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Abstract
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Sustained release of anti-inflammatory agents remains challenging for small molecule drugs due
to their low molecular weight and hydrophobicity. Therefore, the goal of this study was to control
the release of a small molecule anti-inflammatory agent, crystal violet (CV), from hydrogels
fabricated with heparin, a highly sulfated glycosaminoglycan capable of binding positivelycharged molecules such as CV. In this system, both electrostatic interactions between heparin and
CV and hydrogel degradation were tuned simultaneously by varying the level of heparin sulfation
and varying the amount of dithiothreitol within hydrogels, respectively. It was found that heparin
sulfation significantly affected CV release, whereby more sulfated heparin hydrogels (Hep and
Hep−N) released CV with near zero-order release kinetics (R-squared values between 0.96-0.99).
Furthermore, CV was released more quickly from fast-degrading hydrogels than slow-degrading
hydrogels, providing a method to tune total CV release between 5-15 days while maintaining
linear release kinetics. In particular, N-desulfated heparin hydrogels exhibited efficient CV loading
(~90% of originally included CV), near zero-order CV release kinetics, and maintenance of CV
bioactivity after release, making this hydrogel formulation a promising CV delivery vehicle for a
wide range of inflammatory diseases.

Introduction

Author Manuscript

Acute inflammation as a result of trauma or biomaterial implantation is thought to occur
over approximately 1 week, but unresolved chronic inflammation can occur over weeks to
months for a variety of conditions from arthritis to inflammatory bowel disease.1-3 Although
treatment would ideally span the entire time course of inflammation, the sustained release of
small molecule anti-inflammatory drugs in particular remains a challenge. Due to their low
molecular weight, small molecules can rapidly diffuse from the drug delivery system, often
resulting in a bolus release of drug.4,5 Previous methods to fabricate small molecule delivery
systems have included layer-by-layer films, microparticles, nanoparticles, and hydrogels.4,6,7
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Multi-month small molecule release has been demonstrated from poly (L-glutamatic acid)based layer-by-layer films.4 However, though promising, drawbacks to layer-by-layer films
include a time-consuming fabrication process and poor small molecule entrapment resulting
in exponential drug release kinetics.8,9 Furthermore, although several methods exist for the
incorporation of small molecules into microparticles and nanoparticles, small molecule
release is dependent on the amount of surface-associated drug compared to the amount
encapsulated within the particles, and it is therefore difficult to achieve linear release in such
systems.6,10,11 Thus, an efficient method for loading and releasing small molecules, such as
small molecule anti-inflammatories, in a sustained, linear manner would be extremely
useful.

Author Manuscript
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Hydrogels are a promising drug delivery vehicle for small molecules, in part because of their
simple and rapid fabrication. In our laboratory and others, hydrogel crosslinking methods
such as free radical polymerization and click chemistry have frequently been implemented
and allow for hydrogel gelation to occur within minutes.12-14 Hydrogels also provide a
means for localized drug delivery to the site of injury, thereby increasing drug efficacy and
avoiding harmful side effects often encountered with systemic administration.15 Despite
these advantages, a majority of current hydrogel-based systems rely on hydrophobic
interactions or physical entrapment to load small molecules of interest, which hinders the
overall tunability of subsequent small molecule release.16,17 To improve drug loading and to
control release more effectively, electrostatic interactions between charged biomaterials and
oppositely-charged small molecules have been utilized.5,18,19 These include Nisopropylacrylamide and acrylic acid,5 low molecular weight gelators,18 and chondroitin 4sulphate19 for the delivery of bupivacaine,5 8-aminoquinoline,18 and vasopressin,
respectively.19 However, depending on the choice of carrier, burst release can still occur5 or
the entire drug cargo may be released within hours.18 Thus, a hydrogel-based system that
can electrostatically bind charged small molecules to effectively control loading and sustain
release over the course of weeks has yet to be fully achieved.

Author Manuscript

In this study, we have developed a tunable, negatively-charged hydrogel system for the
delivery of a cationic small molecule, crystal violet (CV). Though historically used as a stain
to identify gram-positive bacteria,20 CV has also shown to have anti-bacterial, anti-fungal
and more recently, anti-inflammatory properties in part by acting as a NADPH oxidase and
angiopoietin-2 (ang-2) inhibitor.21,22 NADPH oxidase is a primary reactive oxygen species
(ROS)-producing enzyme in inflammation and regulates ang-2 production.23,24 In turn,
ang-2 is also pro-inflammatory and is required to induce the acute inflammatory response in
vivo.23,25,26 Compared to CV's long history as a topical anti-bacterial and anti-fungal
treatment,23 CV has only recently been recognized as a promising anti-inflammatory small
molecule and, to our knowledge, has never before been released from a hydrogel-based drug
delivery system. Thus, the development of a tunable hydrogel system for the delivery of CV
may be a novel method for the treatment of many inflammatory conditions.
In these studies, we employed two methods to tune the release of CV from our hydrogels,
including the incorporation of (1) heparin, a highly sulfated glycosaminoglycan (GAG), and
(2) dithiothreitol (DTT). The introduction of DTT results in increased hydrolytic degradation
of the resulting acrylated PEG–DTT network, likely due to the proximity of the thiol group
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and the ester linkage in the final polymer.27,28 Heparin, with its high degree of negative
charge along its backbone, has been previously utilized as a component in hydrogels to
provide sustained release of a wide variety of positively-charged growth factors, such as
fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and members of
transforming growth factor family (TGF, e.g. BMPs), among others.29-32 Following from
these results, in previous work from our laboratory and others, to further tune interactions
between the cargo and the carrier, heparin derivatives of varying sulfation levels ranging
from fully sulfated to fully desulfated were synthesized and crosslinked within hydrogels
and microparticles.12,33-39 Positively-charged proteins such as stromal cell-derived factor-1
(SDF-1), bone morphogenetic protein-2 (BMP-2), and VEGF were then loaded on or into
these biomaterials for controlled release based on electrostatic affinity.12,33-39
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Similarly, we believe that interactions between the negatively-charged heparin molecules
and the positively-charged small molecule CV will result in sustained release of CV.
Specifically, we hypothesized that systematically reducing the degree of heparin sulfation
within hydrogels would reduce CV binding and, in turn, promote faster CV release kinetics.
In addition, by varying the concentration of DTT within hydrogels we hypothesized that the
CV release would be further enhanced as the hydrogel degraded. Overall, we hypothesized
that altering heparin sulfation and the degradation rate of hydrogels would enable us to
control the release of CV, allowing for potential future treatment of sustained inflammatory
conditions.

Results
Heparin characterization

Author Manuscript

Four heparin derivatives were prepared through solvolytic desulfation, including Hep,
Hep−N, Hep−N,−6O, and Hep- with 100, ~80, ~20, and 0% total sulfation, respectively (Figure
1).34 Furthermore, 1H NMR indicated that the heparin derivatives were MAm-functionalized
with 13, 11, 8, and 8% functionalization per saccharide unit for Hep, Hep−N, Hep−N,−6O, and
Hep-, respectively (Figure S1).
CV binding to soluble heparin derivatives
Using a UV-vis spectrometer, unbound CV showed a characteristic absorption peak at 590
nm and when incubated with heparin, an absorption peak at 490 nm formed, which was
attributed to the binding of CV and heparin.40 Thus, the ratio between absorption peaks at
490 and 590 nm (490/590 absorption ratio) was used to measure the binding between CV
and heparin (Figure 2).
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Except for Hep-, as each soluble heparin or heparin-MAm derivative was added in solution
with CV, the 490/590 absorption ratio increased dramatically between 0 to 100 μg/mL
heparin. Additionally, maximum 490/590 absorption ratios correlated to the level of heparin
sulfation, where the most sulfated heparin derivative, Hep, exhibited the highest 490/590
absorption ratio, and the most desulfated heparin derivative, Hep-, exhibited the lowest. For
most heparin derivatives, however, no further increase in the 490/590 absorption ratio was
observed with heparin concentrations above 200 μg/mL.
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Hydrogels were formed via free radical polymerization with 10 wt% heparin-MAm, 90 wt%
PEGDA, and varying concentrations of DTT. Gelation kinetics, fold swelling, and storage
moduli for each formulation are included in the supplemental information (Figure S1-S6 and
Table S2-S3). Slow-degrading hydrogels, which contained 30 mol% DTT, required 9-13
days for degradation, whereas fast-degrading hydrogels, which contained 42 mol% DTT,
required only 3-9 days (Table 1 and Figure S2-S3). Furthermore, more sulfated heparin
hydrogels (Hep and Hep−N) required more time for degradation than less sulfated heparin
hydrogels (Hep−N,−6O and Hep-) with the same DTT concentration.
CV loading and release from hydrogels
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All Hep and Hep−N hydrogels loaded ~90% of the originally included CV, significantly more
than Hep−N,−6O and Hep-, which loaded only 40-80% of the originally included CV (Figure
3).
Regardless of heparin sulfation, however, all non-degradable heparin hydrogels loaded
significantly more CV than PEGDA-only hydrogels. Thereafter, CV release was examined
over 3-15 days and most Hep and Hep−N hydrogels exhibited near-zero order release
kinetics of CV with R-squared values between 0.96-0.99 after linear regression analysis
(Figure 4 and Table 2).
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In contrast, significantly more burst release was observed from the more desulfated heparin
(Hep−N,−6O and Hep-) and PEGDA-only hydrogels at day 1, followed by a plateau in release
over time. The total release from the PEGDA-only hydrogels (averages over 100% in some
cases) is attributed to the large variance and very low amounts released per time point after
day 3. In terms of linearity of release, the R-squared values for Hep and Hep−N were greater
than all Hep−N,−6O and Hep- R-squared values, though non-degradable and slow-degrading
Hep−N,−6O hydrogels still maintained R-squared values between 0.88-0.90. Heparin
sulfation also affected the rate of CV release, whereby more sulfated heparin hydrogels (Hep
and Hep−N) required more time to release an equivalent amount of CV as the more
desulfated heparin hydrogels (Hep−N,−6O and Hep-) (Table 3-5).
Moreover, for non-degradable gels, total cumulative release from Hep and Hep−N hydrogels
ranged between 50-65% of loaded CV, whereas cumulative release from Hep−N,−6O and
Hep- hydrogels ranged between 70-100% of loaded CV, again suggesting that CV release
was slower from the more sulfated heparin hydrogels.

Author Manuscript

Finally, comparisons between the slow- and fast-degrading hydrogels revealed that hydrogel
degradation also affected CV release, whereby fast-degrading hydrogels required less time to
release an equivalent amount of CV as slow-degrading hydrogels with the same heparin
derivative (Table 4-5). For example, fast-degrading Hep hydrogels required 5 days to
release ~60% of the loaded CV, whereas slow-degrading Hep hydrogels required 13 days.
CV bioactivity after hydrogel loading and release
Given that CV has previously shown to inhibit bEnd.3 cell ang-2 gene expression, hydrogel
supernatant was incubated with bEnd.3 cells to assess the bioactivity of CV after hydrogel
Biomater Sci. Author manuscript; available in PMC 2017 August 16.
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loading and release.22 Hep−N hydrogels were chosen for this experiment as they showed the
most linear, long-term release of CV and, due to their diminished anti-coagulation properties
compared to fully sulfated heparin, may be a safer alternative for in vivo theparies.41,42
Furthermore, only the supernatant from the last time point prior to hydrogel degradation was
used. After 6.5 hours incubation, ang-2 gene expression was significantly more inhibited in
the 20 μM soluble CV and Hep−N hydrogel supernatant groups, which also contained ~20
μM CV, than in the no treatment control (Figure 5). In addition, ang-2 gene expression in
Hep−N hydrogel supernatant groups was not significantly different from the 20 μM soluble
CV control, indicating that CV maintained its bioactivity after loading and release from
hydrogels.

Discussion
Author Manuscript

In this work, heparin/PEGDA hydrogels were fabricated as a novel approach to treat
sustained inflammatory conditions through the release of CV, a small molecule recently
shown to possess anti-inflammatory properties.22 Unlike many current small molecule
delivery systems that rely on hydrophobic interactions and physical entrapment,16,17
electrostatic interactions between negatively-charged heparin and positively-charged CV
were used to enhance control of CV release kinetics. Two approaches were used to further
tune CV release including, (1) altering the degree of heparin sulfation to vary CV binding to
hydrogels and (2) altering the concentration of DTT to vary hydrogel degradation.
Ultimately, hydrogel formulations included non-degradable, slow-degrading, and fastdegrading hydrogels with PEGDA and one of four heparin derivatives (Figure 1).

Author Manuscript

We first analyzed how the degree of heparin sulfation affected CV binding by comparing
absorption peaks of CV in solution with each heparin derivative. Overall, as heparin
sulfation decreased, CV binding to each heparin derivative decreased as well, likely due to
the diminished electrostatic interactions between the positively-charged CV and the
negatively-charged sulfate groups of heparin (Figure 2). It is well known that heparin can
bind to a range of positively-charged growth factors, and the electrostatic interactions
between heparin and CV have also been documented.40,43,44 Thus, in accordance with
previous work, heparin was found to electrostatically bind cationic CV and, furthermore,
altering the level of heparin sulfation provided a means to alter CV binding within our
heparin-based hydrogels.
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Next, hydrogels were fabricated via free radical polymerization with 0, 30, or 42 mol% DTT
for non-degradable, slow, and fast-degrading hydrogels, respectively (Figure 1). Full
gelation occurred within 5-7 minutes and was similar for all formulations. For all hydrogels,
CV loading efficiency was found to be highest in the Hep and Hep−N hydrogels (~90% of
originally included CV), which was expected given the greater CV binding to these soluble
heparin derivatives compared to more desulfated heparin (Figure 3). In addition to the
electrostatic interactions between heparin and CV, however, the hydrophobicity of CV likely
contributed to the loading efficiency of CV as well. With less swelling at day 0 in the Hep
and Hep−N hydrogels compared to the Hep−N,−6O and Hep- hydrogels (Figure S2 and S3),
the hydrophobic CV molecules were more likely to remain within the more sulfated heparin
hydrogels, ultimately encouraging CV loading. Regardless of heparin sulfation, all heparin-
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based hydrogels loaded significantly more CV than PEGDA-only hydrogels, indicating that
the heparin within hydrogels significantly contributed to the loading of CV. In previous
work, one study using low molecular weight gelators observed 100% loading of an
uncharged small molecule, primarily through physical entrapment, although it was quickly
released within 40 minutes.18 In contrast, when using a charged small molecule, only 45%
loading efficiency was reported, and this decreased efficiency was attributed to the increased
acid-base interactions between the hydrogel and small molecule.18 Overall, our results
indicate heparin-based hydrogels are an efficient system for loading CV.
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For the degradable formulations, fast-degrading hydrogels required between 3-9 days to
degrade whereas slow-degrading hydrogels of the same heparin derivative required at least 4
additional days for complete degradation (Table 1). It should be noted that, in general, as
more DTT was added to the network for each heparin derivative, there was greater day 0
swelling and reduced storage modulus (Figures S1-S6), suggesting a lower crosslinking
density, which would further enhance degradation.45,46 Furthermore, for both types of
degradable hydrogels, Hep and Hep−N hydrogels required at least 2 additional days to
degrade than Hep−N,−6O and Hep- hydrogels, possibly due to the decreased functionalization
in the more desulfated heparin derivatives (Figure S1). With fewer methacrylamide groups to
bind Hep−N,−6O and Hep- to PEGDA, it is possible that more DTT was able to bind to
PEGDA instead, resulting in more DTT within the hydrogel network and subsequently faster
degradation. It is important to note, however, that there are likely several factors at play that
may affect gel degradation, including the overall charge of the heparin derivative utilized.34
Overall, while these results suggest that to achieve a desired degradation time, DTT amounts
may need to be selected based on the particular heparin derivative used, overall, varying the
DTT concentration within hydrogels allowed for the fabrication of hydrogels that fully
degraded over a range of 3 to 13 days. In contrast, a small molecule-releasing hydrogel
composed of chondroitin 4-sulphate, which is a GAG similar to heparin,44 was nondegradable,19 which is usually undesirable when implanting such drug delivery vehicles in
vivo.

Author Manuscript

It was found that CV release kinetics from both degradable and non-degradable Hep and
Hep−N hydrogels were near zero-order over 5-15 days with R-squared values between
0.96-0.99 (Figure 4 and Table 2). For the Hep and Hep−N hydrogels, the greater electrostatic
interactions between heparin and CV likely encouraged the retention of CV, causing
significantly less burst release compared to the more desulfated heparin hydrogels.
Furthermore, as the degradable Hep and Hep−N hydrogels exhibited significantly less
swelling than the Hep−N,−6O and Hep- hydrogels, the hydrophobic CV molecules may have
been more easily retained, again contributing to the more sustained, linear release observed
(Figure S3). Total CV release also appeared to be affected by heparin sulfation, whereby
Hep and Hep−N hydrogels released lower total fractions of loaded CV than Hep−N,−6O and
Hep- hydrogels regardless of rate of degradation (Figure 4). For the non-degradable
hydrogels, though release time points were discontinued after 15 days, it is expected that the
Hep and Hep−N hydrogels would continue to release additional CV in a linear manner until
100% of loaded CV was released.
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For the degradable hydrogels, degradation was defined as the loss of three-dimensional
hydrogel integrity, though small fractions of the hydrogel still remained in solution, which is
a potential explanation as to why 100% cumulative CV release was not observed. Varying
the amount of DTT within hydrogels altered CV release; at least 2 additional days were
required to release ~60% of loaded CV from slow-degrading hydrogels as fast-degrading
hydrogels with the same heparin derivative (Table 3-5). While increasing the amount of DTT
within hydrogels for a given heparin derivative did, in many cases, reduce the storage
modulus compared to the non-degradable formulations (Figure S4-S6), it is important to
note that, within a single DTT concentration the storage moduli were statistically similar
between most heparin types, suggesting that the differences in release profiles observed were
dictated more by affinity to the heparin than mechanical properties of the gel. Combining
these results, it is likely that heparin-CV electrostatic interactions played a large role in
determining linearity of release kinetics, although degradation of the hydrogel matrix
affected the overall time course of drug delivery.
In previous work, other hydrogel systems have also exhibited linear small molecule release,
although in one case the small molecule was rapidly released within hours,16 and in another
case, the small molecule dexamethasone was conjugated to peptide amphiphiles prior to
hydrogel formation to achieve linear release over at least 1 month.47 In studies most similar
to our system, where electrostatic interactions were utilized to further control the loading
and release of small molecules, various materials have been used, including Nisopropylacrylamide and acrylic acid,5 low molecular weight gelators,18 peptides,48 and
chondroitin 4-sulphate.19 For many of these materials, while linear release was obtained
over some period of time, complete release occurred in less than 90 minutes,18 or release
was tracked only on the order of hours19 to 1 week.48

Author Manuscript
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Moreover, whereas previous systems investigated model small molecules and dyes5,16,48 or
commonly used drugs such as dexamethasone,47 to our knowledge no prior research has
investigated the controlled loading and release of CV. Using a cell-based bioactivity assay,
CV maintained its anti-inflammatory activity after release from Hep−N hydrogels, even after
remaining within the hydrogel for 9-15 days (Figure 5). Similarly, other small molecules
such as dexamethasone have shown to retain their bioactivity after release from hydrogels,
due in large part to the greater stability of small molecules compared to larger biologics.47,49
In previous studies from our laboratory using desulfated heparin-based biomaterials with
growth factors such as BMP-2, BMP-2 denatured rapidly and made it difficult to elucidate
the effect of heparin sulfation on BMP-2 release kinetics.34,50 Using a small molecule,
however, it is evident that heparin sulfation within the hydrogel matrix significantly affected
small molecule loading and release, and that the more sulfated heparin hydrogels were able
to release bioactive CV with near zero-order release kinetics over at least two weeks. Finally,
as desulfated GAGs have shown to have diminished anti-coagulation properties over fully
sulfated heparin,41,42 Hep−N hydrogels may be a safer alternative for future in vivo
therapies.
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Experimental
Preparation of heparin derivatives
N-desulfated heparin (Hep−N), 6O,N-desulfated heparin (Hep−N,−60), and fully desulfated
heparin (Hep-) were prepared as described previously.50 Briefly, heparin sodium salt from
porcine intestinal mucosa (Sigma Aldrich, St. Louis, MO) was reconstituted at ~10 mg/mL
in water and passed through Dowex 50WX4 resin (mesh size 100-200, Sigma). Pyridine was
added drop-wise to the desalted heparin until the pH of the solution was ~6.0. Excess water
and pyridine were removed on a rotary evaporator (Buchi). The heparin pyridinium salt
solution was flash frozen in liquid nitrogen, lyophilized to a powder, and stored at −20°C.
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For Hep−N preparation, heparin pyridinium salt was dissolved at 1 mg/mL in 90% v/v
dimethyl sulfoxide (DMSO)/10% water and mixed at 50°C for 2 hours.51,52 For Hep−N,−60 ,
heparin pyridine was dissolved at 10 mg/mL in 90% v/v N-methylpyrrolidone (NMP, Acros
Organics, Belgium)/10% water and maintained at 90°C for 48 hours.53 Hep- was prepared
under identical conditions to Hep−N,−6O but the reaction proceeded at 100°C for 24 hours.
Following each reaction, each heparin solution was cooled on ice and precipitated with 95%
ethanol saturated with sodium acetate. The heparin precipitates were stirred for 2 hours on
ice and centrifuged to remove excess ethanol and water. The resulting material was dissolved
in water, dialyzed for 3 days, lyophilized to a powder, and stored at −20°C.
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To functionalize heparin derivatives with methacrylamide (MAm) groups, 200 mg heparin,
180 mg N-hydroxysulfosuccinimide (sulfo-NHS, Sigma), 180 mg N-(3-Aminopropyl)
methacrylamide hydrochloride (APMAm, Polysciences Inc.), and 300 mg N-Ethyl-N′-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma) were dissolved in 10 mL
phosphate buffer saline (PBS) solution. After stirring on ice for 6 hours, the heparin-MAm
was dialyzed for 2 days, lyophilized to a powder, and stored at −20°C. After synthesis, each
derivative was analyzed via proton NMR (1H NMR) to determine extent of functionalization
(see Supplemental Information.)
Preparation of poly (ethylene glycol) diacrylate
Poly (ethylene glycol) (PEG, 3.4 kDa, Sigma) was reacted with acryloyl chloride (AcCl,
Sigma) in an 8:1 AcCl to PEG molar ratio in dichloromethane (DCM) solution.54
Triethylamine (TEA, Sigma) was added drop-wise in a 1:1 TEA to AcCl molar ratio as a
catalyst to yield linear PEG-diacrylate (PEGDA).
CV binding to soluble heparin derivatives
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In 1 mL of PBS solution, 250 μg/mL CV was incubated with 0-1000 μg/mL of each of the
heparin derivatives before and after the addition of methacrylamide groups. The absorbance
was then assessed at 490 and 590 nm using a UV-vis spectrometer (SpectraMax M2,
Molecular Device), where absorbance at 490 nm was characteristic of CV bound to heparin
and absorbance at 590 nm was characteristic of unbound CV (n = 3).40
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To 800 μL distilled water, 90 mg PEGDA (~0.03 mmol) along with 0, 30, or 42 mol%
dithiothreitol (DTT, Sigma) relative to PEGDA, were added for non-degradable, slow, and
fast-degrading hydrogels, respectively. After incubating at 37°C for 2 hours, 20 mg CV (25
mg/mL) was dissolved into the PEGDA solution. Next, 30 μL of the CV/PEGDA solution,
3.3 μL of each heparin derivative (10 mg/mL), 3.3 μL 1 M ammonium persulfate (APS,
Sigma), and 3.3 μL 1 M N,N,N’,N’-tetramethylethylenediamine (TEMED, Sigma) were
added to cylindrical Teflon molds (6 x 1 mm). Finally, hydrogel molds were incubated at
37°C for 10 minutes to ensure complete crosslinking, resulting in 10 wt% heparin/90 wt%
PEGDA hydrogels. Hydrogel degradation was monitored at 37°C over the time course of
CV release, and complete degradation was defined as the loss of three-dimensional hydrogel
integrity where only small hydrogel fragments remained in solution (n = 3).
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CV loading and release from hydrogels
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Once fabricated, each hydrogel was incubated at 37°C in 1 mL PBS solution. After 3 hours
incubation, the supernatant was removed and replaced with 1 mL fresh PBS solution.
Assuming that the CV released over the initial 3 hours was never well incorporated within
the hydrogel, the CV in the supernatant at 3 hours was subtracted from the initial CV
included (750 μg CV total) to determine the amount of CV loaded into the hydrogel.
Following this loading procedure, the hydrogels continued to incubate at 37°C and the
supernatant was collected every 2 days from day 1 until the hydrogel degraded. CV release
was quantified using a UV-vis spectrometer (SpectraMax M2, Molecular Device) at 590 nm
(n = 3). Linear regression analysis was performed and R-squared values were recorded with
Microsoft Excel software under the assumption that at 0 hours, no CV had released and
therefore, the data point (0,0) was included when creating linear regressions.
CV bioactivity after hydrogel loading and release
CV has previously shown to inhibit bEnd.3 cell (ATCC CRL 2299) ang-2 gene expression in
a dose-dependent manner.22 Therefore, to assess CV bioactivity bEnd.3 cells were grown to
confluency in 24-well plates with 1 mL media consisting of 4.5 g/mL glucose Dulbecco's
Modified Eagle Medium (DMEM, Cellgro, Manassas, VA), 10% v/v fetal bovine serum
(FBS, Atlanta Biologics, Atlanta, GA), 1.4% v/v L-glutamine (Cellgro), 1.4% v/v antibioticantimitotic, and 0.1% vascular endothelial growth factor (VEGF). Once confluent, cells were
treated with 20 μM soluble CV or release supernatant from non-degradable, slow, and fastdegrading Hep−N hydrogels from the final release time point prior to hydrogel degradation.
Cells treated with media only were used as no treatment controls (n = 4).
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All groups were incubated for 6.5 hours at 37°C and 95% O2, 5% CO2, after which the cells
were lysed with 350 μL RLT lysis buffer (Qiagen, Hilden, Germany). The cell lysates were
further filtered using a QIAshredder tissue homogenizer and mRNA was extracted with an
RNeasy kit (Qiagen). cDNA was generated using SuperScript III Reverse Transcriptase
(Invitrogen) with Oligo(dT)15 primers and dNTP Mix/PCR nucleotide mix (Promega). The
gene expression was analyzed using quantitative PCR amplification performed on a
StepOnePlus Real-Time PCR System (Applied Biosystems) in the presence of SYBR
Green/ROX master mix (Life Technologies, Carlsbad, California). The raw fluorescence
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data were first analyzed using LinRegPCR software to more accurately determine individual
PCR efficiency and mRNA starting concentration. Custom-designed primers were used for
ang-2 and the endogenous control, 40S ribosomal protein S18 (RSP18), and primer
sequences can be found in the Supplementary Information (Table S1). Ang-2 gene
expression was normalized to RSP18 expression levels and to the untreated control group to
obtain relative expression values (n = 4).
Statistical analysis
All data are presented as mean ± standard deviation. One-way analysis of variance
(ANOVA) and Tukey's post hoc multiple comparison test with a significance value set at p ≤
0.05 were used to identify significant differences. Statistical analysis was performed with
Minitab (v15.1).
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Conclusions
Hydrolytically degradable heparin/PEGDA hydrogels were fabricated for the ultimate
purpose of loading and releasing a novel small molecule anti-inflammatory drug, CV. It was
demonstrated that negatively-charged heparin hydrogels can load positively-charged CV,
with Hep and Hep−N hydrogels exhibiting ~90% CV loading efficiency. Moreover, both
electrostatic interactions and hydrogel degradation can be tuned to control CV release
kinetics and CV release rates from hydrogels over time. Most strikingly, our results indicate
that Hep and Hep−N hydrogels exhibit near-zero order release kinetics of CV over a range of
5-15 days. Ultimately, Hep and Hep−N hydrogels could be employed in the future as
efficient, cationic small molecule delivery vehicles with linear release kinetics for a wide
range of inflammatory injuries.
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Refer to Web version on PubMed Central for supplementary material.
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Schematic of hydrogel fabrication with heparin methacrylamide, linear PEG-diacrylate, and
DTT crosslinker.
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Figure 2.

Crystal violet binding to soluble heparin derivatives. The UV absorption ratio between 490
and 590 nm with crystal violet and (A) heparin or (B) heparin methacrylamide derivatives
indicated that more crystal violet binding occurred with more sulfated heparin derivatives
and that CV binding was relatively unaffected by methacrylamide-functionalization; n = 3.
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Figure 3.
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Crystal violet loading (% of CV included during crosslinking). Crystal violet loading was
significantly greater in (A) non-degradable, (B) slow-degrading, and (C) fast-degrading
hydrogels with more sulfated heparin. *Significantly greater than all other hydrogel
formulations; p ≤ 0.05. **Significantly different than any other hydrogel formulation; p ≤
0.05; n = 3.
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Figure 4.

Author Manuscript

Crystal violet release from hydrogels. Near-zero order release kinetics were observed from
(A) non-degradable, (B) slow-degrading, and (C) fast-degrading Hep and Hep<sup>−N</
sup> hydrogels. &Significantly lower than Hep<sup>−N,−6O</sup>, Hep- and PEGDAonly hydrogels at day 1; p ≤ 0.05. +Significantly lower than PEGDA-only hydrogels at day
1; p ≤ 0.05; n = 3. The letter ‘D’ indicates hydrogel degradation.
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Figure 5.

bEnd.3 cell angiopoietin-2 gene expression. Crystal violet bioactivity was maintained after
loading and releasing from Hep<sup>−N</sup> hydrogels. *Significantly higher than all
other groups; p ≤ 0.05; n = 4.
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Table 1

Author Manuscript

Degradation time (days) for all degradable hydrogel formulations.
Hep

Hep−N

Hep−N,−6O

Hep−

Slow-degrading hydrogels

13

13

9

9

Fast-degrading hydrogels

5

9

3

3
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Table 2
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Linear regression R-squared values of cumulative crystal violet release.
Hep

Hep−N

Hep−N,−6O

Hep−

PEGDA-only

Non-degradable hydrogels

0.96

0.97

0.88

0.70

0.68

Slow-degrading hydrogels

0.97

0.97

0.90

0.70

N/A

Fast-degrading hydrogels

0.97

0.99

N/A

N/A

N/A
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Table 3
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Crystal violet release kinetics from non-degradable hydrogels. Time (days) required to release ~30%, 60% and
100% loaded crystal violet was slower for more sulfated heparin hydrogels than more desulfated heparin and
PEGDA-only hydrogels.
Hep

Hep−N

Hep−N,−6O

Hep−

PEGDA-only

~30%

5

5

1

1

<1

~60%

15

11

3

3

1

~100%

N/A

N/A

7

5

3
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Table 4
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Crystal violet release kinetics from slow-degrading hydrogels. Time (days) required to release ~30%, 60% and
100% loaded CV was slower for more sulfated heparin hydrogels than more desulfated heparin hydrogels.
Hep

Hep−N

Hep−N,−6O

Hep−

~30%

5

7

1

1

~60%

13

N/A

5

3

~80%

N/A

N/A

9

7
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Table 5
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Crystal violet release kinetics from fast-degrading hydrogels. Time (days) required to release ~30%, 60% and
100% loaded crystal violet was slower for more sulfated heparin hydrogels than more desulfated heparin
hydrogels.
Hep

Hep−N

Hep−N,−6O

Hep−

~30%

<1

5

1

<1

~60%

5

9

3

1

~100%

N/A

N/A

3

3
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