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Abstract

Molecularly imprinted nanoparticles (nanoMIPs) are biomimetic polymeric nanomaterials, typically prepared from acryla-
mide and derivatives, that are formed by a template-assisted synthesis. NanoMIPs display high affinity, selectivity, and
specificity for the targeted molecule, on the par of natural receptors and antibodies. Recently, we introduced a paradigmatic
change by forming nanoMIPs starting from biomaterials, under the name of bioMIPs, as a strategy to promptly translate
them into the clinical settings. Silk fibroin, that is a biocompatible and non-immunogenic natural material, was used as a
building block for the synthesis of bioMIPs tailored to recognize the protein human serum albumin. BioMIPs confirmed
high selectivity and specificity for the targeted protein, together with cytocompatibility. The present work expands the actual
knowledge on bioMIPs, studying a route to post-synthetically entail fluorescent tags, with the aim to localize these molecu-
lar nanotraps in cells and tissues. Moreover, the enzymatic degradation of bioMIPs was investigated, to support the role of
bioMIPs as greener and biocompatible alternatives to non-natural biomimetics.

Introduction

Biomaterials owning molecular recognition functions are
expected to play a central role in the development of the next
generation of therapeutics and instructive scaffolds. Among
the techniques to prepare functional materials, there is the
molecular imprinting of polymers (MIPs) [1]. MIPs are pre-
pared by a template-assisted synthesis in which the targeted
molecule acts as a template and is solvated together with
monomers (typically acrylamides, acrylates, methacrylates
monomers). The polymerization process embeds in the
forming polymeric network molecular cavities that are ste-
reochemically complementary to the template and therefore
are able to rebind it. MIPs display affinity, specificity, and
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selectivity for the targeted molecule on the par of the natu-
ral counterparts (antibodies, receptors). Advantages of the
MIPs are the possibility to tune the recognition, by varying
the mix of monomers [2]; the robustness, the processability
typical of polymers; the easy and cheap synthesis and the
possibility of reuse. Additionally, MIPs can be synthesized
of nanometer dimensions (nanoMIPs) [3-5], rivaling with
natural monoclonal antibodies [6]. NanoMIPs have been
demonstrated to play functional roles in vitro and in vivo
[7], such as disrupting cancer cells signal transmission [8],
inhibiting cell adhesion [9], and removing toxins [3]. Thus,
nanoMIPs hold great promises for applications in medicine,
a domain in which the requirements of non-toxicity and bio-
compatibility are non-negotiable.

Despite in vitro tests indicated the non-toxicity of
nanoMIPs [10], extensive studies should be performed to
address the safety concerns on specific organ accumulation
and on in vivo degradation. It is expected that developing
a method to produce biological MIP nanoparticles, tailored
to selectively bind a targeted analyte, but possessing the
required biocompatibility, is crucial for the direct transla-
tion of nanoMIPs to clinical settings. For this, recently, we
came up with the idea to synthesize fully biocompatible
nanoMIPs starting from the natural polymer silk fibroin
(SF), that is renowned for its biocompatibility and it is a
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promising material for Tissue Engineering and Regenerative
Medicine (TERM). These new MIPs biomimetics have been
named “bioMIPs” [11, 12]. The process of bioMIP forma-
tion is schematized in Fig. 1.

SF is a building block with interesting properties for the
imprinting process. First of all, the SF polypeptide chains
have a strong propensity for the beta structure; this latter in
turn drives the spontaneous assembly of SF in a network
of entangled fibers that form the basis of the bioMIP’s
supramolecular nanostructure. Then, SF can be chemically
functionalized with pendant double bonds [13], this has the
advantage to crosslink the bioMIP’s, thus improving the
stability of the nanoparticle and preserving the stereochem-
istry of the imprinted binding site. Finally, the aminoacid
sequence of SF offers chemical functionalities to maximize
the template/monomer molecular pairing during the imprint-
ing process, hence permitting to form high-affinity binding
sites.

We have demonstrated the feasibility of the SF imprint-
ing, both using a serum protein [12] and a peptide hormone
[13] as templates, thus proving the possibility to imprint
bioMIPs with both small and large molecular targets. In the
present work, we investigate further the bioMIP, by study-
ing the possibility to entail fluorescence to the bioMIPs,
via post-synthetic tagging, with the final aim to map the
bioMIPs distribution in cells cultures and tissues. Moreover,
we studied whether bioMIPs underwent enzymatic degrada-
tion, in order to collect initial evidence on their biological
elimination path.

Materials and methods
Synthesis of bioMIPs
Extraction and purification of silk fibroin (SF) were con-

ducted as reported [14]. Fibroin-MA (SilMA) was prepared
following [15]. Then, SiIMA was adjusted to 0.3% w/v in

Fig.1 The concept of bioMIP.
The source of biomaterials

was silk, a natural polymer p -
composed of two main proteins: N5 La o 1
sericin and fibroin. Silk fibroin ) \! AP
(SF), that is a protein with a AR\ & pendant ( & ]
beta-fold, was methacrylated to . . . double

Silk Fibroin bonds

provide pendant double bonds
and exploited as building block
to form “natural” MIP nanopar-
ticles: the bioMIPs. As a tem-
plate, the protein human serum
albumin (pink) was chosen
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10 mM PB pH 7.4 buffer in the presence of the template
(3 nmol human serum albumin, Sigma Aldrich). The final
volume was 4 mL. Lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate (LAP) was added at the final concentration
of 0.2% w/w and polymerized for 1 min with a UV-LED
light (=365 nm, 4W). Then, the template was removed by
the addition of Trizma free base to the bioMIP suspension,
to reach pH of 10 and extensive dialysis under stirring, final
dialysis in PBS. Protein removal was controlled by SDS-
PAGE electrophoresis.

Dynamic light scattering

Size distribution and polydispersity index (PDI) of the
bioMIPs were determined by Dynamic Light Scattering
(DLS) using a Zetasizer Nano ZEN3600 (Malvern Instru-
ments Ltd, Worcestershire, UK) equipped with a 633 nm
He—Ne laser. BioMIPs were dispersed in filtered deionized
water at 1 mg/mL and filtered 0.22 um prior to measure-
ment. The material refractive index (RI) was 1.490 and the
absorption value 0.01; the dispersant RI was 1.332, and the
viscosity was 0.89 cP as reported by the Zetasizer v.6.32
software (Malvern instruments Ltd, Worcestershire, UK).
The temperature was set at 298 K and a detection angle of
173° was used. Measurements were collected in triplicate.
Untagged and Nile-Red and Rhodamine-tagged bioMIPs
distributions were compared and analyzed for significance
using Student’s T test.

Fluorescent decoration of bioMIPs

Rhodamine-bioMIPs were prepared with acryloxyethyl thio-
carbamoyl rhodamine B (Sigma Aldrich, Darmstadt, Ger-
many). The fluorescent dye (stock solution 0.02% w/v in
DMSO) was added to the bioMIPs (850 pg; M, ~9 MDa) in
molar excess (100:1 mol:mol). A volume of 20 pL. of LAP
(1% w/v) was added to the solution, and photografting was
triggered by exposing the solution for 1 min to UV-LED
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light. At the end of the grafting, Rhoda-bioMIPs were exten-
sively dialyzed to remove non-reacted tags. Alternatively,
Nile-Blue-bioMIPs were prepared in a same manner, except
for using the Nile-blue acrylamide (Polysciences, US) as
fluorescent tag. The incorporation of the tag was controlled
by measuring the fluorescent intensity of both the Rhoda-
and the Nile-Blue- bioMIPs performing the measures on a
Tecan Infinite PRO 200 spectrofluorometer for microplates
(Tecan Lifesciences, Switzerland) in triplicate, using 96
Flat Bottom Black Polystyrene microtiter plates (Nunc™
MicroWell™ 96-Well, Nunclon Delta-Treated, Thermo Sci-
entific, Germany). The excitation for Rhoda-bioMIPs was
at the 1., =488 nm and emission was recorded in the range
514-540 nm. The excitation for Nile-Blue-bioMIPs was at
the 4.,.=633 nm and emission was recorded in the range
645740 nm. The calibration curve for acryloxyethyl thiocar-
bamoyl rhodamine B in the range 1.2x 1072 to 1.2x 10 M
was y (Int. Em)=7.88x+30.806, R>=0.999. The calibration
curve for Nile-blue acrylamide in the range 0.98 x 1072 to
0.98x 10~ M was y (Int. Em) = 14.305x—4.1933, R?=0.999.

In vitro cell culture in the presence of bioMIPs

For the in vitro experiments, human lung fibroblasts
(MRC5—ATCC) were used at passage 18. The cells were
seeded in a 96 well plate at a density of 1 x 10° cell/mL and
cultured in expansion medium composed of MEM medium
(Euroclone), supplemented with Fetal Bovine Serum
(FBS—Euroclone) 10%, non-essential amino acids (Sigma
Aldrich), Sodium pyruvate (Gibco), and antibiotic/antimy-
cotic (Euroclone) 1%. After seeding, the cells were expanded
for 24 h. NPs were then added to the wells at two different
concentrations: 0.5 mg/mL and 0.1 mg/mL. All the samples
were tested at 24 and 48 h after the NPs addition.

Confocal analysis

Cell adhesion and morphology, as well as bioMIPs’ distri-
bution were evaluated by laser scanning confocal micros-
copy (LSCM, Nikon Al—1Japan). For each time point (24
and 48 h), two replicates for each condition were analyzed.
Before confocal observations, samples were fixed with 4%
paraformaldehyde (PFA—Sigma Aldrich) solution and incu-
bated at room temperature (RT) for 20 min, then washed
twice in PBS. Cell membranes were then permeabilized with
Triton X (SigmaAldrich) 0.2% (v/v) solution and incubated
for 20 min at RT. Nuclei and cytoskeleton staining was per-
formed by adding 4',6-diamidino-2-phenylindole (DAPI—
Sigma Aldrich) and Rhodamine Phalloidin (Thermo Fisher)
according to the manufacturer’s instructions, respectively.
The samples were incubated protected from light exposure
for 20 min at RT and then analyzed by LSCM using spe-
cific excitation wavelengths for cell nuclei and cytoskeleton

(405 nm and 561 nm) and for bioMIPs (636 nm), and col-
lecting emission at 450/50 nm, 593/46 nm, and 700/38 nm,
respectively.

Enzymatic degradation of bioMIPs

BioMIPs (1 mg/mL) were suspended in Tris—HCI at pH 8.2
and added either of the digesting enzyme trypsin (100 pg)
or of the enzyme Proteinase K (100 pg). The digestion was
run overnight at 37 °C. At the end of the digestion, samples
were measured at DLS. Moreover, the digested bioMIP’s
samples were microcentrifuged on cellulose microfilters
with MWCO 10,000 Da (Amicon) for 10 min at 8000 rpm.
Centrifuged peptides were tested for fluorescent emission,
as reported above.

Results and discussion
Fluorescent tagging of bioMIPs

BioMIPs were synthesized starting from methacrylated SF
(SiIMA). The SiIMA building blocks were placed in buffer
in the presence of the template, i.e., the protein human serum
albumin (HSA) (Fig. 1). Photopolymerization stabilized
the supramolecular SF nano-assemblies around the tem-
plate, thus forming the bioMIPs, as reported in [11]. The
bioMIPs hydrodynamic size, estimated by DLS (Fig. 2),
reported a bioMIP population with a mean diameter (Z,,.)
of 95.6 +1.2 nm and a polydispersity index (PDI) of 0.358.

10+

BioMIP
Nile Blue bioMIP

——— Rhodamine BioMIP

Intensity (%)

1 10 100 1000
Size distribution (nm)

Fig.2 Effect on the bioMIP’s hydrodynamic size of the fluorescent
tagging. DLS measurements showed the size distribution of the non-
tagged bioMIPs (black line) and a slight increment in size, even not
statistically significant (p value >98%), upon fluorescent tagging both
for Nile-Blue-bioMIPs (blue line) and Rhodamine BioMIPs (red line)
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The requirements for selective recognition, high affinity,
and non-toxicity were confirmed, in line with [11], thus the
bioMIPs met the role of functional nanotraps for albumin.
With the aim to further exploit the bioMIPs for selective
molecular nanotrapping in vitro and in vivo, we entailed
fluorescent tags to the bioMIPs, so to enable their localiza-
tion in tissues and cells through fluorescence microscopy
techniques. For the labeling, the monomers Acryloxyethyl
thiocarbamoyl rhodamine B and Nile-Blue Acrylamide were
chosen. BioMIPs suspended in PBS at the estimated quantity
of ~ 100 pmol were added of an excess (~ 600 X moles) of
fluorescent monomers. The fluorescent tag decoration was
performed via photocoupling with the biocompatible pho-
toinitiator LAP. After the grafting, bioMIPs were extensively
dialysed (15 kDa MWCO) to remove the non-reacted mono-
mers. Tagging was proved by measuring the fluorescence
emission of the bioMIPs prior and after tagging. Rhoda-
bioMIPs and Nile-Blue-bioMIPs emitted, respectively, at
585 nm and at 685 nm, proving the effective tagging. The
moles of fluorophore per mole of Rhoda-bioMIP particle
were estimated to be 174 + 16. For Nile-Blue-bioMIPs, the
moles of fluorophore were 98 +7 per mole of Nile-Blue-
bioMIPs. The hydrodynamic size of the nanoparticles, moni-
tored prior and after the tagging process (Fig. 2), showed
bioMIPs (Z,,. 95.6 + 1.2 nm; PDI 0.358) underwent a slight
increment in size upon tagging, displaying, respectively,
Z,y.=98.9+0.8 nm (PDI 0.457) for Nile Blue addition and
Z,y.=100.9 +£0.7 nm (PDI 0.464) for Rhodamine addition.

Localization of bioMIPs on cell cultures

Next, we investigated the effect of the bioMIPs on cells
cultures. SF bioMIPs were placed in contact with MRC5

Fig.3 Confocal pictures of
MRCS cells cytoskeleton

and nuclei (green and blue,
respectively) seeded on multi-
well plate semi-confluence and
exposed to 0.5 mg/mL bioMIPs
solution (red) for 24 and 48 h.
From left to right: x4, X20 and
X 100 magnification
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cells (Fig. 3) as a model to evaluate their impact on living
tissues. After 24 and 48 h of exposure to bioMIPs, at the
concentration of 0.1 mg/mL, no significant impact on cell
growth and proliferation was observed. Cell plates exposed
to bioMIPs appeared equivalent to non-treated plates (Elec-
tronic Supplementary Materials, Figure S2), in full agree-
ment with the preliminary cytotoxicity analysis reported in
[11]. Fibroblasts maintained elongated shape, motility, and
proliferation within the confined surface, confirming optimal
conditions. In Fig. 3, bioMIPs, that are depicted as red spots,
appear to accumulate as nanoparticles aggregates, mainly
located in proximity of the cell nuclei, despite no internali-
zation was further proved. Similar results were obtained at
5 X bioMIPs concentrations (0.5 mg/mL), as reported in the
supplementary data (Fig. S3), which confirmed the safety
of the SF bioMIP’s formulation, in accordance with what
reported for larger-scale SilMA scaffolds [13, 15, 16].

Biodegradation of bioMIPs

When considering the bioMIPs as molecular nanotraps for
further therapeutic uses, the fate of these nanomaterials
should be carefully studied. Here, we provided the first evi-
dence on the degradation of the bioMIPs by enzymes. Both
Rhoda- and Nile-Blue-bioMIPs were subjected to enzymatic
degradation by using either the enzyme trypsin or Protein-
ase K. Trypsin is a human protease belonging to the class
of the serine protease and characterized by a marked sub-
strate specificity (cleaves the peptide bond at the C-term
of lysines and arginines). Proteinase K is produced by the
fungus Engyodontium album and belongs to the peptidase-
S8 family. In contrast to trypsin, Proteinase K is character-
ized by an ample substrate specificity (cleaves the peptide
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Fig.4 Rhoda- and Nile Blue-bioMIP’s degradations were followed at DLS. The mean hydrodynamic size of the bioMIPs decreased during the

enzymatic digestion confirming the biodegradability of the nanotraps

bond at the C-term of aliphatic, aromatic, hydrophobic ami-
noacids). Prior to perform the wet experiment, an in silico
prediction of the enzymatic cleavages (trypsin; Proteinase
K) of SF was performed, using the tool Peptide Cutter of
the Expasy platform (web.expasy.org/cgi-bin/peptide_cut-
ter/peptidecutter.pl). In silico results indicated Proteinase K
can fully degrade SF into di-, tri-, and tetra-peptides (ESI
for the full list of peptides), whereas trypsin just degrades
SF in fewer peptides, generating few large macropeptides
and some ten peptides of 10-20 residues (details in ESI). It
should be noted that in silico digestion was performed on SF
heavy chain, whereas the bioMIPs are made of crosslinked
SilMA, hence were considered a broad prediction.

The enzymatic degradations of bioMIPs were performed
overnight at 37 °C and results were monitored at DLS
(Fig. 4). Upon exposure to the enzymes, a significant reduc-
tion of the mean hydrodynamic size of the bioMIPs was
observed, supporting the degradation of the nanoparticles.
Digested bioMIPs were ultrafiltered on Amicon 10,000 Da
MWCO, and the collected digestion products confirmed
fluorescence emission.

Conclusions

BioMIPs are functional and non-toxic nanotraps, suitable for
the selective recognition of a targeted analyte, thus meeting
the conditions for the future clinical translation and the fore-
seen uses as therapeutics [11, 12]. Here, we demonstrated
that bioMIPs can be post-synthetically decorated with fluo-
rescent tags, so to enable their time and space-localization
in cells cultures and tissues. Tested on human lung fibro-
blasts, the bioMIP’s cell response was coherent with the
results so far reported in the literature for methacrylated silk
fibroin. Concerning the open question on the fate of such

nanomaterials in vivo and in the environment, the present
results—despite preliminary—prove the possibility of bio-
logical activated degradation.
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