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Vapor-Phase Synthesis of Molecularly Imprinted Polymers
on Nanostructured Materials at Room-Temperature
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Cosimino Malitesta, and Giuseppe Barillaro*

Molecularly imprinted polymers (MIPs) have recently emerged as robust

and versatile artificial receptors. MIP synthesis is carried out in liquid phase
and optimized on planar surfaces. Application of MIPs to nanostructured
materials is challenging due to diffusion-limited transport of monomers within
the nanomaterial recesses, especially when the aspect ratio is >10. Here, the
room temperature vapor-phase synthesis of MIPs in nanostructured materials

preparation of artificial receptors for sens-
ing and medical applications, the so-called
molecularly imprinted polymers (MIPs).
The increasing interest in MIPs relies on
their ability to act as the synthetic alter-
native to biological receptors, keeping the
high selectivity of the latter, yet featuring
higher stability, lower cost, and synthesis

is reported. The vapor phase synthesis leverages a >1000-fold increase

in the diffusion coefficient of monomers in vapor phase, compared to liquid
phase, to relax diffusion-limited transport and enable the controlled synthesis
of MIPs also in nanostructures with high aspect ratio. As proof-of-concept
application, pyrrole is used as the functional monomer thanks to its

large exploitation in MIP preparation; nanostructured porous silicon oxide
(PSiO,) is chosen to assess the vapor-phase deposition of PPy-based MIP in
nanostructures with aspect ratio >100; human hemoglobin (HHb) is selected
as the target molecule for the preparation of a MIP-based PSiO, optical
sensor. High sensitivity and selectivity, low detection limit, high stability and
reusability are achieved in label-free optical detection of HHb, also in human
plasma and artificial serum. The proposed vapor-phase synthesis of MIPs

is immediately transferable to other nanomaterials, transducers, and proteins.

1. Introduction

Over the last decade, the molecular imprinting techniquel*®!
has emerged as a robust and versatile tool for the
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adaptable to any target analyte.[”-*) MIPs are
obtained by polymerization of functional
monomer(s) in the presence of the target
analyte, i.e., the template molecule, whose
subsequent removal leaves binding cavities
in the polymer network retaining shape,
size, and functionality of the template.[10-12]

Integration of MIPs on the transducer
surface remains a key issue for sensing
applications, especially when nanostruc-
tured materials come into play.>¢1314]
Stable anchoring and controlled thickness
are sought to improve sensor stability
and reusability, as well as to provide
accessible binding sites enabling rapid
rebinding of the target analyte.!>]

Strategies for MIP deposition are carried
out in liquid phase and have been mostly optimized on pla-
nar surfaces, so that their application to nanostructured materi-
als remains challenging. Major challenges come from diffusion-
limited transport of monomers within the nanostructure re-
cesses/pores that leads to a growth rate of the MIP film that is
uneven from top to bottom, especially when the aspect-ratio of
the nanostructures is beyond 10, resulting in a not controlled
and/or not uniform coating of the inner material surface over
depth.[2°-22] This generates a bottleneck effect at the recess/pore
inlet as the deposition progresses, further restricting access of
molecules to the inner part of the nanostructure and eventually
leading to complete recess/pore blockage.

Surface initiated controlled/living polymerization, including
iniferter polymerization, and dopamine polymerization have
been used to date for the MIP synthesis on low and high
aspect-ratio nanostructures,[*28 namely, nanoparticles/?*-2]
and nanoporous scaffolds.[?-2233] Nonetheless, the scarce con-
trol of the liquid-phase polymerization kinetics within the
nanoporous material leads to the complete filling of the pores
with polymer, precluding the formation of a polymer film with
controlled thickness on the inner pore surface. Thus, removal
of the template molecules—anchored to the inner surface of the
nanopores—after polymer deposition requires the full etching of

© 2023 The Authors. Small published by Wiley-VCH GmbH
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the hosting material-which cannot be used as the transducer—
and free-standing MIP nanofilaments floating in the solution are
achieved. A preliminary attempt to prepare MIPs by initiated
chemical vapor deposition carried out at 280 °C in vacuum!*!
led to similar results. In this case, the very high deposition tem-
perature further prevents application to biomolecules as the tem-
plate/target, which are damaged during the MIP preparation. Re-
cently, novel imprinting schemes based on epitope-oriented sur-
face imprinting combined with the use of silylating monomers
have demonstrated to enable MIP synthesis with high targeting
capability on several coreless and core-shell nanoparticles but not
on high aspect ratio nanostructures.3*3¢]

Thus, a general approach for the facile integration of MIPs
with nanomaterials regardless of their aspect ratio that guaran-
tees thickness control, homogeneous coating, good adhesion,
and proper binding site exposure without sacrificial etching
of the nanomaterial itself is of key importance for further ex-
tending application of MIPs to nanostructured (bio)sensing and
nanomedicine, among others.

Here, we report on the synthesis of MIPs by vapor-phase
polymerization at room temperature and atmospheric pressure
as an effective alternative route to standard liquid-phase poly-
merization to control the preparation of MIPs in nanostruc-
tured materials, regardless of their aspect ratio. As a proof-of-
concept application, we leverage the room-temperature vapor-
phase synthesis of a PPy-based MIP within a nanostructured
porous silicon oxide (PSiO,) optical transducer for the fabri-
cation and assessment of a MIP-based sensor. PSiO, is cho-
sen as a difficult to coat nanostructured material for MIP de-
position to prove the performance of the vapor-phase poly-
merization compared to common liquid-phase polymerization
in high aspectratio (about 100) nanomaterials.’’-*! PSiO,
acts not only as nanostructured scaffold but also as optical
transducer thus demonstrating the advantage of the vapor-
phase approach enabling nanostructured MIP synthesis and
integration with the transducer in a single step with no need
of additional steps for scaffold removal and/or integration with
the transducer, contrarily to what observed in other imprint-
ing approaches for MIP nanostructuring.?2#!l Further, PSi has
been increasingly exploited in optical (bio)sensing with organic
bioreceptors,/*#] thanks to the facile preparation of differ-
ent optical structures (i.e., interferometers,[*2#5#-50 regonant
cavities,’'3] and waveguides>*>7]), high effective surface for
the accommodation of receptors and target molecules (i.e.,
proteins,[**1 DNA 565859 and drugs!®*-6?)), intrinsic nanoscale
filtering that enables operation of PSi sensors with complex bio-
logical fluids (i.e., saliva,[“**2] blood, %3 and interstitial fluid!®).

Pyrrole is selected as the functional monomer being
already in vapor phase at room temperaturel®®®] and
widely used in imprinting procedures in liquid-phase on
flat surfaces.[®®73] Human hemoglobin (HHDb) is chosen
as the template molecule considering its significance in
biological systems and, in turn, the clinical relevance of its
detection for several diseases, including anemia,”*7%! cardiovas-
cular risk,[”77°1 and coronary artery disease.”>%! Besides, the
choice of a protein as the template molecule allows demonstrat-
ing the robustness of the vapor-phase imprinting procedure on
macromolecules, which is intrinsically more challenging than
that of small molecules.[>82-84]
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The developed MIP for HHD exhibited high sensitivity, relia-
bility, and reusability for at least one month, along with ability to
operate in human plasma.

2. Results and Discussion

The vapor-phase deposition of polypyrrole (PPy) in nanos-
tructured PSi scaffolds was first investigated. As sketched in
Figure 1a, a nanostructured PSi layer with porosity of #72% con-
sisting of vertical pores of ~32 nm in size (Figure S1, Supporting
Information) and 5 um in length (aspect ratio ~150) is prepared
by two-steps electrochemical etching of a silicon wafer (Figure 1a-
1), then oxidized to PSiO, (Figure 1a-2). The PSiO, scaffold is
exposed to an oxidizing agent, namely FeCl;, so that oxidant
molecules are adsorbed on the PSiO, inner surface (Figure 1a-
3). Eventually, PPy deposition on the as-modified PSiO, scaffold
is carried out in an environment saturated with pyrrole vapors
(Figure 1a-4). The polymerization process is performed for differ-
ent times from 1 to 8 h and monitored through UV-vis reflectance
spectroscopy. As a benchmark, PPy deposition on PSiO, scaffolds
from liquid-phase was also carried out for the same polymeriza-
tion times.

Typical reflectance spectra of PSiO, scaffolds before and af-
ter PPy polymerization from vapor and liquid phases are shown
in Figure S2a—c (Supporting Information). The reflectance spec-
trum is attenuated and red-shifted after polymerization, which
confirms an increase of the effective refractive index of the porous
material and, in turn, the deposition of PPy within the pores. This
is further confirmed by the increased fringe contrast in the re-
flectance spectrum after PPy deposition in the PSiO, scaffolds.
Monitoring of PPy deposition in the porous host versus time is
performed measuring changes of the Effective Optical Thickness
(EOT = 2nd, with n effective refractive index and d thickness)
of the PSiO, scaffold upon polymerization, calculated by Fourier
transform of the reflectance spectrum. Figure 1b summarizes the
changes in the EOT value measured after PPy deposition from
vapor and liquid phases, using the EOT value of the bare PSiO,
scaffold as reference, namely, EOT-EOTg;,. The EOT value of
the PPy-coated scaffolds linearly increases with the polymeriza-
tion time from 1 to 8 h for vapor-phase polymerization. Liquid-
phase polymerization up to 5 h results in a similar trend with
smaller EOT changes, which indicates that the amount of poly-
mer conformably deposited within the inner surfaces of the pores
is smaller; after 8 h a thick PPy layer is visible by naked-eye on
top of the PSiO, scaffold. The latter prevents acquisition of the
reflectance spectrum and, in turn, EOT estimation due to strong
absorption of PPy thick films in the visible range.[6¢3536] Exper-
imental results in Figure 1b on the deposition of PPy in PSiO,
scaffolds provide a clear indication that the liquid-phase poly-
merization process is non-uniform over depth within the pores,
with the polymerization rate being maximum on the top surface
of the scaffold, in agreement with the smaller amount of poly-
mer deposited on the inner surface of the porous scaffold, com-
pared to vapor phase. This is consistent with the diffusion-limited
polymerization occurring in liquid phase within nanostructured
materials.[#8]

In vapor phase, the diffusion coefficient of species increases of
a factor >1000 with respect to liquid phase, namely, from ~10~>
to #1072 cm? s71,1°0 which facilitates the diffusion of monomer
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Figure 1. Polypyrrole (PPy) vapor-phase deposition on nanostructured porous silicon oxide (PSiO,) scaffolds. a) Sketch of the vapor-phase polymer-
ization process, starting from as-made PSi (1), which is thermally oxidized to PSiO, (2), exposed to the oxidizing agent FeCl; (3), and finally coated
with PPy in a chamber saturated with pyrrole vapors (4) for different time intervals. b) Effective optical thickness changes (EOT-EOTps;o,) of PSiO,
scaffolds coated with PPy through vapor-phase and liquid-phase polymerization, for different time intervals; the EOT value of the bare PSiO, (EOTpsi0;)
scaffold is used as reference (n = 3 samples for each tested time). c) SEM top-view images of as-made PSi and of PPy-coated PSiO, scaffolds after
5 h liquid-phase polymerization and 8 h vapor-phase polymerization. Insets report pore size distribution. Scale bar is 200 nm. d) Porosity value of the
top surface of as-made PSi and PPy-coated PSiO, scaffolds after 5 h liquid-phase polymerization and 8 h vapor-phase polymerization (n = 3 samples),
estimated from SEM top-view images. €) SEM cross-section view images of full thickness (left) and pore bottom (right) of a PSiO, scaffold after PPy
vapor-phase deposition for 8 h. Scale bare is T um (left) and 200 nm (right). f) Detailed C 1s and N 1s XPS signals of PPy deposited on PSiO, scaffolds

by vapor-phase deposition for 8 h. Spectra are fitted and charging corrected. All data are presented as mean (+ s.d).

vapors within the nanostructure and, in turn, their adsorption on
the nanostructure inner surface, as widely reported for gas dif-
fusion through nanoporous membranes.”’] This leads to the
vapor-phase deposition of PPy films with higher reliability and
uniformity within the PSiO, scaffolds compared to liquid phase
for a given polymerization time, consistently with data shown in
Figure 1b. Furthermore, liquid-phase polymerization is prone to
the formation of oligomers and (nano)aggregates due to partial
dissolution of the oxidant agent upon immersion of the FeCl;-
decorated PSiO, scaffold in the monomer solution. Diffusion of
oligomers and (nano)aggregates within the nanopores is further
hindered, contributing in preventing polymer deposition on the
inner pore surface.[**%]

Figure 1c shows SEM top-views of PSiO, scaffolds as-made
and coated with PPy for 5 h in liquid phase and 8 h in vapor phase.
The scaffold coated with PPy for 8 h in vapor phase closely re-
sembles the as-made scaffold, with similar average size and size
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distribution of pores (inset in Figure 1c and Figure S1, Support-
ing Information). A porosity reduction of only 10% is achieved
for the 8 h coated scaffold with respect to the as-made scaffold,
which corresponds to an average reduction of the pore diam-
eter of ~4 nm (Figure 1d). These data are consistent with the
homogeneous deposition of a few nm-thick polymer on the in-
ner surface of the pores. Conversely, liquid-phase deposition for
5 h leads to the formation of a PPy layer on top of the PSiO,
scaffold with low porosity (10%) almost occluding the pores in-
let (Figure 1c,d). This is consistent with the smaller EOT values
achieved for liquid-phase PPy polymerization, given that most of
the polymer is deposited on top of the PSiO, scaffold thus reduc-
ing the materials coating the inner surface of the pores.

Figure 1le shows a SEM cross-section view of the PSiO, scaf-
fold after vapor-phase deposition of PPy for 8 h. Columnar pores
with same morphology of that of the as-made scaffold are visi-
ble (compare Figure le; Figure S3b,c, Supporting Information),

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Vapor-phase synthesis of PPy-based molecularly imprinted polymer (MIP) for human hemoglobin (HHb) on PSiO, scaffold. a) Sketch of the
imprinting protocol consisting of (1) preliminary PSiO, silanization by APTES and (2) linking with glutaraldehyde for (3) HHb coupling, followed by (4)
PPy vapor-phase polymerization for 8 h and (5) final washing treatment for HHb removal aiming at obtaining the imprinted cavities within the PPy film.
b) Effective optical thickness changes (EOT-EOTpgin,) achieved for each functionalization step in (a); the EOT value of bare PSiO, (EOTps;n;) scaffold

is used as reference (n = 3 samples). Data are presented as mean (+ s.d.).
by 8 h vapor-phase polymerization. Signal is fitted and charging corrected.

with no clogging signs over depth. The presence of the polymer
in the pores over depth is corroborated by SEM-EDX analyses
carried out on the cross-section of PSiO, scaffolds after PPy de-
position (Figure S4, Supporting Information). Nitrogen distribu-
tion over the pore depth is selected as the fingerprint of PPy de-
position. Figure S4 (Supporting Information) reveals that vapor-
phase polymerization for 8 h results in a homogeneous polymer
distribution within the porous scaffold. Conversely, a PPy mass
decreasing over depth results from EDX analysis after deposition
for 5 h in liquid phase.

With the aim of gaining a deeper understanding of vapor-
phase deposition of PPy, we carried out XPS analysis of PPy-
coated scaffolds prepared under both vapor- and liquid-phase
polymerization (Figure 1f; Table S1, Supporting Information).
The attenuation of the Si 2p signal upon polymer deposition is
indicative of the thickness of the PPy deposited, according to a
standard uniform overlayer model®*-%8]; the variability of the Si
2p signal over different measurement points gives an indication
of the spatial homogeneity of the coating polymer. Upon vapor-
phase polymerization a steady increase of the Si 2p signal atten-
uation is recorded from 1 to 8 h (up to 35%), confirming an in-
crease of the PPy layer thickness that agrees with spectroscopic
data in Figure 1b. Conversely, a conspicuous attenuation of the Si
2p signal (97%) is observed already after 5 h of liquid-phase poly-
merization. This can be ascribed to the formation of a thick PPy
film on top of the PSiO, scaffold, in agreement with SEM data
of Figure 1c, which results in a nonuniform polymer deposition
within the pores, evidenced by EDX data in Figure S4 (Support-
ing Information). This is further confirmed by the high variability
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c) Detailed N 1s XPS signal of MIP for HHb deposited on PSiO, scaffolds

(percentage relative standard deviation - RSD% - 39.9%) associ-
ated with the Si 2p signal on different points of the PSiO, scaf-
folds after liquid-phase deposition for 5 h (Table S1, Supporting
Information). On the other hand, low variability of the Si 2p sig-
nal (RSD% = 3.5%) measured after vapor-phase polymerization
for 8 h is consistent with the deposition of a homogeneous PPy
film.

Surface chemistry of the PPy film deposited by 8 h vapor-phase
synthesis on PSiO, scaffold is further investigated by XPS analy-
sis. Figure 1f reports fitted spectra of C 1s and N 1s signals. Bind-
ing energy and chemical assignment of each component are in
good agreement with the literature,[®-1° thus highlighting that
the chemical structure of vapor-phase grown PPy on PSiO, scaf-
folds is similar to that of PPy deposited on conventional planar
substrates from liquid-phase.[1%1%1 The presence of components
at 287.8 eVin C 1s and 402.0 eV in N 1s, assigned to C=N" func-
tionality, reveals that the film is in an oxidized state. This feature
is leveraged to promote electrostatic interactions with the tem-
plate in imprinting procedures.

We next investigated the vapor-phase synthesis of MIP re-
ceptors for the protein HHb within the PSiO, scaffolds. The
protocol is sketched in Figure 2a. The imprinting procedure
leverages the covalent coupling of the target protein HHD to
the PSiO, surface before PPy deposition. HHb anchoring to
the PSiO, surface is carried out through silanization with (3-
aminopropyl)triethoxysilane (APTES) to expose amino groups
followed by glutaraldehyde binding (Figure 2al-4). Vapor-phase
deposition of PPy for 8 h is then performed as already described
(Figure 1a) and eventually HHD is removed through a washing

© 2023 The Authors. Small published by Wiley-VCH GmbH
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step leaving cavities in the PPy film retaining shape, size, and
functionality of the template (Figure 2a5-6). Preliminary anchor-
ing of the template on the nanostructure surface has a twofold
advantage: i) only the monomer vaporization is required for pro-
moting polymer deposition; ii) it leads to a stronger imprinting
effect thanks to the formation of a higher density and more ho-
mogeneous binding site population, compared to polymerization
from a monomer-template mixture.>10%]

Each surface functionalization step is assessed by UV-Vis re-
flectance spectroscopy, through the acquisition of reflectance
spectra and calculation of EOT values (Figure 2b; Figure S5, Sup-
porting Information). A red-shift of the reflectance spectrum is
observed after each functionalization step, apart from HHDb re-
moval that leads to a blue-shift (Figure S5, Supporting Informa-
tion). The latter is consistent with the reduction of the effective
refractive index of the PPy-coated scaffold after removal of the
protein. No significant change in the line-shape of the reflectance
spectra is evident, indicating that a uniform coating of the inner
pore surface occurs at any step, including PPy deposition. The
EOT value steadily increases with respect to the reference value
measured on bare PSiO, scaffolds, except for HHDb removal in
agreement with the blue shift of the reflectance spectrum.

The EOT change recorded after PPy deposition on the func-
tionalized PSiO, scaffolds (%500 nm with respect to the value
measured after HHb grafting) is consistent with that measured
on non-functionalized scaffolds (Figure 1b), thus indicating that
the polymerization process is not affected by the preceding func-
tionalization steps. On the other hand, reduction of the EOT
value recorded after HHb washing is comparable with the EOT
increase measured after protein grafting, suggesting that the
washing step is effective for protein removal from PPy, which is
a key requisite for MIP preparation.

We then carried out XPS analysis of MIP-coated PSiO, scaf-
folds (Figure 2c; Table S2, Supporting Information). The N
1s spectrum of the MIP is similar to that recorded on PPy
(Figure 1f), confirming that vapor-phase polymer deposition is
not affected by the presence of HHb on the pore surface. An in-
crease of N-H abundance in the MIP with respect to PPy is ob-
served, reasonably due to aminic functionalities in protein. The
slight shift of the binding energy of C=N" groups can be ascribed
to the involvement of such PPy functionalities in the interaction
with the protein. Remarkably, an atomic ratio N/Si equal to 7.28
is obtained for MIP that is significantly larger than the value of
0.74 achieved for PPy, providing indirect evidence of the success-
ful functionalization of PSiO, scaffolds.

We eventually performed a series of experiments to assess
the sensing performance of MIP-coated PSiO, scaffolds in de-
tection of HHb (Figure 3a), using PSiO, scaffolds coated with
non-imprinted polymer (NIP) as control. Reflectance spectra of
MIP- and NIP-coated scaffolds were acquired after exposure to
different HHD concentrations in the range 0.1 to 8 mg mL"!
(Figure S6, Supporting Information); the change in the EOT
value, namely, EOT-EOT), was used as the analytical signal, with
EOT, reference value measured in buffer solution. The range of
HHD concentrations is chosen to investigate sensitivity of the
MIP in diluted blood samples, which would enable decreasing
the sample volume up to a factor 1000, thus strongly reducing
medical waste in clinical applications.l”*%-1%7] Figure 3b shows
the calibration curve of the MIP- and NIP-coated PSiO, scaffolds.
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Two linear regions are evident for the MIP-based sensor, namely,
a higher-sensitivity region between 0.1 and 1 mg mL™ and a
lower-sensitivity region between 1 and 8 mg mL™!. The limit of
detection estimated from the calibration curve is 0.024 mg mL™1,
taking the noise floor of the MIP-coated scaffold in buffer so-
lution into account (LoD = 3.3std, ;.. /S, with std, ;.. = 0.6 nm
and S = 82.5 nm mg~! mL!). The MIP-based sensor shows an
excellent sample-to-sample reproducibility in the low concentra-
tion range with RSD% = 1.4% (n = 3). Even considering the en-
tire range, the sensor reproducibility remains satisfactory with
RSD% = 16.5%, which highlights a good control of PPy deposi-
tion and HHbD anchoring/removal procedures.

A high specific interaction of the MIP with the target pro-
tein is apparent by comparison of the calibration curves of MIP-
and NIP-coated PSiO, sensors (Figure 3b). The MIP response
to HHD is significantly higher than that of the NIP for any of
the HHD concentration tested, revealing a highly specific inter-
action with the protein that is mediated by the strong imprint-
ing effect occurring within the HHb cavities imprinted in PPy.
This is quantitatively expressed by the Imprinting Factor (IF),
namely, the sensitivity ratio between MIP- and NIP-based sen-
sors. Considering for the MIP sensor an average sensitivity of
44.76 nm mg~' mL™! over the entire concentration range, an IF
value of 13.1 is obtained that is comparable with best values re-
ported in the literature for the imprinting of proteins.>’3 The
remarkable imprinting effect is further confirmed by the high
selectivity of the MIP-based sensor to HHb against interfering
proteins, namely, human serum albumin (HSA), cytochrome C
(Cyt C), and lysozyme (Lyz) (Figure 3c). The sensor response to
HHD is significantly higher (>30x at the lowest concentration
tested) than that measured for the interfering proteins, regard-
less of molecular weight and concentration. Notice that, HSA has
a molecular weight (69 kDa) close to that of HHb (64 kDa), and
Lyz (14.5 kDa) and CytC (12.4 kDa) have a much smaller molecu-
lar weight that is commonly reported to generate a significant in-
terference response being able to occupy MIP cavities imprinted
for larger proteins.”>1%l A slight interference is apparently gen-
erated by CytC at high concentrations (interfering ratio equal to
0.26 at 8 mg mL™!). Nonetheless, CytC mean serum levels are
significantly lower, ranging from 0.1 to 40 ng mL~','%] thus not
determining any effect on sensor response in real samples.

Effective binding properties of the MIP toward HHb are con-
firmed by the value of the association constant K, = a'/™ = 1.2
10* M~ we estimated using the Langmuir-Freundlich isotherm
model (Figure 3d), in agreement with some literature reports on
MIPS.[llo'llll

We next assessed the performance of the MIP-based PSiO,
sensor in human plasma and artificial serum spiked with HHD,
without further pretreatment (Figure 3d). Plasma and serum pro-
vide a complex matrix with composition very similar to blood.
Both plasma and serum come from the liquid portion of the
blood that remains once the cells are removed, and contain
proteins (e.g., serum albumins, globulins, and fibrinogen) and
other constituents (e.g., glucose, clotting factors, electrolytes, hor-
mones, carbon dioxide) of whole blood. Figure 3e shows the
sensor response to different concentrations of HHb in human
plasma and artificial serum, as well as in buffer for comparison.
Despite the higher complexity of serum and plasma, a maximum
variation of 10% was achieved in the detection of HHb compared
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Figure 3. PPy-based MIP sensing performance in HHb optical detection. a) Sketch of target protein interaction with PPy-based MIP on PSiO, scaffold.
b) Calibration curves (EOT-EOT, versus HHb concentration) recorded on MIP and not imprinted polymer (NIP) sensors in the range 0.1to 8 mg mL™".
EOT, is measured in buffer solution and used as reference (n = 3 samples). Data are presented as mean (+ s.d.). ¢) Selectivity results comparing the
MIP sensor response (calculated as EOT-EOT)) to HHb with that achieved for interfering proteins, namely, human serum albumin (HSA), cytochrome
C (CytC) and lysozyme (Lyz) at different concentrations. d) Best-fitting in log-log scale of the MIP sensor calibration curve in b) (black dots) using the
Langmuir-Freundlich isotherm model (red trace), where S = EOT-EOT], is the sensor output. Fitting parameters are S, = 400 nm maximum value
of the sensor output, a = 74.2 related to the median binding affinity, and m = 0.46 heterogeneity index. Experimental data are presented as the mean
value of n = 3 samples. ) MIP sensor response (calculated as EOT-EOT,) in real samples of human plasma and artificial serum spiked with HHb at
different concentrations. f) MIP sensor response (calculated as EOT-EOT,) versus time measured over 30 days at HHb concentration of 1mg mL~". g,h)
Comparison of room-temperature vapor-phase synthesis (g) and sensing performance (h) of PPy-based MIP for human hemoglobin (HHb) prepared in
PSiO, scaffolds in dry and wet conditions. Effective optical thickness changes (EOT-EOT;g;q,) achieved for each functionalization step (g). Calibration
curves (EOT-EOT, versus HHb concentration) recorded in the range 0.5 to 8 mg mL™" for vapor-phase MIP deposited in dry and wet conditions (h).
EOT, is measured in buffer solution and used as reference (n = 3 measures). Data are presented as mean (+ s.d.).

to buffer, thus demonstrating the suitability of the MIP-based
PSiO, sensor to operate with whole biological fluids in real set-
tings.

The sensing performance of the MIP toward HHD provides in-
direct evidence that the protein retained its structure during the
vapor-phase polymerization of PPy, given that the MIP specifi-
cally rebinds HHD in buffer solution and serum/plasma samples,
where the protein is expected to maintain its natural structure.
Thus, it cannot be a-priori excluded that the protein has main-
tained a certain degree of hydration within the nanopores, which
might be compatible with the gentle drying process of the porous

Small 2023, 19, 2302274
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scaffold after exposure to the protein solution and before expo-
sure to pyrrole vapors.

We then performed an additional set of experiments to verify
that the vapor-phase pyrrole polymerization in the nanoporous
silica scaffold-and, in turn, on other substrates—can be also car-
ried out in the presence of saturated water vapors (wet vapor-
phase deposition) in the evaporation chamber, thus ensuring
hydration—and preventing denaturation—of biomolecules used as
the template over the whole polymerization time. Wet vapor-
phase deposition of PPy was carried out at room temperature
and atmospheric pressure by placing a small amount of water
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in the evaporation chamber together with pyrrole. Control ex-
periments of PPy deposition by vapor phase in absence of wa-
ter were carried out as usual (and referred as dry vapor-phase).
No significant differences were found in wet and dry conditions
in terms of material thickness and sensing performance toward
HHDb (Figure 3gh). The possibility of carrying out the vapor-
phase MIP deposition in the presence of saturated water vapors
significantly extends the use of the proposed strategy to a large
assortment of biomolecules, further supported by the mild con-
ditions employed in both MIP synthesis and rebinding steps, not
involving any organic solvents (which would seriously limit the
application to biomolecules) nor any light-temperature input for
triggering polymerization, contrarily to other imprinting strate-
gies applied to nanostructures.[2631:32]

Eventually, we tested reusability and aging of the MIP-coated
PSiO, sensor by monitoring the response to HHb at 1 mg mL™!
over 30 days (Figure 3e). No particular care was taken for the sen-
sor storage, which was kept at room temperature in ambient air.
The sensor was reused five times over 30 days and the response
remained stable over multiple measurements, with an average
variability of 11.4% over one month. Regeneration of the sensor
is obtained by simply washing the MIP in acidic solution for HHb
removal, thus demonstrating that the sensor can be stored after
fabrication before use, then easily reused multiple times.

3. Conclusions

Here, we reported on a novel route that leverages vapor-phase
polymerization for the synthesis of MIPs on nanostructured ma-
terials. PPy was selected as the polymer due to monomer vapor-
ization at room temperature and wide use in molecular imprint-
ing strategies; nanostructured PSiO, was chosen as the target
substrate to demonstrate improved reliability and homogeneity
of PPy and MIP deposition on high aspect-ratio nanomaterials
by vapor phase, with respect to liquid-phase polymerization. The
MIP was imprinted for HHD and exhibited high sensitivity, selec-
tivity, and stability over time in the detection of the target protein,
leveraging the PSiO, nanomaterial as the optical transducer.

The proposed vapor-phase strategy overcomes well-known
limitations of the liquid-phase synthesis in the control of poly-
mer and MIP film deposition in nanostructures, and paves the
way towards the use of MIP synthetic receptors in difficult-to-coat
nanomaterials. Further, it is immediately extendable to other tar-
get analytes and nanomaterials/transducers taking advantage of
the substrate-independent deposition mechanism.
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