AaasG° at 298 K.

MIP4 AadsH° (kJ-moI‘l) AadsS® (J-mol‘l-K‘l) AadsG° (kJ-moI‘l)
Selective sites —27.0 —6.2 -25.1
Non-selective areas 0.0 70.9 -21.1
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The Gibbs free enthalpies AaasG° at 298 K were obviously negative for all adsorption processes
because the adsorption of HA is spontaneous. AasG? is also negative for MIP4 and NIP; at the
other temperatures (Table S3). Non-selective adsorption to the imprinted polymer was athermal
(AagsH® ~ 0). The adsorption of HA on the selective sites of the imprinted polymer was
exothermic (AagsH® < 0). The adsorption of the HA molecules to molecular imprints was an
entropy-controlled process [40]. Several types of interactions are operating adsorption with
either positive or negative enthalpies. The total standard enthalpy may assume positive or
negative values depending of the balance of all interaction enthalpies. Hydrogen-bonding
interactions are not athermal, so that an athermal balance obviously is the result of a
compensation of positive and negative contributions. Restricting the discussion to hydrogen
bonding interactions only, the exothermic process of binding of HA to molecular imprints or
besides them is necessarily accompanied by release of water molecules that were hydrogen-
bonded to the polymer and to free HA. These dehydration processes are endothermic. Molecular
imprints include several functional groups for being efficient at selective recognition of the
guest molecules [41,42], so that it is presumed that HA molecules bind to molecular imprints
by several hydrogen bonds. This is the reason why HA has a selective adsorption to molecular
imprints. The origin of binding of HA to the MIP area besides molecular imprints also involves
hydrogen bonds, but the random position and orientation of the functional groups of the
polymer does not allow multiple hydrogen-bonding interactions per HA molecule. The bonds
of HA to the polymer at and off the molecular imprints are different; this is revealed by their
different values of AagsHC. The large increase of standard entropy for adsorption to molecular
imprints is also rationalized on the same grounds. Binding to molecular imprints by means of
several hydrogen bonds per HA molecule releases several free water molecules; the balance of
the number of free molecules increases, so that the entropy increases.

3.2.6. Kinetics of adsorption
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The adsorption kinetics of HA on MIP4 (Figure 10) was fast since 90 % of equilibrium binding
took place in the first 5 min for all HA concentrations. Adsorption equilibrium was reached in
approximately 20 min. Adsorption to NIP4 was fast, but much less than the MIP4 material,
which was expected because the non-imprinted polymer did not contain molecular imprints for
selective adsorption of HA. In the framework of applications to HA analysis such as sample
pre-concentration in solid-phase microextraction devices (SPME), fast adsorption is an

extremely important parameter to enable large flow rates and short analysis times [43].
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Figure 10. Kinetics of HA adsorption on MIP4 (a) and NIP4 (b) for five HA concentrations at
pH 5.5.

3.2.7. Selectivity study

Competitive adsorption tests were carried out in an aqueous solution comprising mixes of HA
and its structural analogs MEL and TYR to determine the selectivity of the synthesized
compounds. The calibration curves and the chromatograms of MEL and TYR are given in
section S.6 of Supporting Information. In comparison to the other two samples, a considerable
decrease was found as indicated in Figure 11 due to the interaction of the polymer and HA. The
adsorption capacity of MIP4 and NIP4 toward HA was significantly higher than that of its
analogs. Furthermore, a comparison of adsorption capabilities of the imprinted and non-
imprinted polymers for each component shows that MIPs has greater selectivity for HA
molecules. Furthermore, the imprinting factor, IF = Q(MIP)/Q(NIP), was used to infer the
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selectivity of MIP4. The IF of HA was 2.46, whereas IF’s respectively were 1.0 and 1.16 for
the MEL and TYR analogs. On this basis, significant selective adsorption was only observed
for HA. The selectivity coefficient « and distribution coefficient D (Table 5) of MIP4 toward
HA were greater than those of NIP4. Such findings provide a clear demonstration of the high
selectivity of MIP4 toward HA. It is worth noticing that HA and MEL showed the same non-
selective binding to NIP4, but HA showed a definitely higher binding to molecular imprints of
MIP4. The selectivity toward HA is associated with the imprinting effect, in which the
recognition of the MIP4 particles is dominated by molecular size, structure, and the

position/orientation memory of functional groups.
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Figure 11. Binding capacities for MIP4 and NIP4 for HA, MEL, and TYR.

Table 5. Competitive sorption of HA, MEL and TYR on MIP4 and NIP4 sorbents.

MIP4 NIP4
Compound D(Lm? ¢ D(Lm? ¢
HA 1.47 - 0.095 -
TYR 0.03 46.3 0.026 3.6
MEL 0.08 17.9 0.080 1.2
4. Conclusion
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The investigation of the influence of cross-linking agents flexibility on the properties of MIPs
showed that the requirement for a very high rigidity may be advantageously released. Indeed,
the BA4 cross-linking agent having a four methylenes spacer linking the two acrylamide groups
was optimum regarding the binding capacity and selective binding of histamine. Fast adsorption
kinetics and excellent adsorption efficiency for HA were reported, revealing the favorable
performance of MIP4 as cross-linking agent. The higher adsorption capacity of the MIP4
compared to the NIP4 at optimal experimental conditions (pH = 5.5, T = 298 K) provided
evidence of selective HA binding. Investigation of the adsorption thermodynamics revealed the
different features of the adsorption at molecular imprints and off them: adsorption to molecular
imprints is exothermic whereas that besides them is athermal. Finally, the selectivity against
interfering molecules has successfully demonstrated that HA imprinting has a higher IF when
compared to the other analogs. The present results go against the common idea that a very rigid
material is mandatory. The picture that emerges from the present work is that a moderate
flexibility of the cross-links is advantageous. The empty molecular imprints may heal once the
template has been removed. But the flexibility of the material allows them to open again in the
presence of the adsorbing molecules for the molecular imprints fit their guest. Too much
flexibility makes the healing process irreversible; moderate healing allows reversible structural
rearrangements for both the empty and the filled molecular imprints reach their state of minimal
free energy. The common idea of the necessary structural freezing of the molecular imprints
structure by tight and rigid cross-linking has been recently questioned by considering the
different steps during the polymerization reaction that finally yields the MIP material [44]. The
outcome of the present study agrees with the conclusion of this latter interesting work, though
the present study addressed the final selective adsorption properties better than the intermediate

structures encountered during the polymerization course.

28



The successful synthesis of highly selective MIP for HA using a new tetramethylene spacer
cross-linker (BA4) is a clue to prospects for a large number of applications. Regarding
applications in pharmacy and medicine, the use for selective binding of active substances and
drug delivery, the selective capture of biological materials and in analytical chemistry such as

application in SPME.
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S.1. Characterization of the modified silica

The starting modified silica was analyzed by ATR-FTIR spectroscopy. Fig. S1 depicts the IR
spectrum for the modified silica SiO2(APTESMA), which reveals the presence of an intense
absorption band of the SiO2 group as well as the characteristic bands resulting from chemical
grafting. They were assigned according detailed charts given in the book of Socrates [1].

The N-H stretching vibrations of the secondary amide group and the vsio_+ stretching vibrations
of residual surface silanols (only a part of them participated to the grafting reaction) were
observed as a broad band in the range 3500-3200 cm ™. The C—H stretching vibrations of CH;
and CHs coming from the organic graft appeared as a broad band in the 3100-2850 cm™* range.
This composite band includes the stretching vibrations of CHs (vasym at 2975-2950 cm™* and
vsym at 2885-2865 cm ™) and CHy (vasym at 2940-2915 cm™?, veym at 2870-2840 cm™* and 3
bands of =C—H stretching at 31502930 cm™1). An overtone of the amide 11 band is located in
the gap between the O-H/N-H and C—H stretching bands (3100-3070 cm™?). Evidence of
binding of the methacryloyl amide was given by the characteristic band of secondary amide
stretching vibrations vc-o at 1605 cm ™ and amide Il (Sn-+ and ve_n) bands at 1570-1510 cm™.
The stretching vibrations of the vinyl double bond vc=c conjugated with the carbonyl appeared
in the same spectral region (1660-1580 cm™). A very intense absorption at 1100-1000 cm™
corresponded to the Si—O-Si stretching vibrations of silica.
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Figure S1. IR spectrum of SiO2(APTESMA).



The CP-MAS *C NMR analysis of SiO2(APTESMA) (Fig. S2) clearly showed the presence of
the characteristic peaks corresponding to the carbon atoms of the organic part grafted to the
silica surface. The peaks of the -C=0, —-C=CH_, -C=CH2, -CH>-NH-, —CHz and -NH-CH>—
CH>—CH>— groups of APTESMA immobilized on the surface of the silica were observed at
182.99, 142.55, 104.55, 46.76-43.70, 24.13-18.51 and 11.48 ppm, respectively [2].

a f

200 ’ 100 ’ o
(ppm)
Figure S2. CP-MAS *3C NMR spectrum of SiO2(APTESMA).

The CP-MAS 2°Si NMR spectrum confirmed that silica has been successfully functionalized
with APTESMA. The signals corresponding to the silane groups Q*[Si(OSi)4],
Q®[Si(0Si)sOH], and Q[Si(0Si)2(OH),] (Fig. S3) of the modified silica SiO2(APTESMA)
have chemical shifts at —109.44, —106.54, and —99.40 ppm, respectively. Three other peaks T,
T2 and T2 were observed at —47.67, —58.05 and 64.95 ppm in the same spectrum. The T2 sites
are attributed to the silicon atom of APTES forming three siloxane bonds with the silicon atom
of silica and one bond with the carbon of the propyl chain. The T2 sites involve the formation
of two siloxane bonds with silica and a Si—OH bond corresponding to a hydrolyzed ethoxysilyl
group of the triethoxysilane. The T? sites correspond to silane bound to silica by only one Si—
O-Si linkage, leaving two ethoxysilyl group that were hydrolyzed into two Si—OH groups.
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Figure S3. CP-MAS 2°Si NMR spectrum of silica SiO2(APTESMA).



The grafting density of SiO2(APTESMA) was assessed by thermogravimetric analysis
(Fig. S4). The condensation of unreacted Si—OEt groups and their hydrolyzed form (Si—-OH),
together with the amount of water adsorbed on the silica surface are responsible for the first
mass loss at 200 °C. A second mass loss between 350 °C and 600 °C corresponded to the
decomposition of the organic materials grafted to the silica surface.
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Figure S4. Thermogravimetric analyses of SiO2(APTESMA) and starting fumed silica. DTG is the derivative of
the mass loss of modified silica with respect to temperature.

The grafting density was calculated using the mass loss m(SiO2-APTESMA) corresponding to
the thermal decomposition of the organic graft occurring between 350 °C and 600 °C using
Eq. S1 [3].

m(Si02—APTESMA)  m(SiO3)

-2\ — 100-m(Si02—APTESMA) 100 6
. = X .
d(umol-m™) Moot (APTESMA)Aap 10 Eq. S1

m(SiO2-APTESMA)/100 was the mass loss relative to the mass of the full material; it was
converted into the mass loss relative to the mass of silica by dividing it by 1 —m(SiO2-
APTESMA)/100. This quantity was corrected for the mass loss coming from the dehydration
of surface silanols by subtracting the mass loss m(SiO2)/100 of the bare starting silica relative
to the mass of silica measured in the same temperature range. The surface density of organic
grafts expressed in mol-m 2 was calculated by dividing the latter mass of organic graft per mass
of silica by the molar mass of the propylmethacrylamide moiety (C7H12NO) lost upon thermal
degradation, Mmo(APTESMA) = 126 g-mol 2, and the specific surface area of silica, Asp =
200 m2-g1. The experimental values m(SiO,-APTESMA) = 14.2% and m(SiO2) = 0.9% yielded
d =6.21 pmol'm™2,

The grafting density was also determined by elemental analysis of carbon and nitrogen as:

d(umol-m?) = —— rrpzrzzaz— X 106 Eq. S2
S %C -1

d(umol‘m’z) = %m x 10° Eqg. S3
SP -1

%N



where nc and ny are the numbers of carbon and nitrogen atoms in the graft; Asp is the specific
surface area of silica (200 m?-g1); %C and %N are the percentages of carbon and nitrogen
determined from elemental analyses. The grafting densities coming from the two elemental
analyses were in accordance with those calculated from thermogravimetric analyses (Table S1).

Table S1. Determination of the surface grafting densities of the modified silica from elemental analyses (EA) and
thermogravimetric analysis.

Material Elemental analysis (%) Surface density (umol-m2)
from EA from TGA
C N C N
SiO2(APTESMA) 10.80 1.75 6.44 6.26 6.21

S.2.  TGA determination of the polymer content of MIPs and NIPs

The mass fraction of organic polymer was determined by TGA from the mass loss between 200
and 500 °C [4]. The mass losses were estimated in the TGA records as the vertical distance
between tangents to the curves at temperatures below 200 °C and above 500 °C (Fig. S5).
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Figure S5. Superimposition of the thermograms of the four synthesized MIPs and NIPs.



S.3.

Determination of the specific surface area by BET measurements

The nitrogen gas adsorption and desorption measurements of BET experiments are given in
Fig. S6. The adsorption isotherms were of the Type Il of the IUPAC classification [5]. The
specific surface area was determined from the BET equation fitted to the adsorption data for
relative pressures below p/po = 0.3. The specific surface areas are given in Table S2.
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Figure S6. Adsorption and desorption isotherms collected by BET experiments.

Table S2. Specific surface area (m?g™) of MIP and NIP samples.

Samples

MIP1 and NIPy

MIP2 and NIP

MIPs and NIP; ~ MIPs and NIPs

MIPs
NIPs

101.4
104.4

103.9
94.2

151.8
125.0

102.0
93.8
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Figure S7. Adsorption isotherms of HA to MIP4 and NIP, at different temperatures.
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Table S3. Thermodynamic parameters of adsorption of HA to MIP4 and NIP, at different temperatures.
Qmax,s AadsGo Qmax,ns AadsGo

Temperature (molm? < (kImol) (umolm? ™  (kimol?)
MIP 140 25000 -25.1 100 5000 -21.1
298 K
NIP 120 4500 208
MIP 140 16000 252 100 5000 222
313K
NIP 120 5500 224
MIP 140 11000 -25.0 100 5000 -22.9
323K
NIP 120 5000 229
MIP 140 8000 249 100 5000 -23.6
333K
NIP 090 25000 236

S.5. Calibration curves for the HPLC-MS analysis of histamine

Two stock solutions of HA (100 mg-L* and 300 mg-L ) were prepared in deionized water and
stored at 4 °C. Working standard solutions were prepared by diluting the stock solutions to the
ranges 0.5-10 ppm and 15-300 ppm for the determination of two calibration curves. All
solutions were filtered through a 0.2 um Nylon syringe filter before being analyzed by HPLC-
MS [6,7]. The HA peak appeared 2.049 min after the injection of the HA solutions (Fig. S8).
The HA calibration curves showed excellent linearity with R? > 0.999 (Fig. S9).
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Figure S8. Chromatogram of histamine.
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Figure S9. Calibration curves for histamine from 0.5-10 ppm (a) and 15-300 ppm (b).



S.6.  Calibration curves of melamine and tyramine, and their analyses

Two stock solutions of MEL and TYR (100 mg-L ) were prepared in deionized water and
stored at 4 °C. Working standard solutions were prepared by diluting the stock solutions to the
ranges 0.5-5 ppm for the measurement of the calibration curves. All solutions were filtered
through a 0.2 um Nylon syringe filter before being analyzed by HPLC-MS. The MEL peak
(Fig. S10a) appeared 2.334 min after the injection, and the TYR peak (Fig. S10b) appeared
4.238 min after the injection. The MEL (Fig. S11a) and TYR (Fig. S11b) calibration curves

showed excellent linearity with R? > 0.999.

Chromatograms of residual HA, MEL and TYR in solution in analysis of adsorption to MIP4
and NIP4 by the depletion method are superimposed for showing the satisfactory resolution of

the HPLC separation (Fig. S12).
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Figure S10. Chromatogram of melamine (a) and tyramine (b).
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Figure S11. Calibration curve for melamine (a) and tyramine (b) from 0.5 to 5 ppm.
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