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ABSTRACT: Nanosized biomimetics prepared by the strategy of
molecular imprinting, that is, the stamping of recognition sites by
means of a template-assisted synthesis, are demonstrating potential
as plastic antibodies in medicine, proving eﬀective for cell imaging
and targeted therapies. Most molecularly imprinted nanoparticles
(MIP-NPs) are currently made of soft matter, such as
polyacrylamide and derivatives. Yet, MIP-NPs biocompatibility is
crucial for their eﬀective translation into clinical uses. Here, we
propose the original idea to synthesize fully biocompatible
molecularly imprinted nanoparticles starting from the natural
polymer silk ﬁbroin (MIP SF-NPs), which is nontoxic and highly
biocompatible. The conditions to produce MIP SF-NPs of diﬀerent
sizes (dmean ∼ 50 nm; dmean ∼ 100 nm) were set using the response
surface method. The stamping of a single, high aﬃnity (KD = 57 × 10−9 M), and selective recognition site per silk ﬁbroin
nanoparticle was demonstrated, together with the conﬁrmation of nontoxicity. Additionally, MIP SF-NPs were used to decorate silk
microﬁbers and silk nanoﬁbers, providing a general means to add entailed biofunctionalities to materials.
KEYWORDS: molecularly imprinted polymers, silk ﬁbroin, biomimetics, functional nanoparticles, natural biomaterials

■

INTRODUCTION
The development of functional materials capable of binding
target molecules with high aﬃnity and selectivity, in vitro and
in vivo, continues to be of prime interest for medicine, sensing,
and bioengineering. In the eﬀort to synthesize receptors
mimicking natural ones, the method of molecular imprinting is
one of the most conceptually appealing and extensively
studied.1,2
Molecularly imprinted polymers (MIPs) are prepared by a
template-assisted synthesis, which involves the polymerization
of functional monomers around a selected molecular template.
As a result, cavities with shape and stereochemistry
complementary to the template are stamped in the material.
At the completion of the polymerization process, the template
is removed, leaving the formed cavities free to rebind their
target molecule.3,4
The high aﬃnity and selectivity for the target molecule are
pivotal qualities of a MIP. These are proﬁciently combined
with the physical properties of the constituent polymer (e.g.,
polymethacrylates and polyacrylamides), which confer to the
material qualities such as strain, responsiveness, resistance to
solvents, extreme pH, and temperatures, and the possibility of
sterilization, processability, and integrability to electronics and
devices. Moreover, MIPs are cheap to produce, especially when
compared to their biological counterparts.
When synthesized in the form of nanoparticles,5−7 MIP-NPs
display a close resemblance to antibodies, having a low number
of binding sites per NP and a high aﬃnity for the target
© 2021 The Authors. Published by
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analyte. Thus, MIP-NPs are ideal for functional interactions
with biomolecules, opening applications in molecular diagnosis
both at the cell and tissue levels,8 for in vivo removal of toxins,5
for interfering with metastatic proliferation,9,10 for protein
refolding,11 or for acting as targeted prodrugs in contrasting
the growth of cancer cells.12
Although MIP-NPs stand out because of their potential,
their plastic composition might raise concerns, both in medical
uses and in terms of environmental safety. Whether
biocompatible alternatives to the actual set of materials to be
stamped are available is still an open question.
In this respect, Klaus Mosbach,13 in a pioneer work
demonstrated the modiﬁcation of the speciﬁcity of the active
site of an enzyme by its partial unfolding followed by refolding
in the presence of a non-natural substrate, setting the principle
that a protein can be imprinted. More recently, it was shown
how polymers, which are referred to as macromolecular
monomers, can be successfully imprinted, including natural
materials, such as chitosan and alginates.14−16 Frequently,
these macromolecular monomers have been chemically
modiﬁed with reactive double bonds so that the formed MIP
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Figure 1. (A) Contour plot of the predicted model of the diameter (top row) and polydispersity index (PDI, bottom row). The model revealed
that the SF-MA concentration was a critical parameter for obtaining NPs with a small diameter and a low PDI. (B) Dynamic light scattering (DLS)
of albumin-imprinted SF-NPs exhibited an average size of 52.8 ± 0.1 nm (PDI 0.13 ± 0.01) when prepared from 0.03% SF-MA (solid line) and of
94.6 ± 1.3 nm (PDI 0.35 ± 0.01) when prepared from 0.3% SF-MA (dotted line). (C) SEM image of a single SF-NP (0.3% w/v).

■

RESULTS AND DISCUSSION
SF is a protein well-known for its ability to form entangled
ﬁbers by the spontaneous supramolecular assembly of β
structures.27 From these premises, we deﬁned a strategy to
prepare SF biocompatible nanoparticles (SF-NPs) by highly
diluting in aqueous solution the SF starting material (to 0.03 or
0.3% w/v) and by allowing the suspensions to stand for 1 h,
promoting the formation of separated SF entangled nuclei,
each one ideally yielding to a single NP, similar to protocols for
the preparation of polymeric NPs.5,7,11 With the purpose of
forming stable, yet molecularly imprinted, SF-NPs, methacrylated ﬁbroin (SF-MA)28 was chosen as the macromolecular
monomer.29 SF-MA, also known as Sil-MA,28 possesses
reactive pendant double bonds that permit cross-linking of
the formed SF-NPs, hence, their stabilization. The crosslinking of the SF-NPs occurred via UV-induced photo-crosslinking by means of lithium phenyl- 2,4,6-trimethylbenzoyl
phosphinate (LAP). Preliminary tests produced positive
outcomes (Section 1 of the Supporting Information (SI)).
Then the response surface method (RSM)30 enabled
optimization of the SF-NPs synthesis by modeling the
nanoparticle’s diameter (d) and polydispersity (PDI) on the
basis of three process variables: the concentration of SF-MA
(factor A: 0.03% and 0.3% w/v), the pH of the solution (factor
B: 3.5, 5.0, 7.4, and 9.8) and the quantity of photoinitiator LAP
(factor C: 0.04% and 0.2% w/v) (Figure 1; details in Section 2,
SI). The RSM allowed exploration of the correlation among
the three chosen variables, ﬁnding the optimal combinations to
minimize the particle’s size dispersion, evaluated through the
PDI values. The ANOVA tables (Section 2, SI) revealed that
the considered variables signiﬁcantly aﬀected (with p <
0.0001) both the mean particle diameter and the PDI.
Interestingly, the signiﬁcance of several second-order terms
and of one third-order term, not detectable by a one-factor-ata-time method, could be distinguished. In particular, for both d
and PDI, all the second-order terms (A·B, A·C, B·C, A2·B) and

can be stabilized by the cross-linking of the polymeric
networks, hence improving the physical properties. Indeed,
intramolecular cross-linking of polymers can signiﬁcantly alter
the chain arrangement and increase the stiﬀness of the interior
scaﬀold structure.1
The synthesis of MIP-NPs starting from natural polymers
could represent the next frontier in nano/materials research,
allowing the targeting of additional and speciﬁc biological
responses, and fully embodying the biomimicry principles. In
this framework, a material noteworthy of interest is silk ﬁbroin
(SF), a naturally derived polymer, characterized by nontoxicity,
biocompatibility, biodegradability, and low thrombogenicity.17,18
SF protein from the Bombyx mori silkworm has gained
considerable attention because it can be processed into a
variety of formats, such as ﬁlms, hydrogels, or foams,19 to
match diﬀerent applications, having attractive and tunable
mechanical, biological, and optical properties.20 Recent reports,
in the domain of drug delivery, have also shown the possibility
to prepare SF microparticles and even nanoparticles.21,22
Here, we report, for the ﬁrst time, the preparation of
imprinted SF nanoparticles (SF-NPs) of controllable nanosizes. The stamping of binding sites in the SF-NPs by
molecular imprinting was demonstrated using human serum
albumin (HSA)23 as a general and widely used model template
protein. We studied the aﬃnity, selectivity, and speciﬁcity of
the formed MIP SF-NPs and conﬁrmed their nontoxicity. At
last, in a preliminary experiment, we integrated MIP SF-NPs to
silk ﬁbers, which are staked for production of biomedical
textiles and for tissue engineering and regenerative medicine
(TERM).24 MIP SF-NPs decorated raw silk ﬁbers (typical ⌀ ∼
10−20 μm)25 and electrospun silk nanoﬁbers (⌀ ∼ 300 nm)26
demonstrated selective binding toward the template, disclosing
a possible general method for adding tailored extrafunctions to
these biocompatible ﬁbers and opening further the frontiers of
nanomaterials for medicine.
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Figure 2. (A) MIP-alb SF-NPs (solid squares, n = 3, Stvd 10%) showed to rebinding of the template HSA with a saturation course; in contrast,
control SF-NPs (NIP; open circles, n = 3, Stdv 7%) showed nonspeciﬁc interaction. (B) Binding assay in ﬂuorescence expressed as I/Io. (C)
Nanocalorimetric measurements showed MIP-alb SF-NPs were selective for the template (HSA, solid circles), whereas nontemplate proteins, such
as cytochrome c (red open circles) and human transferrin (blue open squares), did not show interaction (n = 3, Stdv 5%). (D) Competitive assay
in ﬂuorescence expressed as I/Io: MIP-alb SF-NPs bound to ﬁtc-alb amd challenged with increasing quantities of nonﬂuorescent albumin (solid
squares) showed progressive displacement of the binding, whereas when there was a challenge with a nontemplate protein (transferrin; red circles),
no competition was observed.

system. The estimated mean molecular masses of the SF-NPs
were 7 and 21 MDa, respectively, for SF-MA 0.03% and 0.3%
w/v (static light scattering, Section 4, SI). The yield of the
synthetic reaction, calculated from the dry weight of the SFMA starting material compared to the dry weight of the formed
SF-NPs, was >90%, accounting for the eﬃciency of the
proposed synthetic method. The zeta potential of the SF-NPs
over pH was also studied (Figure S5.1). At last, regenerated
silk ﬁbroin suspensions tend to evolve over time. In our case,
SF-NPs in buﬀer were stable for 72 h.
Prior to investigation of the binding abilities of the MIP-alb
SF-NPs, the template was removed from the binding cavities
(Section 6, SI). Next, the MIP-alb SF-NPs were tested for their
aﬃnity, selectivity, and speciﬁcity. The speciﬁcity of the
binding of MIP-alb SF-NPs for the template was investigated
using a ﬂuorescein-labeled HSA (ﬁtc-alb).31 ﬁtc-alb (30 pmol)
was incubated in the presence of increasing concentrations of
MIP-alb SF-NPs or of nonimprinted SF-NPs (Figure 2A;
details in Section 7, SI). A saturation proﬁle was observed for
the binding of ﬁtc-alb to MIP-alb, whereas control SF-NPs
showed a nonspeciﬁc course, supporting the success of the
imprinting process. As a control, the endogenous ﬂuorescence
of MIP-alb SF-NPs was far lower than the signal emitted by
ﬁtc-alb (30 pmol) (Figure S7.1). The binding of ﬁtc-alb to the
MIP-alb SF-NPs resulted in a ﬂuorescence enhancement, I/Io
(Figure 2B, Figure S7.2). When the binding conditions for ﬁtcalb to MIP-alb turned unfavorable and promoted the

the third-order term (A·B·C) were signiﬁcant, indicating that
all the considered factors are interacting with each other. In
addition, in the case of d the term A3B and in the case of PDI
the term A2·C were signiﬁcant. The diameter data were well ﬁt
by a cubic model, whereas a quadratic model was suﬃcient to
ﬁt the PDI data. As can be clearly seen in the contour plots of
Figure 1, these high-order terms resulted in a complex trend
for the diameter, with several local minima and maxima.
However, the concentration had the greater impact on d: the
lower SF-MA concentration yielded to smaller nanoparticles.
The PDI was inﬂuenced too by the concentration, as the low
SF-MA concentration (0.03%) ensured a low PDI regardless of
the pH and LAP concentration. Yet, at a higher SF-MA
concentration (0.3%), the PDI proved to be dependent also on
other factors, as an LAP lower than 0.2% and pH higher than
4.7 did not allow a suﬃciently narrow distribution (PDI < 0.4)
to be obtained.
As a next step, we attempted the imprinting of the SF-NPs.
The protein human serum albumin (HSA) was chosen as a
template.23 HSA (3 nmol) was added to the SF-MA synthetic
mixtures (0.03% and 0.3% w/v; V = 4 mL), in the presence of
LAP 0.2% w/v. After photo-cross-linking, albumin imprinted
SF-NPs (MIP-alb SF-NPs) with a Zaverage of respectively 52.8 ±
0.1 (PDI 0.13 ± 0.01) and 94.6 ± 1.3 nm (PDI 0.36 ± 0.02)
were obtained (Figure 1B). The sizes of the imprinted SF-NPs
were coherent with the synthetic process in the absence of a
template, conﬁrming that the template did not perturb the
31433
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Figure 3. SEM images of MIP SF-NPs decorated: (A) silk microﬁbers and (B) electrospun silk nanoﬁbers.

The MIP-alb SF-NPs proved selective for their template.
Indeed, no binding was observed when MIP-alb SF-NPs were
titrated with nontemplate proteins (Figure 2C). The selectivity
of MIP-alb SF-NPs was also conﬁrmed in a competitive assay
(Figure 2D). We monitored the ﬂuorescence of MIP-alb SFNPs bound to ﬁtc-alb (30 pmol) when challenged with
increasing quantities of nonﬂuorescent HSA (30−300 pmol).
The decrement in emitted ﬂuorescence appeared to correlate
to the quantity of added HSA, suggesting a competitive
displacement of the ﬁtc-alb by its nonﬂuorescent analogousness (Figure S7.3). A dissimilar displacement was observed
when the competitor was the non-template-related protein
transferrin (Figure 2D).
Then MIP-alb SF-NPs suspensions were tested for toxicity
to assess their cytocompatibility. Almost conﬂuent mouse
embryonic ﬁbroblasts (NIH 3T3) were exposed to a highly
concentrated SF-NP-containing medium (0.25 and 1.5 mg/
mL) for 24 h and showed a release of lactate dehydrogenase
(LDH) levels compatible with the negative controls (not
exposed to treatment) (Figure S9.1). This result fully
conﬁrmed the noncytotoxicity of the SF-NPs, even at elevated
concentrations. So far, the results demonstrated the success in
synthesizing highly homogeneous, high aﬃnity, selective, and
cytocompatible MIP-SF nanoparticles.
The MIP SF-NPs, being nontoxic single binding site
recognition units, display ideal characteristics to build more
complex macromolecular architectures, with a foreseen impact
on the landscape of next-generation smart wearables and in
vivo implantable medical devices, like patches for wound
healing or scaﬀolds for TERM applications.37 Indeed, the
combination of molecular imprinting with ﬁbroin bioactivity
and degradability would open a new spectrum of uses,
enforcing possibilities in wound healing patches and functional
scaﬀolds.38
As a preliminary exploration, we veriﬁed the possibility of
preparing functional fabrics by integrating the MIP SF-NPs to
silk ﬁbers. We selected ﬁbers of diﬀerent dimensions: raw silk
ﬁbers, with typical micrometric diameters and electrospun
nanoﬁbers. The silk microﬁbers were recovered from raw
cocoons and treated in washing baths to remove sericin
coating, whereas the nanoﬁbers were fabricated starting from a
SF solution on formic acid and electrospun to obtain a
nonwoven tissue with a ﬁber dimension of 300 ± 75 nm. MIP-

disruption of the complexes (addition of Trizma base to the
incubation solution, yielding to an extreme pH of 10), we
observed a drop in the emitted ﬂuorescence (Figure S7.1).
Equally low was the ﬂuorescence of ﬁtc-alb (30 pmol) both in
the presence of nonimprinted NIP SF-NPs and in the presence
of MIP SF-NP prepared by using a peptide template
nonrelated to albumin, reinforcing the hypothesis that speciﬁc
albumin imprinted binding sites were stamped through the SF
imprinting process (Figure 2B, Figure S7.2). At last, the
addition of trypsin to MIP-alb/ﬁtc-alb complexes, supposedly
digesting ﬁtc-alb, resulted once more in a drop in the emitted
ﬂuorescent signal (Figure 2B, Figure S7.2).
Then the aﬃnity and selectivity of the MIP-alb SF-NPs were
investigated by means of isothermal titration calorimetry.32,33
MIP-alb SF-NPs (330 nM) were suspended in PB buﬀer and
titrated with increasing quantities of the template protein
(HSA, 3 μM; titrations of 3 μL, V = 50 μL) or of nontemplate
proteins (human transferrin, 3 μM; cytochrome c, 3 μM;
titrations of 3 μL, V = 50 μL). The heats associated with the
protein-to-nanoparticle interactions were recorded over time,
integrated and plotted as a function of the molar ratio MIP-alb
SF-NP/protein (Figure 2C; details in Section 8, SI). On the
basis of the distribution of the integrated heats over the molar
ratio between titrant and titrand, the ﬁtting of the experimental
data was performed by means of an independent single-binding
site model, which is a widely accepted model to estimate an
averaged dissociation constant and averaged number of
binding sites.34 As the synthesis of the MIP SF-NPs was not
followed by a downstream aﬃnity selection process,35 to pick
just the nanoparticles bearing full imprints, a statistical
distribution of binding sites was expected; MIP SF-NPs having
high aﬃnity mingled with particles with scarce or no binding
site. Fitting the HSA to MIP-alb SF-NP calorimetric
interaction data with the independent site model resulted in
a dissociation constant KD = 57.0 ± 2.7 × 10−9 M. The
stoichiometry of the interaction was 1.25 ± 0.54 mol of HSA/
mol of NPs, indicating the proposed synthetic process permits
stamping MIP SF-NPs with a quasi-single high-aﬃnity binding
site per particle, on average. Yet, conﬁrmation over the formed
number of printed binding sites per nanoparticle, for example,
by NMR,36 and more generally over the formation of the SFNP around the template would be desirable to further master
the tailoring of recognition in Sil-MA NPs.
31434
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Figure 4. Upper panels (FITC) report the emissions at λem = 595/50 nm; the middle panels (Rhod) report the emissions at λem = 525/50 nm;
lower panels (Merge) report the combined emissions of ﬂuorescein and rhodamine. Controls, raw silk ﬁbers, showed no emissions, accounting for
no endogenous ﬂuorescences (a−c). Silk ﬁbers coupled to rhodamine-MIP SF-NPs showed red emission, conﬁrming a uniform decoration (d−f).
Silk ﬁbers decorated with rhodamine-MIP SF-NPs (magniﬁcation 4×) and challenged with ﬁtc-alb showed rebinding of ﬁtc-alb (g−i) and at
increased magniﬁcation (20×) showed the colocalization of the green and red ﬂuorescent emissions (j−l). Electrospun silk nanoﬁbers decorated
with rhodamine-MIP SF-NPs and challenged with ﬁtc-alb demonstrated binding of ﬁtc-alb (m−o) (magniﬁcation 100×).

(Figure 4o) signals proved the decorated nanoﬁbers gained
tailored functionality.

alb SF-NPs were coupled to both the micro- and nanoﬁbers by
means of the carbodiimde/succinimide chemistry.39 The
decoration of the ﬁbers with SF-NPs was conﬁrmed by
scanning electron microscopy (SEM; Figure 3).
To test the functional abilities of MIP SF-NPs fabrics, we
prepared rhodamine-MIP-alb SF-NPs and rhodamine-SF-NPs,
as a control, that were next coupled to both micro- and
nanoﬁbers. Results, imaged by confocal microscopy, are shown
in Figure 4. Controls, raw silk microﬁbers, did not exhibit
endogenous ﬂuorescence (Figure 4a−c). Upon decoration,
rhodamine MIP-alb SF-NPs (λexc = 561.6 nm) silk microﬁbers
showed a characteristic and homogeneous ﬂuorescent signal
(λem = 595/50 nm), suggesting a uniform functionalization
(Figure 4e,f).
To test the functional response of MIP NP-decorated
microﬁbers, we incubated (2 h) ﬁbers with ﬂuorescein-labeled
HSA (ﬁtc-alb; λexc = 488 nm, λem = 525/50 nm), followed by
washings to remove nonspeciﬁc binding. When the ﬁbers were
imaged by confocal microscopy, no endogenous ﬂuorescence
was emitted by rhodamine MIP-ﬁbers excited at λexc = 488 nm
in the absence of ﬁtc-alb (Figure 4d), whereas ﬁtc-alb
incubated ﬁbers (Figure 4g,j) demonstrated emission at λem
= 525/50 nm, conﬁrming the rebinding of the target protein.
The considerable overlap of the rhodamine-MIP SF-NP and
the ﬁtc-alb signals let us hypothesize that the binding occurred
speciﬁcally on the MIPs (Figure 4i,l). This was conﬁrmed by
the absence of ﬁtc-ﬂuorescence emissions in the case of control
nonimprinted SF-NP ﬁbers incubated with ﬁtc-alb (Figure
S10.1). At last, we also present the decoration of silk
nanoﬁbers with MIP SF-NPs (Figure 4n); the colocalization
of the ﬁtc-alb (Figure 4m) and of the rhodamine-MIP NPs

■

CONCLUSIONS
In summary, we developed an original protocol using
methacrylated silk ﬁbroin as a starting material to prepare
biocompatible fully protein molecularly imprinted nanoparticles (MIP SF-NPs). MIP SF-NPs demonstrated selective
and speciﬁc binding for their target analyte together with
nontoxic, thus embodying the concept of tailor-made functional biomimetics. As a notable advantage, imprinting silk
ﬁbroin involves the whole range of amino acid side chains
present on the ﬁbroin backbone to potentially interact with the
template. Relying on such a pool of diﬀerent chemical
functionalities is expected to maximize the template/monomer
molecular pairing during the imprinting process, ultimately
stamping high-aﬃnity binding sites, in close similarity to
Nature. The nanomolar aﬃnity observed in our case fully
supports the hypothesis. In contrast, the use of other natural
polymers, such as polysaccharides (chitosan, alginate, etc.),
whose structures are composed of repetitions of the same
monomer unit, strongly restrict the portfolio of functional
groups available for the imprinting. Moreover, MIP SF-NPs
were demonstrated to easily and successfully couple to silk
microﬁbers and to silk electrospun nanoﬁbers. The example
provided by these all-silk MIP-NPs ﬁber superstructures holds
the potential to open a general path to add speciﬁc
extrafunctionalities to biomaterials, with a foreseen impact on
biopolymer manufacturing and TERM. As a ﬁnal consideration, MIP SF-NPs are greener than most of the polymeric
materials generally employed for imprinting, thus oﬀering
complementary advantages to the current set of nanomaterials.
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human serum albumin, Sigma-Aldrich). The ﬁnal volume was 4 mL.
LAP was added at the ﬁnal concentration of 0.2% or 0.04% v/w and
polymerized as reported above. Rhodamine-MIP-alb SF-NPs were
prepared in the same manner, but with the addition of 40 μL of
acryloxyethyl thiocarbamoyl rhodamine B (Sigma-Aldrich) dissolved
at 0.02% w/v in DMSO. At the end of the cross-linking process, the
print molecule was removed by the addition of Trizma free base to
the NPs suspension to reach a pH of 9.7 for 1 h, and then the MIP
SF-NPs were dialyzed with Milli-Q water 4 × 3 L under stirring.
Alternatively, for removal of the protein template, the enzyme trypsin
(80 μg) was added to the NPs for 1 h at room temperature and at the
pH of 8.0, followed by acidiﬁcation of the solution and dialysis.
Protein removal was controlled by SDS-PAGE electrophoresis.
Scanning Electron Microscopy (SEM). Images were obtained
using a Supra 40 (Zeiss, Germany) ﬁeld-emission scanning electron
microscope. Images were acquired in secondary electron mode at 5
kV. For the SEM analyses, SF-NPs were suspended in a water−
ethanol solution at 1 mg/mL; the dispersion was further diluted 10
and 100 times in deionized Milli-Q water. The dispersion was
deposited onto a monocrystalline gold-coated silicon chip (120 nm
thickness) and freeze-dried to remove water, preserving a tridimensional structure.
Dynamic Light Scattering. The size distribution and polydispersity index (PDI) were determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZEN3600 (Malvern Instruments Ltd.,
Worcestershire, UK) equipped with a 633 nm He−Ne laser. SF-NPs
were dispersed in ﬁltered deionized water at 1 mg/mL and ﬁltered
0.22 μm prior to measure. The material refractive index (RI) was
1.490 and the absorption value was 0.01; the dispersant RI was 1.332,
for 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.
Static Light Scattering. A Zetasizer Nano ZEN3600 (Malvern
Instruments Ltd., Worcestershire, UK) equipped with a 633 nm He−
Ne laser was used to measure the number-average molar mass (Mn) of
the SF-NPs. Latex monosize standards 15−153 nm (Idc Spheres
Portland, UK) were used to calibrate the system. SF-NPs were diluted
to ﬁve concentrations in the range 5−0.14 mg/mL and measured.
Raw data were analyzed by the Debye plot, KC/Rθ versus particle
concentration, where K is the optical constant, C is the particle
concentration, and Rθ is the sample Rayleigh ratio; the linear ﬁt
intercept corresponds to 1/Mn. A particle refractive index increment
(dn/dC) of 0.17 mL/g and a spherical particle shape (Rg = 0.740 Rh)
were considered. The RI, viscosity, absorption values, and the
Rayleigh ratio were provided by the Zetasizer v.6.32 software
(Malvern Instruments Ltd., Worcestershire, UK); the refractive
index increment (dn/dC) was found in the American Polymer
Standards Corporation.
Yield of the Synthesis. The synthetic yield was calculated
knowing the initial quantity of SF-MA in each synthetic batch (in
triplicate). Each polymerized batch of SF-NPs was dialyzed in water,
freeze-dried, and weighed. The results indicated the yield was >90%.
Zeta Potential. The zeta potential was measured on a Zetasizer
Nano ZS instrument (Malvern Instruments, Worcestershire, UK)
equipped with a 633 nm He−Ne and a universal dip cell (ZEN1002).
SF-NPs (from 0.3% w/v SF-MA) were suspended at 1 mg/mL in 10
mM PB, pH 7.0. The zeta potential was estimated by applying the
Smoluchowski model and by using the buﬀer viscosity and RI values
(RI = 1.330 and viscosity = 0.8872 cP). Measurements were
performed in triplicate.
Isothermal Titration Nanocalorimetry. A Nano ITC Standard
Volume (TA Instruments, Newcastle, US) with a low volume ﬁxed
gold cell (190 μL) was used. MIP SF-NPs were suspended in 50 mM
PB, pH 7.4, to a ﬁnal concentration of 300 nM. All the tested proteins,
the template albumin and the nontemplates human transferrin and
cytochrome c, were solvated in PB to the ﬁnal concentration of 3 μM.
All samples were degassed under vacuum for 5 min. The reference cell
was ﬁlled with 200 μL of degassed PB and the sample cell was ﬁlled
with an equal volume of MIP SF-NPs, whereas 50 μL of protein was

EXPERIMENTAL SECTION

Silk Fibroin Preparation. Silk cocoons were imported from
Thailand (Chul Thai Silk Co., Phetchabun, Thailand). Extraction and
puriﬁcation of silk ﬁbroin was conducted using an adapted version of
a well-known protocol.40 Brieﬂy, for separation of silk ﬁbroin from silk
sericin, Bombyx mori silk cocoons were cut into small pieces and
placed in a 0.01 M hot bath of sodium carbonate (Na2CO3, SigmaAldrich) for 1 h, followed by a second bath of sodium carbonate with
a concentration of 0.003 M for 1 h. The resultant silk ﬁbroin,
progressively taken at room temperature, was carefully rinsed three
times using ultrapure water and then dried for 2 days. The degummed
dry ﬁbroin was later dissolved in a water solution of lithium bromide
(9.3 M) at 20% (w/v) concentration for 4 h at 65 °C (step 1). The
solution was dialyzed in Slide-A-Lyzer Dialysis Cassettes with 3.5 kDa
MWCO (Thermo Fisher Scientiﬁc, Waltham, MA, USA) in distilled
water for 4 days to remove LiBr residues with regular water changes.
After dialysis, the solution was ﬁltered to remove silk ﬁbroin solid
agglomerates and freeze-dried (step 2).
Methacrylation Procedure. Fibroin-MA was prepared following
a protocol described elsewhere.41 Brieﬂy, glycidyl methacrylate
(GMA, Sigma-Aldrich) was added to the ﬁbroin/LiBr/water solution
(paragraph 1, step 1), 1 mL/4 g of ﬁbroin. The solution was then
stirred at 65 °C for 4 h to allow the conjunction reaction. For removal
of the salt and the unreacted GMA, the resulting Sil-MA solution was
dialyzed for 4 days against water using a 3.5 kDa dialysis tube. The
solution concentration in mg/mL was checked using a spectrophotometer (BioSpectrometer basic, Eppendorf), evaluating the intensity
of the A280 protein peak (λ = 280 nm).
Response Surface Method. The entire statistical analysis was
performed with the use of the programming language R42 following
the statistical strategy described in previous works.28,43,44 An initial
comparison by verifying the presence of a signiﬁcant diﬀerence among
the diﬀerent groups has been done by using the analysis of variance
(ANOVA) followed by a Tukey multicomparison test. The model
goodness-of-ﬁt was evaluated by the coeﬃcient of determination (r2)
and plotted as a matrix. The level of signiﬁcance was assigned as
follows: p ≤ 0.1 (•), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***). A
response surface methodology (RMS) was adopted to model the
empirical equations to correlate the considered factors to the yields.
In this case, we considered three continuous factors: the pH of the
solution (four levels, factor A), the concentration of the LAP
photoinitiator (two levels, factor B), and the concentration of the
methacrylated ﬁbroin (two levels, factor C). As yields, we considered
the mean dimension of the particles and the index of polydispersity.
Trials are listed in Table S2.1. Equation 1 represents the complete
model. An ANOVA test followed by a Tukey multicomparison was
conducted to verify the signiﬁcance of each term of the reported
equation. Only the terms with a signiﬁcant eﬀect (p ≤ 0.05) were
included in the model. The F function was chosen to normalize the
model residues and to make them patternless. The whole model was
considered signiﬁcant with p ≤ 0.05.
F(Y ) = c0 + c1A + c 2B + c3C + c4AB + c5AC + c5BC + c6ABC
+ c 7A2 + c8A2 B + c 9A2 C + c10A2 BC + c11A3 + c12A3B
+ c13A3C + c14A3BC + c15A4 + c16A4 B + c16A4 C
+ c17A4 BC
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(1)

Synthesis of SF-NPs. The SF-MA concentration was adjusted to
0.3% or to 0.03% w/v in Milli-Q water, or in the following buﬀers: 10
mM acetate Tris, pH 3.5; 10 mM MES, pH 5.0; 10 mM Tris HCl, pH
7.0; 10 mM CAPSO, pH 9.8. The photoinitiator lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP, Sigma-Aldrich) was added at the
ﬁnal concentration of 0.2% or 0.04% v/w and photopolymerized for
10 min under UV light, λ = 365 nm (UView Mini Transilluminator,
BioRad, Hercules, US). Samples were prepared at least in triplicate.
Synthesis of MIP SF-NPs. The SF concentration was adjusted to
0.3% or to 0.03% w/v in 10 mM acetate Tris, pH 3.5, or in 5 mM PB,
pH 7.0, buﬀer, in the presence of the print molecule (3 nmol of
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loaded in the syringe. Each ITC experiment consisted of 16 injections
of 3 μL at an interval of 300 s from each other. Experiments,
performed in triplicate, were conducted at 25 °C. Data were ﬁtted
with the independent site model using the Nano Analyze Software v.
3.4.0 (TA Instruments, New Castle, DE), according to the
manufacturer: Bound = (−b − Sqrt (b * b − 4 * a * c))/(2 * a);
Ka_value = 1/Kd; the quadratic constants a, b, and c were deﬁned as
follows: a = Ka_value; b = −Ka_value * (MolesSyringe (iteration) +
MolesCell (iteration) * n) − CellVolume (iteration/1e6); c =
Ka_value * MolesSyringe (iteration) * MolesCell (iteration) * n. The
enthalpy (ΔH°) was calculated from Heat = 1e9 * (Bound − Old
bound) * dh; and free energy variations (ΔG°) were calculated from
Kd and ΔH°.
Binding to MIP or to NIP SF-NPs. ﬁtc-alb was used to test the
binding of MIP-alb SF-NPs. Measurements were performed in
triplicate on 96 Flat Bottom Black Polystyrene microtiter plates
(ThermoScientiﬁc, Germany). Wells were loaded with increasing
quantities (0.5−100 pmol) of MIP-alb SF-NPs, or with control
nonimprinted SF-NPs (NIP), or with MIP SF-NPs prepared using a
peptide nonrelated to albumin as a template and incubated with ﬁtcalb (30 pmol) in PB 50 mM, pH 7.4, supplemented with 0.05%
Tween-20 (Vtot = 1 mL). As a further control, MIP-alb SF-NPs bound
to ﬁtc-alb were then treated with Trypsin (80 μg) to digest ﬁtc-alb.
The excitation was at λexc = 488 nm and emission was recorded in the
range 514−540 nm. Maximum λem was at 524 nm.
Competitive Binding. MIP SF-NPs (27 pmol) were incubated in
triplicate for 30 min in 50 mM PB, pH 7.4, supplemented with 0.05%
Tween 20 (Vtot = 250 μL) in the presence of the sole ﬁtc-alb (30
pmol) and then challenged with increasing quantities of nonﬂuorescent albumin (30−300 pmol). As an alternative, the nonrelated
protein human serum transferrin was used as a competitor. Spectra
were recorded as detailed above.
Cell Toxicity. The potential cytotoxicity of SF-NPs was evaluated
using lactate dehydrogenase (LDH) assay (TOX7 In Vitro
Toxicology Assay Kit, Sigma-Aldrich) following ISO 10993 standard.
Mouse embryonic ﬁbroblasts (NIH 3T3) were seeded in 96-well TCP
and cultured in a standard medium until about 70% conﬂuence. The
nanoparticles were then suspended into the medium with diﬀerent
concentrations (1.5 and 0.25 mg/mL).
The cytotoxic eﬀect was measured on the basis of the amount of
LDH released by cells after 24 h of exposure to the surface-contacting
medium. The positive control for cytotoxicity was constituted by fully
lysate cells after exposure to 0.5% Triton X. Negative control was
obtained from cells in a reduced medium without surfactant. The
LDH level was evaluated by light absorbance at 490 nm (Tecan Spark
10 M). Assays were carried out in quintuplicate per each test
condition. The noncytotoxicity of the prepared biocompatible
selective nanomaterial was tested following ISO 10993 standard,
using NIH 3T3 cell line expanded with the respective standard
medium and evaluated at about 70% conﬂuence. Cell death
percentage was evaluated measuring lactate dehydrogenase released
in the medium by cells fed with medium containing 0.25 and 1.5 mg/
mL concentration nanoparticles suspension and then compared with
negative control (nontreated cells, as reference for noncytotoxic
material) and with positive control (all cells dead, as reference for
totally cytotoxic material). One-way ANOVA followed by Tukey post
hoc test with signiﬁcance threshold set to 0.05 revealed no signiﬁcant
diﬀerence among samples exposed to nanoparticles and negative
control.
Functional Fabrics. MIP SF-NPs were used to decorate diﬀerent
silk ﬁbroin ﬁbers: raw microﬁbers and nonwoven electrospun fabrics.
Raw microﬁbers were obtained after a degumming procedure (see
“Silk Fibroin Preparation”). Nonwoven fabrics were obtained starting
from solid ﬁbroin obtained after freeze-drying of ﬁbroin water
solution after dialysis (paragraph 1, step 2), with it being dissolved in
formic acid (10% w/v) and electrospun onto an aluminum foil placed
at a 15 cm distance under 15000 kV potential. The nonwoven fabric
was then dipped into methanol to induce β-sheet transition and then
rinsed several times with water. The obtained electrospun ﬁbers were
analyzed by SEM to evaluate the uniformity of the ﬁbers morphology.

The average ﬁber diameter was estimated with Fiji software45 using a
ridge detection plugin.
Decoration of Silk Fibers with MIP SF-NPs. Decoration with
rhodamine-MIP SF-NPs and NIPs (200 μL) was performed
separately on ﬁbroin microﬁbers and on electrospun nanoﬁbers by
the addition of 100 μL of 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (200 mM) and 100 μL of N-hydroxysuccinimide (50
mM) and 100 μL of MES buﬀer (50 mM at pH 5.0). The coupling
reaction was let to proceed for 2 h, followed by washings in 20 mM
PB, pH 7.4.
Binding of alb-ﬁtc on Decorated Silk Fibers. Rhodamine-MIP
and NIP decorated silk ﬁbers were incubated with 1.2 nmol of alb-ﬁtc
in 200 μL of 50 mM PB, pH 7.4, for 1 h. Then micro- and nanoﬁbers
were washed three times with the same PB buﬀer supplemented with
0.05% Tween 20. The ﬁbers were imaged by confocal microscopy
(Nikon A1), scanning with a 488 and 561.6 nm laser and collecting
ﬂuorescence emission through 525/50 (rhodamine) and 595/50 nm
(ﬁtc) band-pass ﬁlters, at 4×, 20×, and 100× magniﬁcations.
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