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SUMMARY

Fibroin monoliths, produced by compression molding starting from
the protein powder, are known to achieve an impressive mechani-
cal strength when tested in dry conditions. However, in the pres-
ence of water, the loss of structural integrity and mechanical per-
formances is striking. Considering the bone scaffold applications
for which this material is intended, this remarkable weakening af-
ter implantation strongly limits its usage to non-structural pur-
poses. Here, we propose an approach that allows the recovery of
mechanical properties and the retention of the shape in physiolog-
ical conditions, due to a progressive chemical crosslinking trig-
gered by genipin and humidity. Crosslinking does not hinder cell
adhesion and proliferation, as suggested by a preliminary biolog-
ical test, nor does it limit the machinability of the material, as
demonstrated by producing complex-shaped objects through laser
cutting. Overall, genipin-crosslinked solid fibroin is a reliable mate-
rial that may be suitable for structural applications in physiological
conditions.

INTRODUCTION

Silk is a fiber produced by several arthropods and used for the production of tex-

tiles since ancient times. Besides the traditional uses of silk, the isolation of the in-

ternal structural protein of the fiber, namely silk fibroin (SF), had led to the devel-

opment of several materials with a core application in tissue engineering.1–4 In fact,

the combination of a unique set of properties such as a tunable mechanical

strength, an excellent biocompatibility,4–6 the optical transparency,7–11 and the

facile processability12 makes the regenerated SF an optimal candidate for several

bio-related applications. The structure of SF is semicrystalline, composed of b

sheet crystallites with an ordered repetition of amino acids (heavy-chain domain,

300 kDa) and in an amorphous phase consisting of a less-ordered amino acid

sequence (light-chain domain, 26 kDa).6 The possibility to unfold the b sheets by

denaturation and control the protein refolding allows us to tune the overall crystal-

linity and consequently the material properties.6 This versatility in tissue engineer-

ing has been widely adopted to produce architectures with properties able to

mimic the natural tissues.13–15 For applications in bone tissue engineering, SF is

commonly reinforced with fibers14,16,17 or hydroxyapatite/bone powder.15,16,18

However, among the different structures producible from silk, solid silk obtained

by the application of high pressure and high temperature to mold the SF powder

has been reported to possess an impressive mechanical strength (compressive

modulus on the order of 1–2 GPa).19–23
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The protocol to convert fibroin into a bulk non-porous monolith has been known since

the beginning of the 21st century19,20,24,25 and has been proven to be versatile enough

to be appliable, without major modifications, to different types of silk.21 More recently,

our group reported the possibility of performing the process at a lower temperature

(40�C) by using startingmaterial with a low amount of crystalline structures (b structures)

and by the addition of water to decrease the glass transition temperature, thus allowing

thermal reflow.22 Starting from this protocol, complex architectures23 that are suitable in

non-structural applications in bone26 have been produced. In fact, while themechanical

propertiesof solid silkwereproven tobe impressive in thedry state, inphysiological con-

ditions,22,23 theyweregreatly reducedwhen thematerialwasplacedwithin, thus limiting

the applications of this material.

This problem can be addressed by reinforcing SF through crosslinking, which can be

achieved by creating either physical27 or chemical28,29 interactions among fibroin

molecules. Physical crosslinking induces the transition of the protein secondary

structure to the crystalline b form by chemical (i.e., ethanol, methanol, water vapor)

or physical (i.e., shear stress, sonication) agents.27 b Sheets are usually referred to as

the reason for the impressive mechanical properties of the naturally spun silk fiber. In

fact, they are closely packed and inflexible structures held together by intramolecu-

lar and intermolecular hydrogen bonds.6 The increase in the b content allows one to

maintain themechanical stability in gels. Chemical crosslinking consists of the forma-

tion of covalent bonds between the protein chains, obtainable either by modifying

the protein to add vinyl groups, which allows for a photoinduced chemical crosslink-

ing7,8,28–30 or by using naturally derived crosslinking agents that promote the forma-

tion of chemical bonds between reactive side groups on the protein chains, forming

a continuous 3D network.31–33

Among these crosslinking agents, an interesting natural crosslinker for proteins is

genipin, an aglycone derived from an iridoid glycoside called geniposide, which is

also present in the fruit ofGardenia jasminoides.34–36 The mechanism of crosslinking

of genipin involves the reaction of amino acids with amines in their side groups. In

case of fibroin, those side groups are mainly provided by lysine, which is present

in small quantities (0.4%–1% mol, depending on the silk typology),37–39 but still suf-

ficient to ensure an effective crosslink of the protein. Although genipin is well known

to be an effective crosslinker for fibroin, it has never been used to crosslink compres-

sion molded bulk fibroin for load-bearing applications.

In this study, we evaluated the impact on the solid silk properties of the exposure on

physiological conditions. Thus, by an optimized protocol, we introduced genipin in

the previously developed protocol, to obtain a solid SF monolith able to crosslink

when exposed to the physiological condition. The process of compression was con-

ducted at high temperatures to avoid the necessity of the addition of water and

consequently the start of the crosslinking reaction.

To understand the effect of the process factors on the properties of the outcoming

material, we adopted a response surface method (RSM). RMS is a statistical method

used to model and optimize processes40–46 in which more than one factor (process

variable) is present. In RMS, the process is treated as a black box in which the control-

lable factors are set to strategic points of the factors’ space to observe their effect on

the yields of interest. Compared with the common approach of studying one factor

at time (OFAT) versus one of the considered yields, RSM has the advantage of also

considering how the interaction between factors affect the yields. This allows the

development of empirical models, based on the observed datapoints, that not
2 Cell Reports Physical Science 2, 100605, October 20, 2021
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only include, as terms of first order, all of the different factors but also, as terms of

higher order, their mixed effects.40

An RSM has been used in combination with a compression test to maximize the

Young’s modulus of the material after 12 h in physiological conditions. The same

method has been used in combination with Fourier transform infrared spectroscopy

(FTIR) to determine the amount of b structures and to prove that the increase in the

mechanical properties was not related to the increase in crystallinity but with the

crosslinking action of genipin. Time-temperature superposition of the data gener-

ated by dynamic-mechanical thermal analysis (DMTA) allowed us to determine the

variation of the storage modulus in dry conditions over an extended timescale (up

to 1,000 years), proving a good stability in the case of dry conditions for both the

crosslinked and the uncrosslinked material. While the crosslinking was fundamental,

both to allow the partial recovery of the initial mechanical properties and to preserve

the shape and the structural integrity during a prolonged degradation test in phys-

iological conditions, complex structures were obtained by laser cutting, proving the

versatility of the produced material. Finally, a preliminary biological evaluation was

performed to ensure that the newly crosslinked material performs as well as the bare

material produced by compression molding but without the addition of genipin.
RESULTS

Fabrication and evaluation of the chemical crosslinking

Althoughgenipin is only slightly soluble inwater, wewere able to effectively add it to the

fibroin water solution by the succession of steps illustrated in Figure 1A.We prepared a

dispersion of genipin in water and mixed it to the cooled SF solution (at 4�C) to form a

dispersion that was frozen with liquid nitrogen. This allowed us to avoid the crosslinking

reaction to take place. After lyophilization and compression molding, we obtained a

solid silkmonolithwith a uniformpresence of genipin but still not crosslinked. The cross-

linking took place when the solid silk was placed in physiological conditions (37�C, in
water), as demonstrated by the change in color from golden and transparent to opaque

violet (Figure 1B). The reaction kinetic was followed via the intensity of the visible spec-

trumat620nm (basedon thecollectedspectra shown inFigure S1) that display aplateau

after 12 h, regardless of the water bath temperature (25�C or 37�C). Therefore, a time

interval of 12 h was used as the final time point for the compressive test.

The presence of genipin was further confirmed by several genipin-related peaks in

the FTIR spectra of the crosslinked sample (XL) (Figure 1C). The peak at

1,104 cm�1 could be referred to both the ester group C-O-C in the genipin struc-

ture47 and, in the case of the protein crosslinking, to the stretching vibration of

C-N, where the atom N is the tertiary atom after the lysine reaction with genipin.48

The peak at 889 cm�1 could be related to the C-H stretching vibration on the hetero-

cyclic ring,49 while the peaks at 768 and 796 cm�1 can be assigned to the C-H

wagging of substituted aromatic rings.50

Even though the chemistry of the crosslinking reaction is still unclear, one of themost

accepted pathways in the literature is reported in Figure 1D.51,52 This reaction in-

volves an initial nucleophilic attack of a primary amine group of the protein on the

C3 carbon atom of genipin to form an intermediate aldehyde group. The opening

of the dihydropyran ring is followed by an attack on the resulting aldehyde group

by the secondary amine. This results in the closure of the ring and the loose of OH

as leaving group. The subsequent alcohol dimerization, with the loss of water, builds

the crosslinking bond between the fibroin chains.
Cell Reports Physical Science 2, 100605, October 20, 2021 3



Figure 1. Scheme of the process and its chemistry

(A) Scheme of the process. To avoid any reaction in the fibroin solution, genipin is initially well mixed with water and subsequently rapidly mixed with the

fibroin at 4�C. The solution is then frozen in liquid nitrogen and lyophilized. After the compression molding, we obtained a solid silk monolith with a

uniform dispersion of genipin. The immersion of the monolith in water at 37�C allowed the crosslinking reaction.

(B) The crosslinking was followed by the intensity recorded at 620 nm of the visible spectra. In fact, during the crosslinking, the sample changed color to

opaque violet. After 12 h, the intensity reached a plateau, and the reaction could be considered completed. It should be noted that both water

temperatures tested gave the same results (the difference in the initial absorbance is due to the natural difference occurring in the samples; however, as

soon as the crosslinking started, the absorbance became almost the same).

(C) FTIR spectrum of genipin, the monolith produced by only fibroin (BF), and the crosslinked monolith with 4% of genipin (4%XL). The presence of

genipin was confirmed by several peaks in XL, not present in BF, and recognizable in genipin.

(D) Proposed crosslinking mechanism in the presence of water.
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Mechanical characterizations and empirical modeling

The decrease in the compressive modulus in wet conditions was the major limitation

of the previously proposed protocols to obtain bulk SF materials.20,22,53 Genipin

crosslinking allowed us to partially retain the pristine compressive modulus by avoid-

ing plasticization of the material in wet conditions over time. The increase in the
4 Cell Reports Physical Science 2, 100605, October 20, 2021



Figure 2. Contour plots of the modeled compressive modulus model

Each subpanel represents a specific process condition in which temperature, pressure, and ramp time were fixed, while within each panel the x axis

represents the time in water at 37�C and the y axis the percentage of genipin added to the sample. The compressive modulus decreased with the time in

physiological condition; the decrease began between 3 and 6 h and reached the minimum at >9 h. After 12 h, whenever no crosslinking was present, the

modulus remained in the 20–30 MPa range, while it increased in the materials in which the genipin was added, reaching a maximum on the order of 100

MPa. A recovery zone was generated by the presence of a chemical crosslinking that allowed the partial restoration of the modulus. The red points

indicate where the samples were made, and the data collected. The contours were not equally spaced. We reported 1 contour every 100 MPa in the

600–100 MPa range, and 1 contour every 10 MPa in the 100-0 MPa range.
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mechanical strength after 12 h in water at 37�C is shown in Figure S3A, in which some

selected stress-strain curves with an increase in the amount of genipin (from 0% of

the bare fibroin [BF] to 4%) are presented. After 12 h in water, the increase in the

amount of genipin was related to the increase in the compressive modulus. In

Figure 2, the results of the empirical model of the compressive modulus are shown

as multiple contour plots (complete statistical treatment in Tables S1 and S2 and
Cell Reports Physical Science 2, 100605, October 20, 2021 5
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Figure S2). In each contour plot, the vertical axis reports the genipin content

(0%–4%) and the horizontal axis reports the soaking time in water at 37�C before

the mechanical tests (0–12 h). The other labels define the conditions of sample prep-

aration in terms of temperature (T), pressure (P), and ramp time (tr). When genipin

was not present, the compressive modulus strongly decreased with increasing soak-

ing time, from 300 to 500MPa of dry samples down to 20–30MPa after 12 h soaking,

regardless of the sample preparation conditions (bottom-right corner of each plot).

Moving to higher genipin percentages, the compressive modulus first decreases

with soaking time, but then it increased because of crosslinking, and after 12 h in

pseudo-physiological conditions, the resulting modulus sometimes overcame

100 MPa. The recovery zone, in which the modulus increased, changed its position

and extension depending on the conditions of sample preparation, but was always in

the top-right corner, where the genipin percentage and soaking time allowed an effi-

cient crosslinking. Considering a soaking time of 12 h, the compressive modulus

increased with the genipin amount, but these trends almost always showed an inflec-

tion point, which indicates that there is an optimal genipin amount for each set of

sample preparation conditions, above which the increment in the compressive

modulus is marginal. Some general trends are appreciable by comparing the

different plots. An increased applied pressure during sample preparation extended

the zone with a compressive modulus >100 MPa (red zone) toward inferior soaking

times and slightly increased the maximum modulus. However, the ‘‘weak’’ area with

a modulus <20MPa (blue zone) first contracted with increasing applied pressure, but

then it expanded to a pressure of 300 MPa, which indicates the existence of an

optimal applied pressure. The weak area was also smaller for lower temperatures

and lower ramp times.

An additional statistical approach, called the desirability approach (Figure S2), was

performed to maximize the compressive modulus by keeping the soaking time in

pseudo-physiological conditions fixed at 12 h. This maximization resulted in a set

of optimal process parameters (i.e., p = 160 MPa, tr = 120 s, T = 80�C, [G] =

2.6%). The compressive modulus was optimized to a value of 127MPa, with an incre-

ment of 318% compared to that of genipin-free material in the same conditions

(36 MPa).

DMTA tests were performed to study the viscoelastic properties on bars produced

by compression molding of BF and crosslinked fibroin containing 4% of genipin

(4%XL). Single-frequency tests (Figure 3A) revealed that, for both samples, the stor-

age modulus (E0) decreased throughout the whole investigated temperature range

and with a clear step at 140�C and 100�C for BF and 4%XL, respectively. The step

was accompanied bymultiple peaks in the signals of loss modulus (E00) and loss factor

(tand), which demonstrated several high-temperature transitions. For BF, tand man-

ifested three evident signals, attributable to the glass transition of dry fibroin and to

the random coil-to-b sheet conformational transition.54 More specifically, the

random coil-to-b sheet transition is likely related to the highest-temperature peak;

this transition leads to an increase in the fraction of stiff b sheet phase, and in fact,

it is accompanied by an increase in E0 > 180�C. For 4%XL, tand manifested 2 broad

signals at 115�C and 190�C. The latter temperature was similar to what was reported

for fibroin films treated with ethanol and attributed to the induced b sheet crystalli-

zation.55 In that work, the high temperature peak was assigned to b sheet relaxation,

while the low temperature peak (155�C) was attributed to the relaxation of uncrystal-

lizable and permanently disordered domains with a higher free motility than b sheet

domains. For BF, an additional transition was observable at��60�C, which is gener-

ally attributed to a fibroin-water complex glass transition56 or to hydrocarbon
6 Cell Reports Physical Science 2, 100605, October 20, 2021



Figure 3. Results of dynamic-mechanical thermal analysis (DMTA)

(A) Single-frequency (1 Hz) DMTA tests on compression-molded samples of bare (BF) and crosslinked fibroin (4%XL) containing 4% of genipin. Storage

modulus (E0 ), loss modulus (E00), and tand as a function of temperature. Numbers indicate peak temperatures.

(B) Master curve obtained in multifrequency DMTA tests. Complete master curves of E0 are reported as a function of frequency (first row) and time

(second row), and detail of the time-dependent master curve is reported on linear scale up to 1,200 years (third row).
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interactions.57 At the end of the test, in both samples, the noise in the tand signal

increased considerably, which was a sign of incipient thermal degradation, reported

to occur above �240�C.55

The viscoelastic properties were further interpreted by plotting E00 as a function of E0

(Figure S4A). This representation, called the Cole-Cole plot, resulted in an arc of a

circle for both samples, although imperfect, which suggested that these materials

could be regarded as homogeneous and thermorheologically simple.58–60 This led

us to apply the time-temperature superposition principle on multifrequency

DMTA data (Figure S4B) to obtain a reliable master curve (Figure 3B). This approach

gives information on the material behavior for very long times, thus estimating the

material durability and long-term retainment of the mechanical properties. As ex-

pected, E0 decreases over time. However, since the glass transition of bulk fibroin

in the dry state was considerably higher than the service temperature, the predicted

decrease in storage modulus was modest even after 1,000 years in both BF and 4%

XL samples (Figure 2D, last row), even though in this test, BF showed a slightly higher

storage modulus. This partially confirmed our previous model in which in a dry state,

the compressive modulus was slightly higher for BF than for crosslinked fibroin, but

this was inconsistent with the single-frequency DMTA test in which 4%XL had the

highest E0, at least until 80�C. Since the E0 value obtained for BF and 4%XL were

not so different, we could hypothesize that this inconsistency resides in the natural

variability of the material and of the process.
Cell Reports Physical Science 2, 100605, October 20, 2021 7



Figure 4. Contour plot of the modeled index of crystallinity

Each subpanel represents a specific process condition in which temperature, pressure, and ramp time were fixed, while within each panel, the x axis

represents the time in water at 37�C and the y axis the percentage of genipin added to the sample. How could be expected the prolonged exposition to

the physiological condition induced the transition of the secondary structure to the crystalline b sheet. Interestingly, we did not see any significant effect

of the process temperature; however, this could be explained considering that the process was too fast to notice any effect over the time due to the

temperature increase. The increase in the amount of genipin slightly increased the crystallinity only in the case of a fast application of the pressure (tr =

120 s) while in the other condition (tr = 240 s), a slight decrease was found.
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Secondary structure and empirical modeling

The primary amide portion of the FTIR spectra was analyzed (1,580–1,720 cm–1) to

determine variations in the secondary structure. The sum of the percentage area

occupied by the peaks related to the b structures (parallel and antiparallel) has

been used as an index of crystallinity. This index has been modeled and the contour

plots reported in Figure 4 (complete statistical treatment in Tables S3 and S4 and

Figure S5). In contrast to other works on the topic, the process temperature did
8 Cell Reports Physical Science 2, 100605, October 20, 2021
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not statistically influence the amount of crystallinity. However, our process was

extremely fast, lasting from 2 to 4 min, thus probably not sufficient to induce the pro-

tein crystallization. Based on the compressive ramp, the presence of genipin slightly

changed the crystallinity. In particular, with the faster pressure ramp (120 s), the in-

crease in the amount of genipin increased the amount of b phases, while with the

slower pressure ramp (240 s), the trend was reversed and less marked. As expected,

the crystallinity of the samples increased by the increment of the time passed in

physiological conditions (tw) of the samples soaked in water because of the material

plasticization.

Interestingly, by comparing the contour plot of the crystallinity with the results ob-

tained from the compressive modulus (Figure 1), we could conclude that the incre-

ment in the compressive modulus observed was not related to the crystallization,

thus confirming the role of the chemical crosslinking. In fact, the difference in the

crystallinity between the sample with genipin ([G] = 2.6%) and without genipin in

the condition in which the compressive modulus was maximized (p = 160 MPa,

tr = 120 s, T = 80�C) was estimated at 3%, which is not sufficient to explain the incre-

ment in the compressive modulus. It should be noted that the lower intensity of the

signal of the crosslinked sample (4%XL) obtained in the transitions revealed by

DMTA (tand; Figure 2A) is in accordance with its highest amount of the b structures,

as compared with the sample without genipin (BF).

Degradation and shape retention in physiological conditions

The long-term behavior of the crosslinked material was also investigated in physio-

logical conditions by a degradation test within the enzymatic action of a protease

(Figure 5). The results confirmed the action of the crosslinking effect of genipin

that allowed the retention of the structural integrity of the samples for the entire

month of testing, while samples prepared in the same conditions but without geni-

pin lost their original shape and integrity. The reason behind this improvement was

revealed by observing the degradation mechanism (Figure 5A). In fact, compression

molding resulted in a layered microstructure, with cavities among the layers. These

cavities tended to swell by the penetrated testing medium, and this strongly com-

promises the structural integrity of the samples. This effect is considerably less clear

on crosslinked samples, probably due to the enhanced chemical bonding in

between the layers. This effect was even more striking when the percentage of

protease was increased to boost the degradation rate. After 1 day (last column of

Figure 5A), the sample without genipin was severely cracked, while the sample

with 4% of genipin was still intact.

The swelling ratio (Figure 5B) reached a plateau after the first time point, regardless

of the sample. The plateau was higher for the group of uncrosslinked samples in

comparison with the group of the crosslinked samples, and in each group, it was

higher for the sample produced at 80�C in comparison with the sample produced

at 120�C. The swelling ratio was in the 35%–55% range, the maximum value reached

after 30 days was 54.4% G 1.9% (BF 80�C), and the minimum 3.6% G 0.1% (4%XL

120�C). The range was lower compared to the usual swelling found in fibroin scaf-

fold, confirming the non-porous nature of the material, but still higher than the com-

mon swelling ratio of polymers, demonstrating that the material was permeable to

water.

The degradation rate, reported in Figure 5C, was higher for the group of uncros-

slinked (BF) samples compared to the crosslinked samples (4%XL) and, within

each group, higher for the samples prepared at a lower temperature (80�C). In
Cell Reports Physical Science 2, 100605, October 20, 2021 9



Figure 5. Sample degradation, swelling ratio, and mass loss in enzymatic solution at 37�C
(A) Picture of the samples prepared at 80�C after 7, 14, and 30 days in physiological conditions, and

after 1 day in physiological conditions with a high concentration of protease. Overall, the

crosslinked samples (4%XL) were able to maintain their original shape and integrity, while the

uncrosslinked samples did not. At the time point, the BF sample was broken in pieces. Scale bar,

1,500 mm.

(B) The swelling ratio was dependent on both the crosslinking and the temperature. However, at the

last day, all of the samples had a swelling ratio between 35% and 55%, indicating a non-porous

material.

(C) All of the samples, with the exclusion of BF 80�C, had a mass loss between 3% and 5%. BF 80�C
due to the breakdown had a much larger mass loss. It should be noted that even if BF 120�C lost 5%

at day 30, the sample would totally lose its initial shape, as can be seen. Scale bar, 1,500 mm.
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particular, at the end of the 30 days, the sample with the lowest mass loss was that

produced at 120�C crosslinked with 4% of genipin (4%XL 120�C), while the most

degraded sample was that produced at 80�C without genipin (BF 80�C). This latter,
in the last 9 days of the test, was disintegrated into multiple pieces, while the sample

produced with BF but at a higher temperature (BF 120�C) lost its shape but remained

in a single piece. Excluding the last time point, all of the samples had the highest

decrease in weight during the first 24 h. After the first time point, the rate of weight

loss became slower, as observed from the magnification of Figure 5C. The lower

mass loss after 30 days was 3.68% G 0.15% obtained with the crosslinked samples

produced at 120�C (4%XL 120�C), while the maximum was 18.4% G 11.8% of the

broken uncrosslinked samples produced at 80�C (BF 80�C).
10 Cell Reports Physical Science 2, 100605, October 20, 2021



Figure 6. Object obtained by laser cutting, starting from a thin cylinder of molded silk

(A) Thin cylinder in the first phase of the laser cutting. Scale bar, 1 cm.

(B) Crosslinked cylinder with 4% of genipin cut in the shape of a gear. Scale bar, 1 cm.

(C) Dumbbell with engraving. Scale bar, 1 cm.

(D) Composition of different gears with different thickness and internal cut.
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Shaping by laser cutting

As proof of concept, we demonstrated the possibility of developing complex shapes

by producing plates of solid silk and then cutting it with a laser. Three sets of condi-

tions of the laser cutter were tested with different power and velocity (Figure S6); the

best one was chosen to produce the objects shown in Figure 6. The laser cutting

required to run the laser over the same path multiple times to achieve reliable repro-

duction in a single run is shown in Figure 6A. We were able to cut effectively both the

solid material from the BF and the crosslinked material (Figures 6B–6D). In addition,

in choosing the appropriate power level, it is possible to engrave figures in the ma-

terial. For example, in Figure 6C, we engraved characters on a dumbbell for the ten-

sile test.
Evaluation of cell adhesion and proliferation through in vitro confocal imaging

A preliminary in vitro biological evaluation allowed us to compare the material pro-

duced with this novel protocol with the bare material produced in the same condi-

tions, but without the addition of genipin. The confocal images obtained are shown

in Figure 7. Human bone marrow mesenchymal stem cells were studied in both

samples. After 10 days of culture, the cytoskeleton was stained with Oregon Green

and observed. DAPI was completely absorbed by the substrates and was not visible

in the micrographs due to the strong background (Figures 7A and 7B). In both

cases, the cells showed good adhesion to the substrates and no visible differences

in their morphology. However, 4%XL showed a slight increase in the degree of cell

spread if compared with the BF formulation. Compared with the BF sintered sub-

strate (BF; Figure 7A), the crosslinked sample (4%XL; Figure 7A) had slightly lower

cell density and distribution. However, the performances of the substrates were

almost comparable. This seems to be in contrast to a previous study in which gen-

ipin was reported to be cytotoxic.61 Being the first time that genipin has been used

in a solid bulk material, the previous results are difficult to compare to our trial. We

hypothesized that the effect of genipin may be mitigated by the solid matrix that

slows down its release in the environment. The cells were also cultivated on a large,

crosslinked gear-shaped sample (Figure 7B), and in this case, the cells adhered to

the substrate.
Cell Reports Physical Science 2, 100605, October 20, 2021 11



Figure 7. Confocal imaging on cell-cultured silk monoliths

(A) Comparison between the crosslinked fibroin with 4% of genipin (4%XL) and the bare material

(BF) at 2 levels of magnification. Scale bars, 500 mm (first column), 100 mm (second column).

(B) Cell seeded on the crosslinked gear obtained by laser cutting (see Figure 6B). Scale bar, 5000 mm.
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DISCUSSION

A strategy to produce solid crosslinked fibroin has been developed by adding genipin

and successively crosslinking in water at 37�C. We proved that this material in physio-

logical conditions after an initial decrease in the compressive modulus begins to

recover by the effect of the ongoing crosslinking reaction, while in the material pro-

duced without genipin, it showed a progressive decrease in the modulus over time.

The increase in the compressive modulus of the crosslinked material could not be

ascribed to the increase in the crystallinity that took place in both samples with and

without genipin. The crosslinking was proven by the changing of the color from golden

transparent to violet opaque, revealed also by the increase in intensity at 620 nm in the

visible spectra. The comparison with the material prepared in the same condition but

without genipin revealed that the crosslinking allowed us to preserve the mechanical

integrity and the shape of the object during a degradation test with protease, while

the uncrosslinked material after 30 days showed evident opened fractures. Complex

objects were produced by laser cutting, proving the versatility of the crosslinked ma-

terial that was machinable as the uncrosslinked. The preliminary biological test re-

vealed that the crosslinked material, after 10 days of incubation, were not significantly

different, in cell adhesion and proliferation, from the material produced without gen-

ipin. In summary, crosslinked solid fibroin solved the issues due to the previously re-

ported protocols, and due to its properties, it is suitable for structural applications in

physiological conditions that require reliability in the mechanical performance and sta-

bility in shape. Based on this proof of concept, complicated objects such as screws and

bars may be produced to substitute materials used in bone surgical procedures; this

would avoid the necessity of the extraction of the material after the complete recovery

thanks to its slow resorption. In addition, the same procedure may be used with other

biopolymers to produce a family of structuralmaterials, allowing us to adapt the type of

material to specific surgical needs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Alessio Bucciarelli (alessio.bucciarelli@nanotec.cnr.it).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

All of the data reported in this article are available from the lead contact upon request.

Fabrication of the bulk crosslinked SF

Degummed SF has been obtained by a modified version of a well-established proto-

col.12 Briefly the cocoons (imported from Chul Thai Silk, Thailand) were cut in pieces

and placed in a 0.01-M hot bath of sodium carbonate (Na2 CO3, Sigma-Aldrich, USA)

for 1 h, followed by a second immersion in a bath with a concentration of 0.003 M for

1 h. The resultant SF, progressively taken at room temperature, was carefully rinsed 3

times using ultra-pure water and then dried for 2 days. The resulting degummed SF

was dissolved into a 9.3-M water solution of lithium bromide (Sigma-Aldrich) at 60�C
for 4 h in a 2 g/10 mL concentration. Once SF was dissolved, the solution was taken

at room temperature and then dialyzed against water for 3 days in a dialysis tube (cut-

ting Mw = 3 kDa) to remove the salt. The concentration of the fibroin solutions was

determined by the use of the protein absorbance peak at 280 nm using a Nanodrop

UV spectrophotometer (Thermoscientific, USA). From this quantity, the amount of gen-

ipin to dissolve into the SF solution has been calculated using Equation 1, where [G] is

the percentage concentration (w/w of SF) on of genipin that we aimed to obtain, VSF is

the volume of SF solution, and [SF] is the concentration of fibroin in milligrams per milli-

liter. To rapidly dissolve the genipin inside the fibroin solution, avoiding the crosslinking

reaction, a mother solution of genipin was prepared with a known concentration and

subsequently added to the SF solution and stirred for a few minutes at 4�C, to reach

the desired genipin:fibroin weight ratio. The prepared solutions were then rapidly

frozen with liquid nitrogen and freeze-dried at �50�C until the water was completely

removed. The obtained fibroin-genipin sponges were maintained in dry conditions at

4�C to avoid the crosslinking reaction. The solid samples were prepared by placing a

200-mg sponge into a cylindrical mold with a diameter of 6 mm and using a universal

testing machine (MTS 858 Mini Bionix, Italy) within an integrated oven that allowed

us to set the process temperature within a range ofG1�C. Once the process tempera-

ture was reached, a compression rampwas applied to reach the desired force (F (kN)) in

the desired time (tr(s)). The results were cylinders with a thickness of �5 mm. The bulk

fibroin cylinders were finally placed in water at 37�CG 1�C for a variable time to simu-

late the physiological condition and to allow the crosslinking reaction to take place. A

change from the transparent yellowish color to violet opaque was observed, indicating

the successful crosslinking reaction. We compared this material to the equivalent mate-

rial prepared from the bare SF without the addition of genipin. The entire fabrication

process is presented in Figure 1A. Using the same method, with different molds, bars

with a dimension of 403 5 mm and a thickness of 2 mm and cylinders with a diameter

of 30 mm and a thickness of 2 mm were prepared.

mGðmgÞ = ½G�VSF ½SF� (Equation 1)

Structural characterization

The crosslinking reaction was followed by an evaluation of the intensity of the UV-

visible (UV-vis) spectra (Jasco V-570 spectrophotometer, USA) on a single wave-

length (620 nm) related to the transition to a violet color of genipin due to the cross-

linking.62 Two conditions were tested: crosslinking in water at 25�C and at 37�C. The
secondary structure changes were evaluated using an attenuated total reflectance

FTIR (ATR-FTIR) spectrophotometer (Perkin Elmer Spectrum ONE, USA). To maxi-

mize the signal-to-noise ratio, 32 spectra with a resolution of 1 cm�1 were collected

and averaged for each sample. The SF secondary structures were then quantitatively
Cell Reports Physical Science 2, 100605, October 20, 2021 13
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evaluated by analyzing the primary amide peak (1,580–1,720 cm�1). The methodol-

ogy is briefly illustrated in Figure S7. The peak was smoothed with a 5-point adjacent

averaging function followed by a Fourier self-deconvolution (with a smoothing factor

of 0.3 and gamma function of 30) to enhance the resolution and better shape the sin-

gular components. A second derivative was then performed to identify the peak po-

sition. These values were then used to fit the single peaks with a Gaussian function.

The fitting routine was recursively applied until c2 was minimized. The ratio between

the fitted peak area and the total area was calculated to determine the percentage of

the specific structure assigned to the peak.63,64 In Table S5, the assigned secondary

structures for different bandwidths of the FTIR spectrum are reported. We tested a

single sample for each of the conditions listed in Table S6.

Mechanical characterization

Compression tests were performed on the samples produced following Table S6 us-

ing an Instron 7500 universal testing machine (USA) with a compression rate of

1 mm/min in a controlled environment (25�C and 20% relative humidity). A precom-

pression of 0.2 kN was applied pre-testing. The Young’s modulus (E) was evaluated

as the angular coefficient of the curve in the initial elastic (linear) zone. The test was

conducted in dry conditions or just after the soaking in water at 37�C for the prede-

termined time (6 or 12 h). On these results, a statistical method was applied to maxi-

mize E after 12 h in water. To verify the effect of the crosslinking agent, a sample with

genipin (4%) was tested versus a reference sample (without genipin) by DMTA (TA

Q800DMA, USA) conducted on bars using a single cantilever bending mode

(span = 17.5 mm). The specimens were in the dry state and in the form of bars

with a rectangular cross-section with nominal dimensions of 40 3 5 3 2 mm. Both

samples were prepared by compression at 120�C with a maximal pressure of 343

MPa reached in a ramp time of 120 s. In this test, the samples were nominated as

BF and 4%XL. E0, E00, and tand were determined between �100�C and 230�C, at a
heating rate of 3�C/min, a strain amplitude of 0.05%, and a frequency of 1 Hz (sin-

gle-frequency tests). In addition, multifrequency tests were carried out in the same

testing configuration between 0�C and 190�C, at a heating rate of 0.2�C/min. The

11 investigated frequency levels (Hz) are 0.50, 0.79, 1.30, 2.00, 3.20, 5.00, 7.90,

12.60, 19.80, 31.50, and 50.00. To build the master curve, data were shifted auto-

matically with the software TA Rheology Advantage (TA Instruments, USA), keeping

a reference temperature of 23�C. In this way, E0 can be determined in a wide fre-

quency interval, which ranges from 10 to 32 to 108 Hz. These data were then used

to build a durability curve by transforming the values of frequencies (Hz) in values

of time (years). For the purpose of the present analysis, the data of durability were

of interest in a time frame between 1 s (3.2 3 10�8 years) and 1,000 years.

Degradation

The study of degradation is performed over 2 kinds of material BSF and GXSF4, all

sintered at 300 MPa—half at 80�C and half at 120�C—for a total amount of 80 sam-

ples. Samples were left to degrade in a solution simulating a physiological condition.

The solution was prepared with phosphate-buffered saline (PBS), pH = 7.4 (Sigma-

Aldrich), with the addition of protease XIV (Sigma-Aldrich), with a concentration of

0.2 mg/mL, to achieve an enzymatic action. To accelerate the degradation, we

used 1 mg/mL protease XIV. Then, sodium azide (Sigma-Aldrich), with a concentra-

tion of 0.04 mg/mL was added to avoid bacteria proliferation. Even if the use of a

single enzyme is not comparable with a biological system in which multiple phenom-

ena occur, protease XIV being effective in accelerating the degradation of SF has

been widely adopted in the literature.65,66 Despite its limited clinical value, the

degradation test with protease XIV can clearly reveal general trends of the material
14 Cell Reports Physical Science 2, 100605, October 20, 2021



ll
OPEN ACCESSArticle
behavior exposed to an enzymatic environment closer to a biological environment if

compared with the only use of PBS. As reference, we prepared a control solution of

PBS, with the same concentration of sodium azide. The samples were placed in mul-

tiwells, 2 mL of solution each, and stored at 37�C. The mass of the samples before

and after the degradation was recorded (analytical balance Kern Abs-N, UK). Three

samples for each time point for each condition were tested for a total of 80 samples.

All of the samples underwent an initial incubation (BINDER, Germany) in deionized

water for 6 h at 37�C and subsequently dried for 7 days in an oven (G-Therm, Italy) at

65�C. The initial weight was then recorded (m0). The samples were allowed to

degrade. At each time point (1, 7, 14, 21, and 30 days), 3 samples for each condition

were taken out of the solution, briefly dried with absorbent paper, and weighed

(mwet). Then, after the removal of all of the water (in oven, 7 days, 65�C), the samples

were weighed again (mdry) and then trashed. Equation 2 has been used to calculate

the mass loss, and Equation 3 has been used to calculate the swelling ratio.

Dmð%Þ = mdry �m0

m0
� 100 (Equation 2)
Swð%Þ = mwet �mdry

mdry
� 100 (Equation 3)

Laser cutting

Laser cutting was conducted on the large cylinders (30 mm diameter) as a proof of

concept of the ability to form this material into different shapes. The model was

drawn using an open access vectorial software (InkScape) and cut into the material

using a 30-W CO2 laser cutter (Speedy 100R, Trotec, Italy) with a level power of 4

(12 W) and speed of 0.9 mm/min (both parameters of the machines without a refer-

ence unit), a frequency of 1,000 Hz, and 200 layers of cut, for a 20 min total process.
In vitro preliminary evaluation

Samples werewashed in deionized (DI) water and then soaked in a 75%ethanol solution

for 30 min, and rinsed 3 times in DI water to remove the ethanol. Human bone marrow

mesenchymal stem cells (hMSCs, ATCC, PCS-500-102) were used in this study. The cells

were cultured in the Dulbecco’s modified Eagle’s medium/nutrient mixture F-12

(DMEM/F-12) with 10% fetal bovine serum (FBS), and 1% antibiotic/antimycotic. The

cells were cultured in a T75 flask at 37�C with 5% CO2 in a humidified atmosphere.

The cells were fed every 2 days until the cells reached 70% confluence. The cells (at pas-

sage 2) were detached from the flask by 1% trypsin-EDTA solution, re-suspended in

standard medium, and seeded in a 24-well plate (40,000 cells/well in 0.8 mL medium)

with the samples inside. Themediumwas changedevery 2 days. Cell adhesionwas visu-

alized by Oregon Green phalloidin and 40,6-diamidino-2-phenylindole (DAPI) staining

on sintered SF substrates with and without genipin crosslinking. OregonGreen phalloi-

din stains the cytoskeleton, resulting in green fluorescence, while DAPI stains nuclei, re-

sulting in blue fluorescence. After 10days of culture, the cell-seeded sampleswere fixed

with 4% paraformaldehyde, washed 3 times with PBS, and then permeabilized using

0.1% Triton X-100 PBS solution for 30 min. After washing in PBS 3 times (15 min each

time), cells were incubated with Oregon Green phalloidin (5.0 mL/well) and DAPI

(1.0 mL/well, 5.4 mL dilute in 25.0 mL PBS) for 45 min at room temperature. After three

rinses with PBS, samples were observed by confocal microscopy (Nikon-A1, USA). It

should be noted that colorimetric methods to assert the cell viability were not suitable

in this specific case. In fact, the release of the crosslinked protein modifies the color of

the cell medium and the surrounding environment, making colorimetric measurements

unreliable.
Cell Reports Physical Science 2, 100605, October 20, 2021 15



Table 1. Tested factors within their levels

Factor name Factor code Measurement unit Levels

Force (A) F kN 1, 5, 10, 15

Ramp time (B) tr s 120, 240

Time soaked in water (C) tw h 0, 6, 12

Temperature (D) T �C 80, 120

Genipin concentration (E) [G] % w/w 0, 1, 4

A subset of the combinations of the of the factor levels listed in the table were chosen to allow us to

develop a reliable model for both the Young’s modulus and the crystallinity index. Each point of this sub-

set is shown in the contour plots as a red dot.
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Statistical methods

The entire statistical analysis has been done in the programming language R67

following the statistical strategy described in previous works.22,30,68,69 An initial

comparison to verify the presence of significant difference among the different

groups was performed using analysis of variance (ANOVA), followed by a Tukey

multi-comparison test. The significance levels were assigned as follows p %% 0.1

(.), p % 0.05 (*), p % 0.01 (**), and p % 0.001 (***). A RMS been adopted to model

the empirical equations relating the considered process factors to the yields. These

methods allowed us to understand the most significant terms and to separate them

from the insignificant ones. Here, we considered five continuous factors. For each of

them, we decided on a number of levels according to what we discovered from our

previous work about their importance.22 In Table 1, the considered factors within

their level are listed, while the complete list of trials is reported in Table S6. Only

a subset of the possible combinations has been tested. In particular, 108 combina-

tions have been chosen and for each of them, 3 samples were prepared and tested.

Only the significant terms were included in themodels; an ANOVA test followed by a

Tukey multi-comparison were conducted to verify their significance, and only terms

with a p R 0.01 were included. A function F has been applied to the yield, when

necessary, to both normalize the model residues and to make them pattern less.

The model was considered significant, with a p % 0.05. The coefficient of determi-

nation (r2) was calculated to determine the goodness of fit of the model. Models with

a perfect fitting have a r2 = 1. The optimization has been done by a numerical

method based on desirability functions. These functions are in the [1,0] range, where

1 represents the optimum solution. One of these functions was assigned to each of

the considered yields. We used the following notation: Yi, the specific yield, di, the

corresponding desirability function, and Ui and Li, the maximum and the minimum

value of the yield, respectively. For the maximization of Yi, the function is reported

in Equation 4; for theminimization, the function is reported in Equation 5. The overall

desirability is the geometric mean of all of these functions reported in Equation 6,

with k equal to the total number of yields (in our case, 2). Then, D is plotted against

the process factors to find its maximum value and thus the best solution:

di =

8>>><
>>>:

1 if YiRUi

Yi � Li
Ui � Li

if LiRYiRUi

0 if Yi%Li

(Equation 4)
di =

8>>><
>>>:

0 if YiRUi

Yi � Li
Ui � Li

if LiRYiRUi

1 if Yi%Li

(Equation 5)
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D = ðd1d2d3.dkÞ1k (Equation 6)
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