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Abstract

Genipin is a naturally derived small molecule that crosslinks compounds containing
primary amines including many natural biopolymers. A diffusion-reaction model to predict
the rates of delivery and incorporation of genipin into fibrin networks is presented. Genipin
crosslink formation within fibrin hydrogels is a multi-step process that requires genipin
diffusion and reaction with primary amines in hydrated networks. The reaction rate of
genipin into fibrin gels was measured via spectroscopy while the rate of marginal crosslink
formation was measured by rheology. Covalent coupling between genipin and primary
amines in fibrin gels obey second-order kinetics in genipin concentration with an effective
activation energy of -71.9 + 3.2 kJ-moll. Genipin diffusion-reaction within fibrin gels
exhibit Thiele moduli between 0.02-0.28, which suggests that the systems studied herein
are reaction-limited. Genipin-crosslinked fibrin clots are resistant to fibrinolytic
degradation as measured by rheology. Finally, active genipin can be delivered from
poly(D,L-lactide-co-glycolide) matrices to gels at rates that are comparable to the
characteristic rate of incorporation in fibrin networks. Taken together, this work
establishes a quantitative framework to engineer controlled release systems for genipin

delivery into protein-based hydrogel networks.

1. INTRODUCTION

Fibrin gels form through a cascade of enzymatic reactions between fibrinogen and
thrombin?® 2. Fibrin gel formation concludes the blood-clotting cascade and is an integral
aspect of wound healing!4. Fibrin is a natural biopolymer featured in many biomedical
applications such as haemostatic glues®, matrices for controlled release of bioactive

2

Page 2 of 30



Page 3 of 30

Journal of Materials Chemistry B

molecules and cells®-19, and scaffold materials for both acellular and cell-based strategies in
regenerative medicinel> 7> 11 12, Fibrin gels undergo enzymatic degradation through
fibrinolysis3 4 13. The transient nature of fibrin gel is advantageous for natural wound
healing, but presents a challenge in some biomedical applications that require stable clots
such as embolization treatments. Fibrin clots with enhanced chemical and mechanical
stability could improve the performance of haemostatic materials for minimally invasive
occlusion of brain aneurysms or embolization of solid tumors4 15, Protein-based gels can
be chemically stabilized by adding secondary covalent networks. Fibrin clots can benefit by
engineering application-specific stabilization time scales. For embolization treatments, the
time frame of stabilization is desired to be comparable to the fibrinolysis rate. The kinetics
of enzymatically catalyzed fibrinolysis has been modeled by previous researcherslé 17 to
reveal an apparent rate constant of 0.5 s and a diffusion coefficient of 2x10-7 cm?2-s-1 for
highly compacted clots®. Difunctional small molecules such as glutaraldehyde,
diisocyanates, or carbodiimides can form amide bonds with amine-bearing amino acids to
form crosslinks18-20.  Small molecule crosslinking agents include glutaraldehyde,
polyepoxides, and isocyanates. Many of these compounds are potentially cytotoxic2® 22 and
therefore face hurdles to clinical translation?3.

Genipin is a non-toxic naturally occurring small molecule crosslinking agent?2 24-27
that is extracted from the Gardenia jasminoides?8 29. Genipin is 10,000 times less cytotoxic
than glutaraldehyde when used in applications such as tissue fixation, controlled release
systems, and peripheral nerve regeneration24 25 27. 30, Two genipin molecules react with
free primary amines through a series of reactions to form covalent crosslinks25-28, 31-33,
Genipin-based covalent crosslinks are resistant to enzymatic degradation and reduce the
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effective molecular weight between crosslinks thereby increasing the mechanical modulus
of protein gels such as fibrin clots22 27,34 35, Fibrin gels stabilized with genipin crosslinks
are used as materials to repair intervertebral disc annulus3¢. Despite the numerous
potential applications, the reaction mechanism and genipin crosslinking kinetics with free
primary amines are not well-characterized?? 37-39, The precise reaction mechanism of
genipin with primary amines is not fully elucidated at present and remains an active area of
research?9 40, A quantitative understanding of genipin incorporation into protein networks
could accelerate the design of interventional therapies that use genipin for applications in
clot stabilization. This work describes a diffusion-reaction model to identify the rate-

limiting step of genipin incorporation into fibrin gels.

2. EXPERIMENTAL
2. 1. Reaction kinetics of genipin with free primary amines

All materials were acquired from Sigma-Aldrich (Milwaukee, WI) and used as
received unless otherwise stated. Genipin (Enzo Life Sciences, Farmingdale, NY) and
ethylenediamine were dissolved in 0.01 M phosphate buffer solution (PBS) at the
appropriate concentrations. Reaction mixtures were prepared with the following molar
ratios of genipin:ethylenediamine on a 0.22 mM genipin basis: 1:10, 1:20, 1:40, and 1:80.
Reactions were conducted at temperatures ranging from 27—67 9C. The reactants and
produces were sampled and analyzed with UV-vis spectroscopy between Aaps = 200 and
Aabs = 800 nm (UV-2600, Shimadzhu, Kyoto, Japan). Genipin conversion was calculated by
measuring the peak absorbance at Aaps = 240 nm relative to the maximum absorbance at

this wavelength at t = oo for reactions using excess free primary amines.

4
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The instantaneous rate of genipin consumption is given by Eqn. 1

_dlG]_ K[GT'TAT" (Eqn. 1)
dt

where [G] and [A] are the concentration of genipin and free primary amine in mol-L-1, k is
the reaction rate constant, n and m are the reaction orders. In the case of excess primary

amine, the effective reaction depends only on [G] via the following relationship

_d[G] _ "
o Kl (Eqn. 2)

where the effective rate constant kesis given by

k

of =k[A]"

(Eqn. 3)
Experimental data were fit to the reaction model (FindFit function, Mathematica,
Champaign, IL). The effective rate constant (kef) was determined by linear fit using
integrated version of Eqn. 2 as a function of free primary amine concentrations with 95%
confidence interval. The relationship in Eqn. 3 was then used to determine m and thus the
reaction rate constant k. The activation energy of genipin reactions with ethylenediamine
was measured using the following Arrhenius relationship
k=Ce ™™ (Eqn. 4)
where the reaction rate constant and temperature are given by k and T, respectively.
The activation energy (E,) for reactions between genipin and ethylenediamine is estimated
as the slope of In(k) versus T-1. All values are reported as mean # s.d. unless otherwise

noted.

2. 2. Fibrin gel preparation
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Fibrinogen and thrombin extracted from bovine plasma were dissolved in PBS
buffer at concentrations of 20 mg-mL-1 and 10 U-mL-! respectively. Fibrin gel arrays were
prepared in 24-well plates, each with a nominal diameter of 15.9 mm and a thickness of 9.4
mm. Wells were pre-coated with polydimethylsiloxane (PDMS) substrates approximately 1
mm in thickness to facilitate sample handling. Briefly, Sylgard 184 Silicone Elastomer (Dow
Corning, Midland, MI) was mixed in a 10:1 ratio and cured at 60 °C for 24 hr. Crosslinked
fibrin gels were prepared by combining 0.4 mL of fibrinogen solution with 0.1 mL of
thrombin solution. Solutions were incubated at 37 °C on a rotary shaker for 30 min until

fibrin crosslinking was completed.

2.3. Measuring free primary amine concentrations in fibrin gel networks

The concentration of free primary amines within fibrin gels was determined using a
ninhydrin assay*l. Briefly, ninhydrin reagent was dissolved in ethanol (2 w%) and fibrin
gels (n = 3) were dehydrated at 60 °C in vacuum for 24 hr. Fibrin gels were incubated in 2
mL of ninhydrin solution at 80 °C for 20 min and then cooled down to 22 °C over 30 min.
Transparent free primary amine-containing solutions turn purple (Aabs = 570 nm) upon
reaction with the ninhydrin reagent. The absorption was measured using UV-vis

spectroscopy and calibrated to tyramine standards.

2. 4. Rheological characterization of cross-linked fibrin gel networks
Aqueous solutions of genipin (0.4 mL) in PBS were added drop wise to swollen
hydrated fibrin gel networks. Fibrin gels were incubated in genipin solutions for 24 hr at

37 °C with the following molar ratios of genipin:free primary amine in the reaction system:

6

Page 6 of 30



Page 7 of 30

Journal of Materials Chemistry B

1:10, 1:20, 1:40, and 1:80. Fibrin gels incubated with genipin were characterized by
rheology at prescribed time points. Briefly, samples were transferred to a Peltier plate of a
rheometer operating in parallel plate configuration (TA Instruments DHR-3, New Castle,
DE, USA). Frequency sweeps were conducted from w = 0.1—10 rad-s! using a strain
amplitude of y = 2%. Amplitude sweeps were also performed with strain amplitudes
ranging from y = 0.1—10%. The swelling ratio of crosslinked networks was measured by
gravimetry. Briefly, excess water was removed from the surface and the mass of the

samples was recorded (W;). Samples were dehydrated for 60 9C at 5 Pa for 24 hr and the

mass of each sample was recorded (Wg). The swelling ratio (Q) is defined as Q= &

d

2. 5. Controlled release of genipin from PLGA polymer matrices

Poly(D,L-lactide-co-glycolide) (PLGA; 50:50 lactide:glycolide ratio; A7n~30,000-
60,000; 50 mg; Sigma) was dissolved in acetone with prescribed amounts of genipin. PLGA-
genipin solutions (approximately 0.2 mL) were drop cast on substrates (n = 3) and dried
for 8 hr in ambient conditions to create films 30 um in thickness. Genipin release kinetics

was measured by UV-vis spectroscopy for up to 15 d by incubating genipin-loaded PLGA

films in 5 mL 0.01 M PBS. The normalized amount of released genipin is defined as

M eiivin— . ..
—genpin PLGAL \yrith M yeinin-prca,, @S the total amount of genipin released. Values for the
m genipin—PLGA,t,,

. os e s _ M, ivin- .
diffusivity of genipin in PLGA were calculated by fitting the values of —£22"-PLOLL with
m, .
genipin—PLGA,t,,

values predicted from controlled release of small molecules from a thin slab#2 43, The latter

is given by the following relationship:
7
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o0

M gonipin-PLGA: 1 4 Z eXp {_Dgenipin—PLGA 2n+ 1)2 7t/ 41?’LGA } (Eqn. 5)
mo o (2n+ 1)2 an-

2
’/]/lge}'ti‘m'n—PLGA,tuﬂ T n=0

with Dgenipin-pLca as the diffusion coefficient of genipin in PLGA polymer matrix, and Ip.c4 as
the film thickness (30 um). Dgenipin-pLca Was determined by fitting experimental data to Eqn.

6 using constrained nonlinear optimization (Matlab fmincon)*4 45,

2.6 Fibrin clot stability assay

Genipin-crosslinked fibrin gel networks were prepared as previously mentioned.
The integrity of the hydrogel was assessed by rheology in response to enzymatic activity.
Fibrin gels were synthesized by combining 0.1 mL of 10 U-mL-! thrombin solution with 0.4
mL of 20 mg-mL-! fibrinogen. Gels were incubated at 37 °C for 12 hr on a rotary shaker
prior to the addition of genipin. Genipin solutions (concentrations of 1, 3.5, 5, 10, and 25
mg-mL-1) were added to hydrated fibrin gel networks and incubated for 24 hr at 37 °C.
Streptokinase C from [3-hemolytic Streptococcus (Sigma-Aldrich, St. Louis, MO, USA) was
prepared at concentrations of 10, 25, 50, and 100 U-mL! in PBS. Crosslinked fibrin gels
were incubated in Streptokinase solutions at 37°C. The storage modulus was measured

using a rheometer in a parallel plate configuration as previously described.

2.7 Scanning electron microscopy

Crosslinked fibrin gels and pristine fibrin gels were prepared as previously
mentioned. Samples were dehydrated at 25°C in graded ethanol solutions (25-100 % v/v)
in DI water for five minute intervals. The crosslinked and pristine fibrin gel samples were

incubated with hexamethyldisilazane (HDMS) and dehydrated for 18 hr. Samples were
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mounted on stubs with double-sided tape and sputter-coated with a 2 nm layer of Pt. The
microstructure of the gel networks was examined with scanning electron microscopy
(SEM) at a voltage of 2.5 kV and a working distance of 15 mm (Philips XL30 Scanning

Electron Microscope).

3. RESULTS AND DISCUSSION
3. 1. Diffusion of genipin within fibrin gel networks

The observed rate of genipin crosslinking in fibrin gels is governed by one of two
processes: genipin diffusion into the fibrin gel or the rate of incorporation of genipin with
free primary amines (Figure 1). Comparing the relative rates of diffusion-reaction of
genipin within fibrin gels can give insight into the rate-limiting step of clot stabilization
through genipin crosslink formation. The relative rates of genipin diffusion through fibrin
gels and the rate of covalent genipin incorporation and crosslinking with fibrin gels can be
predicted by calculating the Thiele modulus. The diffusion coefficient of a small molecule in
fibrin gel composed of fibers (Dgenipinfibrin) is a function of the obstruction factor of diffusion
paths, represented by the hydraulic permeability of fibrin gel («), and a hydrodynamic
factor between the molecule (ry) and the fiber network (ry)*6. The ratio of Dgenipin-fibrin to the
diffusion coefficient of genipin in water (Do) can be estimated from the modified Brinkman

model47-4? via the following relationship:

—0.840"%
genipin—fibrin __ €

D, l+xr,+(1/3)(x /1) (Eqn. 6)
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The diffusion coefficient of genipin in hydrated swollen fibrin gels is estimated to be 2.2 x

10-10 (m2-s'1) using values that are summarized in Table 1. Nauman et al. observe that the

D genipin—fibrin

ratio is approximately unity due to the high swelling ratio of fibrin gel (33.4 +

0

13.6).

3. 2. Reaction kinetics of genipin and ethylenediamine

Genipin exhibits a strong characteristic absorption peak at Aaps = 240 nm while
ethylenediamine does not possess aromatic rings that absorb in this band. The rate of
genipin consumption can therefore be measured using UV-vis spectroscopy (Figure 2).
Absorption intensities of genipin peaks centered about Aaps = 240 nm decrease, while the
peak centered at Aas = 290 nm, corresponding to intermediates, increases>0-52,
Intermediate compounds are formed during ring-opening of dihydropyran in genipin and
the formation of a heterocylic amine compounds>% 51, Genipin consumption is a second
order reaction when free primary amines are in excess resulting in a value of n = 2 (See
Eqn. 2). This calculation is confirmed for the integral expression of Eqn. 2, which produces
a linear plot of [G]1 with time (Figure 2b). The effective rate constant (kes) for different
amine concentrations was determined from the linear fit (Figure 4), and is shown in Table
2. Fitting experimental data to Eqn. 2 and Eqn. 3 produces the following overall rate
expression (Figure 2c):

—% =3.10x10"[GT[4]"* (Eqn. 7)

The temperature dependence of k is shown in the Arrhenius plot (Figure 2d). The

activation energy of genipin reactions with ethylenediamine is -71.9 * 3.2 kJ-mol-1. This
10
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value lies in close agreement with the previously reported value of -75.8 kJ-mol! 53. The
negative value of activation energy indicates that the reaction rate decreases with

increasing temperature, a phenomenon that is also observed in protein folding>4.

3. 3. Comparing diffusion and reaction processes in fibrin gel networks

The concentration of amino acids in fibrin gels is 1.99 * 0.03 uM as measured by
ninhydrin assays#l. The rates of diffusion and reaction were compared through calculation
of the Thiele modulus®>. The Thiele modulus () for a second-order reaction in a one-
dimensional slab of thickness Iprin is given by>°:

2 _ G112’

o (Eqn. 8)

cenipin-fibrin
Systems are diffusion (reaction) limited when the Thiele modulus is much larger (smaller)
than unity>6. The Thiele moduli calculated for genipin in fibrin gels across a range of values
for [G] is shown in Table 3. These values suggest that genipin diffusion in fibrin gels is
relatively more rapid compared to the rate of covalent incorporation. The rate of crosslink

formation is therefore limited by the rate of genipin consumption within fibrin gels.

3.4. Enzymatic stability and nanostructure of genipin-crosslinked fibrin clots

The enzymatic stability of the genipin-crosslinked fibrin clots was assessed by the
addition of streptokinase under controlled conditions. The degradation kinetics were
determined through evaluation of the integrity of the clots throughout the incubation time.
Pristine fibrin gels degraded completely within 3 hr as determined by a storage modulus

near zero at this time. The storage modulus of genipin-crosslinked fibrin networks was

11
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relatively constant with a reduction of approximately 10% after 24 hr (Figure 5). These
data suggest that genipin-crosslinked fibrin clots are highly resistant against fibrinolytic
degradation. Thus, the stabilized clots have increased potential to improve the
performance of embolization treatments. Pristine fibrin gels and fibrin gels crosslinked
with genipin exhibit comparable nanoscale morphologies (Figure 6). Both sets of fibrin
gels show a homogenous porous structure with distinct fibers. Genipin-crosslinked fibrin
gels exhibit slightly more bundling and larger pore sizes compared to pristine fibrin gel

counterparts.

3. 5. Controlled release of genipin from PLGA thin films

Controlled release strategies are compatible with genipin owing to the small
molecular weight and orthogonal reactivity with many polymers that are used as
controlled release matrices>7-5%. Controlled release of genipin may be useful in applications
that require spatiotemporal control of genipin concentrations to match the rate-limiting
step for network incorporation. PLGA was chosen as the matrix for this study because
PLGA has been widely utilized for controlled release of many biologics including small
molecules, proteins, and nucleic acids>°-¢2, The absence of free primary amines in PLGA
suggests that this polymer is suitable for controlled release of genipin. Genipin-loaded
PLGA films achieve controlled release of genipin over 15 d. The relative rate of genipin
release from PLGA matrices increases proportionally with higher genipin loading (Figure
7). Genipin diffusivities in genipin-loaded PLGA matrices Dgenipin-rLca Were calculated to be
5.83 +1.12,6.93 + 0.10, 7.20 £ 0.08, and 10.2 + 0.4 x 10-12 cm?2-s°! for films prepared from
the following genipin concentrations 7, 10, 20, and 50% w/w (genipin:PLGA ratio)

12
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respectively. The model described in Eqn. 5 exhibits good agreement with experimental
data (Figure 7).

The kinetics and diffusion parameters established herein can predict the time-varying
genipin concentration within the fibrin clot. The genipin concentration within hypothetical

fibrin networks (mgenipinfibrin) is predicted for different ratios of genipin:PLGA loading (
M goipin-prcay,; Figure 7). The concentration of genipin supplied to the fibrin gel was

interpolated from Eqn. 5 using Dgenipin-prca fitted from experimental data. The concentration
of genipin consumed was predicted from the reaction kinetics (Eqn. 7). Taken together, the
diffusion and Kkinetics parameters established in this study can predict the time-varying
genipin concentration within fibrin networks (Figure 8, Supporting Information). The
genipin concentration increases and reaches maximum within 3 hr. The genipin
concentration decreases rapidly after the initial burst release. This model predicts that
genipin will be consumed in fibrin networks within 250 hr. Accurate predictions of the
temporal evolution of genipin can inform the design of diffusion-controlled release systems

for genipin delivery in vivo.

4. CONCLUSIONS

The relative rates diffusion-reaction of genipin through fibril gels were measured by
spectroscopy and rheology in vitro. Anisotropic nanostructures and high swelling ratios
observed in fibrin gels ensure rapid diffusion of genipin through these natural biopolymer
networks. The rate of genipin consumption is second order in genipin concentration
because crosslink formation requires dimerization. The observed rates of genipin

crosslinking formation are corroborated by measuring the marginal increase in storage

13
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modulus via rheology. Genipin crosslinks impart increased mechanical stability and
attenuate enzyme-mediate disintegration in vitro. These observations suggest that genipin
could serve as a biologic to improve minimally invasive embolic treatments for use in
various indications. The reaction-diffusion parameters established herein can inform drug
delivery systems to match the rate of genipin supply with the rate of genipin consumption.
Crosslinking fibrin gels using genipin is also a potentially effective strategy to stabilize
fibrin gel against enzymatic degradation. Knowledge about the relative rates of diffusion-
reaction of genipin in fibrillar hydrogel networks can advance the use of this small

molecule biologic in various biomedical technologies.

14
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Tables

Table 1. Values of parameters used to calculate the diffusivity of genipin in fibrin gels via

Page 18 of 30

Eqn. 6.

Boltzmann constant, kg (J-K'1) 1.38x10-23
Temperature, T (K) 310
Dynamic viscosity of water, 7 (Pa-s) 0.001
Hydrodynamic radius of genipin, ry (nm) 1.0
Fibrin gel properties

Swelling ratio, Q 33.4+t13.6
Average fiber to fiber radius, rr (nm)#46 21
Hydraulic permeability, k (cm?)#6 7.49 x 10-10
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Table 2. Values for reaction rate constants for different free primary amine concentrations
determined from linear fit of inverse genipin concentration [G]! versus time with 95%

confidence interval.

[A] (mol-L1) [G]:[A] ratio keg (L-mol-1s1)
3.68 x 1007 1:10 0.337+£0.017
7.36 x 1007 1:20 0.090 £ 0.009
1.47 x 10-06 1:40 0.048 +0.010
2.94 x 1006 1:80 0.022 + 0.0007

19



Table 3. The Thiele modulus () was calculated for a range of genipin concentrations.
increases with increasing concentration of genipin. The Thiele moduli (<1) indicate that the
overall rate of crosslink formation within fibrin hydrogel networks is controlled by the

reaction rate (See Text). The physical properties of pristine fibrin gels and fibrin gels

Journal of Materials Chemistry B

crosslinked with genipin are shown for at a range of genipin concentrations.

[A]:[G] ratio

Thiele modulus, 6

Storage modulus, G’ (Pa)

Swelling ratio, Q

1:0
80:1
40:1
20:1
10:1

0.02
0.05
0.10
0.28

8815
89 +13
101 + 38
151 +£10
307 +3

334135
33.2+18.1
345+225
33.9+23.8
30.8+13.1

20
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Figures
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(ii)

Figure 1. Schematic of diffusion-reaction model of genipin crosslinking in fibrin gels. The
overall rate of crosslinks formation is governed by (i) the diffusion of genipin in fibrin gel,
and (ii) the rate of crosslinking reaction between genipin and free primary amine moieties.
The shaded blue lines represent individual fibrin macromolecules within the hydrogel
network.
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Figure 2. Kinetics parameters of genipin reacting with ethylenediamine in aqueous
solution were characterized using UV-vis. (a) The direction of the arrow indicates UV-vis
spectra recorded with increasing reaction time. The maximum intensity of the peak
centered at Aaps = 240 nm decreased over time, which corresponds to genipin
consumption. (b) The effective rate constant (k.s) was determined from integration of Eqn.
2. The observed reaction rate is second order with respect to [G]. (c) Dependence of the
reaction rate on [A] (m) was determined as 1.4 * 0.5 from Eqn. 3. The overall rate constant
is 3.10 x 1010 + 6.01 x 10-13 L2-mol2s1 (See Text). (d) The temperature dependence of k is
plotted using an Arrhenius relationship. The apparent activation energy of genipin reaction
with ethylenediamine is calculated to be -71.9 + 3.2 k]-mol-! (See Text).
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Figure 3. Proposed reaction sequences involved in genipin crosslink formation within
fibrin gels. Covalent crosslinks are formed via capping reactions of genipin with free
primary amines followed by genipin dimerization. This process will covalently crosslink
individual fibrin macromolecules (shown in blue lines) within the clot. The final product
can be formed through at least two possible pathways. Scheme 1 shows two separate
capping reactions followed by genipin dimerization. Scheme 2 shows a capping reaction
followed by genipin dimerization. This product then reacts with a second free primary
amine to form a covalent crosslink. The rate of genipin consumption in both possible

schemes is described by Eqn.
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Figure 4. Temporal evolution of G’ over time of pristine fibrin gel and fibrin gel incubated
in genipin solution (1:10 molar ratios of genipin:free primary amine). The storage modulus
of genipin crosslinked fibrin gel reaches a maximum value after 6 hr. Pristine fibrin
hydrogel networks were mostly disintegrated in PBS buffer after 24 hr, while fibrin
hydrogel networks crosslinked with genipin retained their mechanical properties (313.3 +
64.8 Pa).
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Figure 5. The storage modulus of pristine and genipin-crosslinked fibrin gels is plotted as a
function of incubation time in streptokinase solution. The storage modulus of genipin-
crosslinked fibrin networks exhibits a graduate decrease over time (less than 12 % in 24
hr) while the storage modulus of pristine fibrin gel networks decreases to nearly zero after

3 hr.
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Figure 6. Microstructure of genipin-crosslinked fibrin clots compared to pristine fibrin
clots.
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Figure 7. Genipin release kinetics from PLGA (50 mg-mL-1) thin films with genipin loading
of (a) 7, (b) 10, (c) 20, and (d) 50% w/w (genipin:PLGA). All genipin is released from PLGA
matrices within 15 days for all genipin loading. The normalized release rate increases with
higher loading of genipin in the PLGA matrix. The release profile of genipin from PLGA
matrices lies in good agreement with diffusion-controlled models given by Eqn. 5. The
effective diffusion coefficients were determined using Matlab function fmincon (See

Experimental Details).
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Figure 8. Predicted time profile of genipin within hypothetical fibrin networks. The rate of
genipin supply is interpolated from controlled release of genipin from PLGA matrices via
Eqn. 5 at the following loadings: 7, 10, 20, and 50% (w/w). Genipin consumption is inferred
from experimentally determined reaction kinetics using Eqn. 7 (Supporting Information).
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TOC Graphic. The gardenia is the source of genipin, a naturally-occurring small
molecule crosslinking agent that conjugates pairs of free primary amines. Genipin has
potential applications as a compound to stabilize clots for many embolization strategies.
This work uses a combination of data and predictive frameworks to provide forward

guidance in designing controlled release strategies that use genipin for clot stabilization.
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