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ARTICLE INFO ABSTRACT

Keywords: Chronic inflammation and hyperglycemia in diabetic patients increase the risk of implant failure and impaired
Immunomodulation fracture healing. We previously developed and characterized a titanium (Ti) coating strategy using an
Tonic liquids imidazolium-based ionic liquid (IonL) with a fully reduced, non-oxidizable High Mobility Group Box 1 (HMGB1)
Fg::z;lgraﬁon isoform (Ti-lonL-HMGB1) to immunomodulate tissue healing. In this study, we used an open reduction fracture
Orthopedic implants fixation (ORIF) model in non-diabetic (ND) and diabetic (D) rats to further investigate the effectiveness of this Ti-
HMGB1 IonL-HMGBI1 coating on orthopedic applications. Ninety male Lewis rats (12-15 weeks) were divided into D (n =

45) and ND (n = 45) groups that were distributed into three subgroups based on the type of local treatment
received: Ti (uncoated Ti), Ti-IonL, and Ti-lonL-HMGB1 implants. Fracture healing and osseointegration were
evaluated using microtomographic, histological, and immunohistochemical analysis of proliferating cell nuclear
antigen (PCNA), Runt-related transcription factor 2 (RUNX2), and HMGB1 markers at 2, 10, and 21 days post-
ORIF. Scanning Electron Microscopy verified the coating stability after placement. Microtomographic and his-
tological analysis demonstrated increased fracture healing and osseointegration for ND rats in all treatment
groups at 10 days, with impaired healing for D rats. Inmunohistochemical analysis exhibited elevated PCNA+
and RUNX2+ cells for D animals treated with Ti-IonL-HMGB1 at 21 days compared to all other groups. The
immunohistochemical marker HMGB1 was elevated at all time points for D animals in comparison to ND ani-
mals, yet was lowered for D tissues near the Ti-lonL-HMGB1 treated implant. Improved osseous healing was
demonstrated in D animals with Ti-lonL-HMGB1 treatment by 21 days, compared to D animals with other
treatments. To the best of our knowledge, this is the first study analyzing Ti-lonL-HMGB1 implantation in an
injury site through ORIF procedures in ND and D rats. This surface approach has potential for improving
implanted biomaterials in diabetic environments.

Rodent models

1. Introduction corrosion, or ion leaching of the implant surface that can all lead to

chronically upregulated inflammatory responses that result in reduced

Although Titanium (Ti) orthopedic devices have been shown to be
effective in restoring the function of fractured bones, diabetic patients
often experience higher risk for osseointegration failure and fracture
union compared to non-diabetic patients [1-6]. Approximately 9 % of
all lower extremity fractures occur in ankles [7-9], and an estimated one
out of every eight patients undergoing ankle fracture fixation surgeries
are diabetic [10,11]. The diabetic population has historically had poor
clinical outcomes/complications from Ti implantation ranging from 26
to 47 % compared to 15 % in the non-diabetic population [9,10,12].
Compromised osseointegration in diabetics can occur due to infection,

bone healing and impaired fracture fixation [13-16]. Even in the
absence of these events, diabetes by itself leads to delayed inflammatory
resolution post injury and delayed tissue healing, which ultimately fa-
vors the occurrence of the other above cited factors [13-16]. Patients
with Type 1 diabetes normally have a lower bone mineral density (BMD)
and increased fracture risk, primarily due to insulin deficiency and
metabolic imbalances [17,18]. Type 2 diabetic patients have more
variability on their BMD, which is often influenced by factors like body
composition and medication use [17,18]. Additionally, poorly
controlled blood glucose levels can impair various aspects of the bone
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healing process, such as collagen formation, osteoblast function, and
immune response, leading to delayed healing and increased complica-
tions [19,20]. Thus, optimizing the inflammatory microenvironment for
a favorable healing response is crucial for the successful integration of
implant systems in challenging biological conditions.

Upon Ti implantation, surgical trauma results in the release of High
Mobility Group Box 1 (HMGB1) that is shown to trigger immune
response and tissue healing [21,22]. HMGBI1 is a redox sensitive mole-
cule that has been proven to be fundamental in inflammation, Ti
osseointegration, and bone healing post-trauma [22,23]. HMGB1 can
exist in three different isoforms that each have different biological
functions: “fully-reduced HMGB1” (FR-HMGB1), “disulfidle HMGB1”
(DS-HMGBL1) and inactive “sulfonyl HMGB1” [23,24]. FR-HMGBI1 is
passively released from necrotic cells and is involved in the recruitment
of stem cells into healing tissues [23]. However, FR-HMGB1 can be
oxidized by increased amounts of reactive oxygen species (ROS) in pro-
inflammatory environments and be converted into DS-HMGB1 or be
inactivated into a sulfonyl isoform. Immunocompromised conditions,
such as in an uncontrolled diabetic environment, are linked to increased
reactive oxygen species (ROS) [25]. Thus, in a diabetic environment, FR-
HMGB1 could be rapidly converted to DS-HMGBI resulting in the in-
duction of pro-inflammatory pathways, which can negatively impact
healing outcomes [24,26]. Nevertheless, a recombinant fully-reduced
and non-oxidizable isoform of the HMGB1 was recently developed to
where three cysteines were replaced by serines(3-Serine HMGB1 (3S-
HMGB1)), which was demonstrated to prevent the oxidation pathway
from ROS [27].

Considering HMGB1 as a potential therapeutic protein, a previous
study demonstrated that the inhibition of the released isoform (FR-
HMGB1 from necrotic cells) of this protein using Glycyrrhizic Acid led to
impaired osseointegration in a mouse model [22]. Another study then
showed that the direct local administration of FR-HMGB1 and the 3S-
HMGBI to the fracture sites of a mouse model led to accelerated oste-
ogenic differentiation, while the administration of the proinflammatory
DS-HMGB1 did not induce an osteogenic response [23]. However, this
last study did not investigate osseointegration associated with hardware
implantation, but aimed at the administration of HMGBI1 solely in the
fracture gap in non-diabetic animals.

In order to understand the interactions between HMGB1 and a Ti
surface, we previously demonstrated that HMGB1 can have direct and
irreversible adsorption onto Ti surfaces. The study showed that such
adsorption can denature HMGB1 at implantation sites, impacting its
beneficial biological functions [28]. These previous observations indi-
cate that the direct delivery of HMGB1 to implantation sites could be
targeted and optimized by utilizing a non-interfering coating that pre-
serves its biological binding sites and enables gradual release post-
implantation [28]. Prior studies of dicationic imidazolium-based ionic
liquids (IonL) have demonstrated antimicrobial, anti-corrosive, lubri-
cative and biocompatible properties [29-32]. Considering the multi-
functional benefits of IonLs, they were employed as a coating strategy to
both attach and prevent the direct adherence of exogenous HMGB1 onto
Ti surfaces. It forms a thin film on Ti surfaces, shielding the protein and
preventing direct attachment to the Ti surface, while still strongly
interacting with HMGB1 [33]. Our previous results pointed out that the
miscibility of the IonL with water caused a gradual release of HMGB1
after implantation [33]. Finally, we demonstrated that both FR-HMGB1
and 3S-HMGB1 on Ti-discs are biocompatible and promote tissue heal-
ing, while DS-HMGB1 chronic inflammation [34] and delayed tissue
healing after subcutaneous implantation in Lewis rats. Of note, in this
previous study we tested for the biocompatibility of different HMGB1
isoforms using IonL as an anchoring molecule. These coatings were all
tested in adult male non-diabetic Lewis rats.

Open reduction internal fixation (ORIF) using metallic implants are
the standard procedure for ankle fractures treatment in diabetic pa-
tients. Thus, in the present study, we used a clinically relevant ORIF
model to evaluate fracture fixation [35] to investigate the efficacy of 3S-
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HMGB1 (which will be referred to as “Ti-IonL-HMGB1”) on osseous
fracture healing and osseointegration in non-diabetic (ND) and diabetic
(D) Lewis rats. Up to date, there has been no investigation of the impact
of 3S-HMGBI associated to a coating to accelerate osseointegration in D
conditions. We first employed scanning electron microscopy (SEM) to
evaluate coating stability after screw insertion into the bones. Following
the ORIF procedure in ND and D rats, the impact of the coating on
osseointegration and fracture healing was assessed using MicroCT, his-
tological and molecular characterization.

Considering the increasing number of diabetic patients that require
orthopedic interventions, it becomes crucial to design implants that will
gear the inflammatory response toward predictably positive healing
outcomes. Successful osseointegration outcomes of ORIF procedures can
be hampered by surrounding inflammatory conditions that arise from
chronic hyperglycemic environments, infections, or implant-associated
corrosion [20]. Diabetic patients often have higher risk of complica-
tions with ankle fractures due to chronic inflammatory responses that
lead to reduced wound healing capabilities'?®. Thus, the aim of this
study was to use a clinically relevant, and reproducible surgical pro-
cedure, ORIF model, to assess how the innovative Ti-lonL-HMGB1
coating affects normoglycemic and diabetic tissues.

Current approaches to engineer Ti surfaces include physical (modi-
fications in surface topography and wettability) and chemical (ceramic
coating, synthetic or peptide immobilization) to modulate tissue re-
sponses [36,37]. However, the continuation of complications from non-
diseased scenarios have been a significant incentive to improve
implanted biomaterials [38]. Successful osseointegration occurs when a
protein layer gets adsorbed onto the implant surface and recruits and
induces the migration, proliferation and differentiation of key cells
related to bone healing [22,39,40]. Our group has used a well charac-
terized, multifunctional IonL [29-32,41-45] as a thin film to immobilize
key immunomodulatory proteins, such as HMGB1, to functionalize an
implant surface and harness the immune response. It was previously
demonstrated in vitro and in silico that the IonL used in this study could
pre-immobilize HMGB1 in a biologically active conformation [33]. Our
group has also proposed that a commercially available, non-oxidizable
isoform of HMGB1 be used for further orthopedic studies (Ti-lonL-
HMGBL1), based on our prior in vivo results using a subcutaneous model
in Lewis rats [34]. However, the performance of this Ti-lonL-HMGB1
was still unknown in normoglycemic or diabetic conditions.

2. Materials and methods
2.1. Coating preparation

1,10-Bis(3-methylimidazolium-1-yl)decane diphenylalanine (IonL)
was synthesized following the Fukumoto et al [46] and Shirota et al [47]
methods, where the amino acid and dicationic structure were created,
respectively. The IonL was then characterized using previously estab-
lished protocols [29,30,32,48]. IonL-Phe was characterized using 1H
nuclear magnetic resonance spectroscopy (NMR) (Bruker Avance III-HD
600 NMR, Bruker, Billerica, MA, USA), and the data found was in
accordance with the literature [29,30,48]. 3S-HMBG1 (REHM130
HMGB1) was purchased from Tecan IBL International.

2.2. Sample preparation

Grade 2 commercially pure titanium (cpTi) pins (0.76 mm @ x 2 mm
Stabilok™, Fairfax Dental Inc., Miami, FL, USA) were used as orthopedic
implants in this study. All implants were cleaned by ultrasonication for
15 min intervals in acetone, DI water, and ethanol solutions, respec-
tively. After sonication, implants were dried in an oven at 65 °C over-
night and sterilized in an autoclave.

Experimental samples receiving the IonL coating (Ti-IonL and Ti-
IonL-HMGB1) were first dip coated in 50 mM ethanolic solution of
IonL for 10 min. Samples were then removed from the solution at a
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constant rate of 60 pm/s with the assistance of a motorized stage (TA
Instruments, New Castle, DE, USA) to create a uniform coating, and then
dried in an oven at 65 °C for 48 h to achieve a final dose of 0.1 pmol IonL
on each disk after drying, according to previous literature [32]. Char-
acterizations of IonL-based coatings on Ti have been performed in pre-
vious studies through cytotoxic, antimicrobial, cytocompatibility,
tribological and anti-corrosive evaluations [29-31,41-44]. A previous
study in mice found that relevant biological doses of exogenous HMGB1
vary from 2.25 pg to 22.5 g injected directly to the injury site, with
optimal effect dose of 22.5 pg per mouse (0.75 mg/kg) [23]. Thus, after
drying in an oven at 65 °C for 48 h, samples receiving HMGB1
(HMGBiotech, Milano, Italy) were subsequently drop-coated with 2.5 pg
of 3S-HMGBI1 (Ti-IonL-HMGB1) diluted in 2.5 pL of deionized water and
dried for 1 h at room temperature, which represents a final dose of 0.75
mg/kg of HMGB1 per rodent among both screws. All procedures were
performed in a biosafety cabinet using aseptic techniques to ensure
sterile conditions.

2.3. Animals and experimental design

A total of 90 Lewis rats, male,12-15-weeks old were purchased from
Charles River at 3 weeks of age and were housed in the vivarium
throughout the study. Sterile water and dry food pellets were available
to rats ad libitum. All anesthetic, surgical, and post-operational pro-
cedures as well as diabetes induction were approved by the institutional
animal care and use committee (IACUC) #19-03. First, animals equally
divided in two groups of 45 rats of diabetic (D) and non-diabetic (ND).
At 6 weeks of age, food for the D group was changed to a high fat diet
(Purina 5008) for a minimum of 6 weeks (see Diabetes Induction below)
and remained available ad libitum. Five (5) animals per systemic con-
dition/treatment group/time point were euthanized at 2, 10, and 21
days post ORIF procedure for collection of tibias.

2.4. Diabetes induction

For diabetes induction of the D group, 6-week-old rats were fed a
high fat diet (Purina 5008) for a minimum of 6 weeks, followed by a
single dose of streptozotocin (STZ) (intraperitoneal injection of 55 mg/
kg) using previously established protocols [35]. ND rats were fed the
standard diet and treated equal volumes of saline solution, based on
their body weight. Glucose levels were analyzed at 3 days post-STZ
administration for the D group and compared to the ND animals to
confirm D induction. In addition, glucose levels were taken before sur-
geries and before euthanasia at the end of each time point. Fasting blood
glucose levels were evaluated after 6 h of fasting for both D and ND
animals. Approximately 30uL of blood was collected from the tail vein
and evaluated using a glucometer (AlphaTRAK 2 Blood Glucose Moni-
toring System Kit). Rats were temporarily anesthetized using 4 % iso-
flurane inhalation to avoid stress during the blood sample collection.
Water consumption was also measured by weight 5 days pre- and post-
STZ injection. For the insulin resistance test, Insulin (Humulin R U-100,
(0.75 IU/kg) was administered by intraperitoneal injection after 6 h of
fasting. Fasted blood glucose measurements were performed with a
glucometer at 0-, 30-, 60-, and 120-min post insulin injection. After
euthanasia, pancreas samples from ND and D rats were collected to be
evaluated through histopathological analysis.

Previous studies revealed that mortality occurred within a week of
STZ injection (50-65 mg/kg) and was significantly increased with ani-
mal age (3 % at 6-11 weeks, 83 % at 12-17 weeks, and 91 % at >18
weeks) [49]. High-dose STZ severely impaired insulin secretion, which
mimicked type 1 diabetes [50]. Low-dose STZ induced a mild impair-
ment of insulin secretion, similar to later stages of type 2 diabetes [51].
Previous studies that have used HFD and STZ also had varied time
frames for the HFD (ranging from 2 to 10 weeks), number of STZ doses
(1-2 doses), or amounts of STZ given (30-45 mg/kg per dose) [51-54].
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2.5. ORIF surgical procedure

ORIF procedure followed previously established protocols using
Lewis rats [35]. Body weights of each rat was monitored before and after
surgery. Systemic conditions were verified prior to surgery by blood
glucose measurements. Lewis rats were first anesthetized by inhalation
of 4 % isofluorane followed by injection of ketamine:xylazine (50-100
mg/kg: 20 mg/kg IP). Following anesthesia, rats were placed in a left
lateral decubitis position on a surgical table. For the ORIF procedure, a
vertical incision was created directly below the right knee joint, fol-
lowed by tibial tuberosity exposure by muscle divulsion using a peri-
osteal elevator. A vertical osteotomy (0.1 mm in width, 4 mm in length
and 3 mm in depth) was created on the tibia with a circular saw
(1,800,020 Fine Science Tools, Foster City, CA, USA) using a surgical
micromotor at 800 RPM (NSK Surgic Pro) under constant irrigation with
cold saline solution to avoid heating. Commercially pure titanium (cpTi)
threaded dentin screws (0.76 mm @ x 3.5 mm, Fairfax Dental Inc.,
Miami, FL, USA) were then used for osteotomy fixation. Two pins (Ti
(uncoated Ti), Ti-IonL, or Ti-IonL.-HMGB1) were placed using micro-
needle holders in a perpendicular position in relation to the osteotomy at
a distance of 2 mm between pins, which was determined using an angled
3.25” Dental Castroviejo Caliper. Surgical protocol followed a previ-
ously established procedure [35]. During surgery, animals will receive
Lidocane HCl/Epinephrine (1:100,000). After surgery, all animals
received Buprenorphine (0.3 mg/kg, SC) as analgesia every 12 h for 72
h, and Cefazoline (5 mg/kg, intramuscular) as an antibiotic. Animals
were humanely euthanized at 2, 10 and 21 days by inhalation of 4 %
isofluorane, followed by injection of ketamin/xylazine (50 mg/kg: 20
mg/kg intraperitoneal), and subsequently with sodium pentobarbital
(120 mg/kg, intraperitoneal) overdose. Animals were euthanized at
different times points (2, 10 and 21 days) with previously mentioned
anesthesia followed by an overdose of pentobarbital sodium (Euthanasia
IIT Med-Pharmex Inc., Pomona, CA, USA). Tibias were collected imme-
diately after euthanasia and submerged in 10 % neutral buffered
formalin for 24 h for fixation. Samples were continuously washed in
water for 24 h after fixation to prevent over fixing and subsequently
placed in 70 % ethanol until microCT imaging. Control tibias (with no
surgery) were removed upon sacrifice and used for further studies to
characterize coating stability pre- and post-implantation of implants (Ti
(uncoated Ti), Ti-IonL, or Ti-lonL-HMGB1).

2.6. Scanning Electron Microscopy for coating stability

Three tibias from control right legs of ND animals were obtained
upon euthanasia. Soft tissues and bone marrow were removed, rinsed
with saline and air dried. Extracted tibias underwent ORIF procedure.
Treatment implants (Ti, Ti-IonL, and Ti-IonL-HMGB1) were prepared, as
previously noted, and analyzed before and after insertion by Scanning
Electron Microscopy (SEM) (JEOL, JSM6360LV, Akishima, Japan) to
verify the presence of the coating. To avoid reverse torque and damaging
of coating during implant retrieval, bones were cut using a circular bone
saw and implants were carefully retrieved without touching the threads
and compromising the coating.

2.7. Microtomographic analysis

Controls and treated tibias were imaged using ultra-high-resolution
micro-CT imaging (OI/CT, Milabs, Utrecht, Netherlands) at a voltage
of 50 kV, a current of 0.21 mA, and an exposure time of 75 ms for
evaluation of fracture healing by means of bone volume fraction mea-
surements (BV/TV %). Projections were then reconstructed at a voxel
size of 20 pm using vendor software and converted to DICOM (Digital
Imaging and Communications in Medicine) files using PMOD analysis
software (PMOD Technologies LLC, Zurich, Switzerland). Quantification
of bone parameters were performed using Imalytics Preclinical (Gremse-
IT GmbH, Aachen, Germany). Meta diaphyseal region of tibia of
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specimens was analyzed using a spherical region of interest (ROI) 3 mm
in diameter, positioned in the cortical area. Cortical analysis included
the acquisition of bone volume (BV, mm3), tissue volume (TV, mmg),
and bone volume fraction (BV/TV %). BV and TV in cortical bone in the
mid-diaphysis were analyzed using cylindrical ROIs 1 mm @ by 1 mm in
length. Tibias from D and ND animals that did not undergo ORIF pro-
cedure were evaluated as controls.

2.8. Histological samples

After microCT imaging, tibial samples were subjected to a decalci-
fication protocol using 10 % ethylenediaminetetraacetic acid (EDTA)-
2Na (Sigma, St. Louis, MO, USA), with two fresh EDTA changes per
week. Tibias were reduced to 10mm? sections of tissue surrounding the
implant areas, which were then processed for paraffin embedding using
a tissue processor (Leica ASP300 S) for 12 h. Implants were carefully
removed from tibias (using microneedle holders [45]) and mounted in
paraffin blocks. Sets of 5 pm histological sections (technical replicates)
were obtained from each biological replicate at the titanium implanta-
tion site. Sectioned tibial samples were stained with hematoxylin and
eosin (H&E) for analysis of the cellular content and Goldner Trichrome
(GT) with Alcian Blue [55] for evaluation of the bone and cartilaginous
matrix surrounding the implants, as well as for analysis of bone to
implant contact. Quantification of H&E and GT analysis was conducted
by three reviewers using ImageJ software (Version 1.51, National In-
stitutes of Health, Bethesda, MD, USA).

2.9. Bone to implant contact analysis

Osseointegration was assessed for bone to implant contact (BIC%)
using GT staining in tibial tissues surrounding each implant treatment.
Three technical replicates were evaluated using 6 histological fields per
replicate. The best representative section of each treatment group at the
21-day time point was stained with GT and used to measure BIC% as
previously described [45,56]. Images for BIC% were analyzed and
quantified using Cellsens software (Olympus, Shinjuku City, Tokyo,
Japan); BIC% was determined by calculating the percentage of cortical
bone in direct contact with the implant (defined by the implant space)
relative to the entire implant length at the cortical bone level. Data from
BIC% were analyzed for statistical significance (n = 6, p < 0.05) and
results were presented as mean +/— standard deviation (SDs).

2.10. Immunohistochemistry

Immunohistochemistry was used to identify and quantify positive
cells for the following markers: PCNA (Proliferating cell nuclear anti-
gen), RUNX2 (Runt-related transcription factor 2), and HMGB1 (High
Mobility Group Box 1). Dark brown staining indicated cells expressing
PCNA, RUNX2, or HMGB1, which were quantified as positive cells.
Markers were assessed in the fracture gap area and in surrounding the Ti
threads. Histological sections at the titanium implantation sites from
each biological replicate were deparaffinized and submerged for antigen
retrieval in Citrate Buffer (pH 6.0) at 95 °C for 30 min. Tibial tissues
were washed with 1x phosphate buffered saline (PBS) (pH 7.4) and
deionized (DI) water, followed by a blocking step with 1 % bovine serum
albumin (BSA) (10 mg/mL, in 1x PBS, Sigma-Aldrich, St. Louis, MO,
USA) and incubated with the selected primary antibody. Primary anti-
bodies were purchased from Abcam and diluted in the following con-
centrations: PCNA (ab92552) at 1:1000, RUNX2 at 1:500 (ab236639),
and 1:400 HMGB1 (ab79823). All samples were individually tested with
each primary antibody; following primary antibody application, sam-
ples were incubated overnight in a humidified chamber at 4 °C. The
following day, primary antibodies were subsequently incubated with
rabbit specific Horseradish Peroxidase (HRP)/ 3, 3'-diaminobenzidine
(DAB) (Avidin-Biotin Complex (ABC)) and Micropolymer Detection IHC
Kit (Abcam, Cambridge, UK). Three independent measurements from
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each animal were stained with each marker for analysis. A negative
control was additionally incubated with BSA (10 mg/mL, in 1x PBS)
instead of a primary antibody to confirm specific binding of the sec-
ondary antibody. Slides were then washed with 1x PBS and incubated
for 10 min with hydrogen peroxide solution. Slides were washed in 1x
PBS 3 times and incubated with Micropolymer Abcam IHC kit, followed
by a 1 min incubation with 3,3"-diaminobenzidine (DAB) chromagen. As
a final step, all samples were counterstained in Mayer’s Hematoxylin for
2 min, and mounted with Permount (Fisher Scientific, Hampton, NH,
USA) and a coverslip. Using ImageJ software, positively (+) stained cells
for each marker were quantified by creating a grid image with 108
points superimposed on each histological field; the total number of
points were obtained to calculate the area density (%) for each marker.

2.11. Statistical analysis

Statistical tests for MicroCT data, BIC%, and immunohistochemistry
were selected according to the distribution of normality of datasets by
the Shapiro-Wilk Normality test. As all groups passed the normality test,
statistical analyses were performed using a two-way analysis of variance
(ANOVA) with a post hoc Tukey test considering time and treatments
(Ti, Ti-IonL, or Ti-lonL-HMGB1) as factors. The Tukey test made mul-
tiple comparisons to evaluate the significance between the factors.
Analysis was run in GraphPad Prism 5.0 software (GraphPad Software
Inc., San Diego, CA, USA) using a significance level (a) of 0.05. Statis-
tical significance of comparisons between different data sets (n = 6 in-
dependent measurements) was determined using the p value.

3. Results

3.1. Implant coating stability post open reduction internal fixation
procedure

SEM analysis was used to visualize coating morphology on the screws
pre- and post-implantation. Uncoated Ti screws demonstrated rough
surface morphology pre-implantation, while presenting adherent bio-
logical debris pos-implantation. Prior to implantation, the IonL was
gathered in the ridges of the screws (demonstrated by the green arrows)
for Ti-IonL screws. Ti-IonL screws also demonstrated fewer biological
debris compared to the uncoated Ti post-implantation. Ti-lonL-HMGB1
coated screws resulted in crystal-like formation (demonstrated by red
arrows) that remained present post-implantation (Fig. 1).

3.2. Validation of diabetes induction throughout the study

We performed several tests to validate D induction and to ensure all
D rats and local treatment subgroups were under chronic hyperglycemia
during the study. Before the ORIF procedures, ND and D rats were
evaluated for water consumption 5 days pre- and 5 days post-STZ in-
jection. Overall, ND rats consumed an average of 61.90 + 7.79 g of
water daily. After 5 days, the water consumption was significantly
higher for D rats compared to ND rats (p < 0.001). D rats consumed
57.44 + 8.17 g prior to injection and consumed a final weight of 269.60
+ 21.48 g of water per cage daily (Fig. 2A).

For insulin resistance testing, ND rats initially started with an
average fasted blood glucose of 96.75 + 9.53 mg/dL, which dropped to
69.25 + 5.56 mg/dL at 15 min after insulin administration. Control rats
then maintained an average fasted blood glucose of 69.13 + 7.60 mg/dL
from 30 to 120 min after insulin administration. HFD + STZ rats,
commenced the insulin resistance test with an average fasted blood
glucose of 606.00 + 133.11 mg/dL, that dropped to the lowest level of
353.50 + 47.15 mg/dL at 30 min, and rebounded to a final level of
480.25 + 141.11 mg/dL at the 120 min post-insulin injection. ND rats
that were fed a HFD maintained an average fasted blood glucose of
94.75 + 17.23 mg/dL from the initial time point through 90 min after
insulin injection, then increased to 141.00 + 41.58 mg/dL, with no
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Fig. 1. SEM images illustrating uncoated (Ti), ionic liquid (Ti-IonL) and HMGBI1 (Ti-IonL-HMGB1) screws pre- and post-implantation taken at 300 x magnification.
Green arrows demonstrated IonL, while red arrows demonstrate the HMGB1 crystal-like formations. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

significant difference compared to the control group (Fig. 2B).

Histological samples from ND and D pancreas (n = 3 independent
qualitative analyses per systemic condition) were stained by H&E and
analyzed for histopathological changes in islets containing insulin-
secreting beta-cells. While normal and large pancreatic islets were
observed in ND rats, important atrophy and vacuolation were found in
pancreatic islets of all D rats (Fig. 2C). MicroCT analysis of 3 indepen-
dent control tibia (n = 3), analyzed at 6 different regions within each
tibia, qualitatively demonstrated reduced cortical region areas in D
animals compared to ND animals (Fig. 2D).

3.3. Clinical outcomes after open reduction internal fixation procedure

All animals showed normal signs of mobility and had a 100 % sur-
vival rate from the surgery. Acute pain produced post-surgically was
evaluated as minimal based on facial actions, orbital tightening, nose/
cheek flattening, ear changes and whiskers were in accordance with the
Rat Grimace Scale [57].

Average fasted blood glucose levels were evaluated for both ND and
D animals immediately before ORIF procedures and prior to euthanasia.
Data is demonstrated for 21 days, since this is the longer time point.
Mean (SD) for blood glucose levels for ND rats were consistently <250
mg/dL before (Ti: 110.20 + 14.24 mg/dL, Ti-IonL: 121.20 + 14.55 mg/
dL, and Ti-IonL-HMGB1: 164.80 + 35.51 mg/dL) and 21 days after
surgery (Ti: 172.20 £+ 21.32 mg/dL, Ti-lonL: 159.60 + 30.45 mg/dL,
and Ti-IonL-HMGB1: 218.60 + 24.66 mg/dL). Alternatively, mean
glucose values for D rats were consistently >250 mg/dL, confirming the
D status for this animal model, and significantly higher than the ND
counterpart before (Ti: 407.60 + 16.13 mg/dL, Ti-IonL: 469.60 + 36.73
mg/dL, and Ti-IonL-HMGB1: 544.60 + 27.40 mg/dL; p < 0.0001) and
21 days after surgery (Ti: 403.20 + 60.46 mg/dL, Ti-IonL: 370.00 +
41.28 mg/dL, and Ti-lonL-HMGB1: 382.40 + 22.35 mg/dL; p < 0.0001)
for all treatment groups(Fig. 3A and Table S1). Additionally, Ti-IonL-
HMGB1 D animals were significantly higher than Ti-lonL D (p <
0.001) and uncoated Ti D (p < 0.001). These results indicated that
higher glucose levels were maintained in D animals during the treat-
ments compared to ND animals.

Both ND and D animals were weighed prior to each surgical pro-
cedure and euthanasia. Average weights remained consistent regardless
of systemic condition or treatment. However, a significant difference
was noted between ND and D animals treated with Ti-lonL-HMGB1 D
the 21-day post-surgical time point (ND: 416.80 + 15.11 g and D:
366.60 + 15.27 g; p < 0.05). Results for animal weights are shown in
Fig. 3B and Table S2.

3.4. Microtomographic analysis and histological outcomes post open
reduction internal fixation procedure

The microCT analysis revealed the bone quality of both the site of Ti
implantation and the fracture site of ND and D groups at each time point
in response to each treatment (n = 6 independent, qualitative analyses
per systemic condition, time point, and treatment). As observed in Fig. 4,
the fracture defect (demonstrated by green arrows) was present for all
treatment groups and systemic conditions at 2- and 10-day time points.
At 21 days, the fracture was not seen in any treatment groups for the ND
group (0/27 ND animals at the 21-day time point) yet remained present
in the D group for Ti and Ti-IonL samples (18/27 D animals at the 21-day
time point). Of particular significance, the D group treated with Ti-IonL-
HMGB1 (9/27 D animals) demonstrated signs of fracture closure at 21
days post-implantation that was comparable to the ND group.

Histological evaluation using H&E and GT with Alcian Blue-stained
samples further demonstrated fracture healing (Fig. 5) and osseointe-
gration (Fig. 6) of ND and D groups in response to treatment groups over
2, 10 and 21 days. At the 2-day time point, it was possible to identify
proper blood clot formation at the fracture and screw areas in ND and D
rats for all treatment groups (Ti, Ti-lonL and Ti-IonL-HMGB1). At 2 days,
blood clots were present in all groups at the fracture and screw areas,
which corresponded to hematoma formation and inflammatory events.
At the 10-day time point, ND rats treated only with uncoated Ti (which
represents a negative control), presented initial new bone formation
through new trabeculae permeating the fracture area and surrounding
the screw thread spaces (Fig. 5). Similar results and pattern of fracture
healing were observed in ND rats treated with Ti-IonL and Ti-IonL-
HMGB1 implants. Of note, all these groups presented the new bone
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Fig. 2. Clinical evaluation of ND and D rats through water consumption (g) before and after STZ-diabetes induction (n = 3 cages and 2 rats per cage) (A). Mean
concentration of glucose (mg/dL) was taken over time during an insulin resistance test post IP glucose injection for control, high fat diet (HFD) and diabetic (HFD +
STZ) rats (n = 5) (B). Histological evaluation of pancreatic samples in ND and D rats (n = 3 per systemic condition). Scale bar = 100 pm (top), 20 pm (bottom),
staining: H&E, original magnification 40x (C). The blue arrows show normal pancreatic islet containing insulin-secreting beta-cells and blood vessels in ND rats. The
black arrow shows atrophic pancreatic islet in D rats. Sagittal and axial microCT images of control tibia for ND and D Lewis rats at 21 days (D). Scale bar = 3.5 mm.
Symbol *** indicates statistical significance as compared to ND control groups (p < 0.001). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Graphical quantification of blood serum glucose levels (A) and animal weights (B) in non-diabetic and diabetic rats. Data is shown as means =+ SD for glucose
(mg/dL) and weights (g) with significance between systemic condition (non-diabetic vs. diabetic; * = p < 0.05, ** = p < 0.01, *** = p < 0.001) and between
treatments ((Ti), ionic liquid coated (IonL = Ti-IonL) and IonL-HMGBI1 coated Ti (HMGB1 = Ti-IonL-HMGB1; a: p < 0.05 and d: p < 0.0001) at the time of surgery
and 21 days post-surgery (21d PD) (n = 5). Black dotted line represents the systemic condition threshold (250 mg/dL) for ND (< 250 mg/dL) and D (>250 mg/
dL) groups.

surrounded by a loose connective tissue that was rich in new blood Conversely, the D group treated with uncoated screws (D—Ti) pre-
vessels, which were converted into a mature bone marrow space at 21- sented minimal new bone formation at the bone edges surrounding the
day time point. fracture. A predominance of dense connective tissue, rich in fibers and
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cells with fibroblast morphology was found in D rats treated with Ti and
Ti-IonL. Alternatively, D animals treated with Ti-lonL-HMGBI1 presented
improved bone formation in the fracture gap at 10 days as compared to
the other D treatment groups, and a similar pattern was observed in ND
animals at the same time point. Interestingly, new bone formation was
identified in the screw area of all treatment groups for D animals at the
10-day time point. At the 21-daytime point, D rats treated with uncoated
Ti screws presented a predominance of fibrous connective tissue and
minimal bone deposition in the fracture area; however, this same
treatment group resulted in osseointegrated screw threads. The Ti-IonL
treated D rats presented a closure in the fracture gap, with substantial
amounts of bone marrow, indicating mature bone. D rats treated with Ti-
IonL-HMGBI1 presented a substantial amount of bone matrix formation,
surrounded by bone marrow, with no morphological differences as
compared to ND rats for all treatment groups.

Bone to implant contact (BIC %) was quantified at 21 days post-
implantation using (GT) with Alcian Blue-stained samples (Fig. 7A).
Overall, the ND group resulted in higher bone formation surrounding
the implant area in the uncoated Ti (74.70 + 2.33 %) and Ti-lonL treated
samples (72.10 + 4.94 %) compared to the D group (61.75 + 3.31 % for
uncoated Ti and 56.82 + 9.63 % for Ti-IonL, respectively). However, Ti-
IonL-HMGBI1 samples had no statistical difference in BIC % between the
D group (71.36 + 3.22 %) and the ND group (69.50 + 7.70 %), which
were also not very different from the ND Ti samples. The Ti ND group
resulted in significantly higher (p < 0.004) bone formation surrounding
the implant compared to the Ti-lonL D group. The Ti-IonL D group was
also significantly different from the Ti-IonL ND (p < 0.03) and Ti-lonL-
HMGB1 D (p < 0.03) samples.

Fracture healing was quantified at 2-, 10- and 21-days post-
implantation by increased bone hyperdensity in terms of bone volume
to tissue volume (BV/TV %) (Table S4). Fracture closure was determined
as the ratio of increase between the 2- and 21-day time points (Fig. 7B
and Table S5). ND animals resulted in significantly higher (p < 0.05)
mineralized bone deposition in the fracture gap for uncoated Ti (14.35
+ 4.42 %) compared to D animals (9.49 + 3.23 %) as shown in Fig. 7B.
Conversely, D animals treated with Ti-IonL-HMGB1 developed signifi-
cantly higher fracture closure (18.73 + 5.06 %) compared to the D Ti-
IonL (5.69 + 2.44 %, p < 0.05) or the D uncoated Ti group (9.49 +

3.23 %, p < 0.05) (Table S5). Trabecular bone thickness was also
evaluated at the fracture site (Fig. S1). All groups, regardless of systemic
condition or implant treatment resulted in similar bone trabecular
thickness (p > 0.05).

3.5. Healing markers on osseointegration and fracture sites

Healing markers were evaluated for cell proliferation (PCNA+ cells),
osteoblast differentiation (RUNX2+ cells), and the presence of HMGB1
positive cells or positive staining in sites of fracture healing (Fig. 8) and
osseointegration (Fig. 9). Positively stained cells were quantified and
compared in Fig. 10 and Table S6. Both ND and D animals had higher
PCNA+ cells in the fracture area at 10 days compared to 2 and 21 days in
Ti and Ti-IonL samples. Yet, PCNA+ cells in the tissues surrounding the
implant area had a decreasing trend between 2 and 21 days for all
treatment groups and systemic conditions, but resulted in a significant
peak in D samples treated with Ti-IonL and Ti-IonL-HMGB1 implants at
21 days. PCNA+ cells in the tissues surrounding the implant area were
also higher at all time points for Ti ND compared to Ti D. However, cell
proliferation was significantly highest (p < 0.0001) in Ti-IonL-HMGB1 D
samples in both the fracture and implant area.

The highest values for RUNX + cells were quantified in all animals at
10 days, with statistical differences comparing ND animals with Ti and
Ti-IonL to D animals in the corresponding treatments groups. Alterna-
tively, the Ti-IonL-HMGB1 D resulted in more populous RUNX2+ cells
compared to Ti-IonL-HMGB1 ND at 10 days. At 21 days, a significantly
high area density percent of RUNX2+ cells in both the fracture and
implant areas are present for groups treated with Ti-lonL-HMGB1
compared to Ti or Ti-IonL, regardless of systemic condition. Congruent
trends were observed in RUNX2+ cells between the fracture and implant
areas.

For immunohistochemical analysis of the HMGB1 present in the cell
nuclei and cytoplasm (the cellular compartments for endogenous
HMGB1) of the fracture area, all 2-day samples were very similar, with a
significant rise at 10 days for all samples (except Ti-lonL-HMGB1 D that
was significantly lower (p < 0.0001)). At 21 days, the fracture area
samples resulted in higher HMGB1+ cells for all D samples compared to
ND samples. A similar trend was depicted by the area density % of
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Fig. 5. Histological evaluation of fracture sites in non-diabetic (ND) and diabetic (D) rats treated with uncoated (Ti), ionic liquid coated (Ti-IonL) and HMGB1 (Ti-
TonL-HMGB1) coated implants at 2, 10 and 21 days after ORIF procedure (n = 6 per systemic condition, time point, and treatment). Fracture area (FA) and blood clots
(C) and new bone (NB) are demonstrated between dashed lines. Scale bar = 20 pm, staining: H&E (pink/purple) and GT (magenta/turquoise), original magnification
40x. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

HMGB1+ cells in the screw area of all samples at 21 days. However,
different trends were evidenced for the implant area at 2 and 10 days
compared to the fracture area. Specifically, higher area density % of
HMGB1 + cells resulted in Ti-IonL-HMGB1 treated cells compared to
tissues surrounding Ti and Ti-IonL samples, regardless of systemic con-
dition. At 10 and 21 days, the highest area density % of HMGBL1 in the
implant area was detected in the D group compared to ND within each
treatment group. Also noted at 10 and 21 days, the Ti-IonL D samples
were highest in the screw area compared to Ti D or Ti-lonL.-HMGB1 D
samples. Values for cell proliferation, osteoblast differentiation and
HMGBI1 receptors in tissues surrounding the fracture and screw area
over time are graphically demonstrated in Fig. 10 and quantified in
Table S6.

4. Discussion

Studies have shown that physical (topography, hydrophilicity) and
chemical (ceramic, synthetic or peptide coatings) modifications to Ti

surfaces have been employed to modulate tissue responses [36,37]. In
the present study, we used IonL to anchor the immunomodulatory
HMGBI1 protein onto the Ti surface in a biologically active conforma-
tion. However, before performing the ORIF procedure and inducing
diabetes, it was important to verify that the coating would remain on the
screws pre- and post-implantation to ensure the direct and local delivery
of HMGB1 to the site of trauma. IonL-based coatings had previously
been shown to be stable on Ti surfaces pre- and post-implantation in the
edentulous alveolar crest of Lewis rats [45]. Yet, these studies did not
demonstrate the stability of the coating with HMGB1 after insertion. In
the present study, uncoated Ti screws had a rough surface, while Ti-IonL
screws exhibited droplet-like coalescence in the ridges of the screw,
which was consistent with previous literature [45]. After removal, Ti-
IonL screws continued to have IonL present, yet resulted in less visu-
ally adherent biological debris compared to uncoated Ti screws, exhib-
iting lubricative behavior that has been characterized in prior research
[30]. The Ti-IonL-HMGB1 screws formed a crystal-like structure, which
was consistent with previous observations on discs [33]. Previous
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Fig. 6. Histological evaluation of implantation sites in ND and D rats treated with uncoated (Ti), ionic liquid coated (Ti-IonL) and HMGBI coated (Ti-IonL-HMGB1)
implants at 2, 10 and 21 days after implant placement (n = 6 per systemic condition, time point, and treatment). Ti implant space (Ti) is demonstrated in the white
region between dashed lines, surrounding histological structures include supporting bone (SB), new bone (NB) and blood clot (C). Scale bar = 20 pm, staining: H&E

(top) and GT (bottom), original magnification 40x.

studies demonstrated that the long alkyl chain lengths of ionic liquids
allowed for membrane proteins to crystallize, which promoted stability
onto the ionic liquids and allowed the proteins to remain biologically
active [58,59]. The crystal-like structure remained present post-
implantation, which demonstrated that the exogenous HMGB1 was
successfully delivered at the implant sites and remained intact.

The diabetes induction throughout this study was validated through
clinical characteristics such as increased water consumption for D rats
after STZ administration, which is consistent with previous literature
[54]. Rats fed with a HFD and received an STZ injection resulted in
significantly higher levels of fasting blood glucose, during the insulin
resistance test, compared to rats that were only fed a HFD or normal
food, which correlates to other studies that specifically fed rats with HFD
and STZ injections [60]. ND rats continued to have normal and large
pancreatic islets were present, while atrophy and vacuolation were
noted along with the disruption of pancreatic beta islet cells in D rats,

which has also been previously demonstrated [61]. MicroCT analysis of
control legs qualitatively demonstrated reduced cortical region areas in
D animals compared to ND animals, indicative of reduced bone quality
in D animals [6,17,62]. Mean glucose values for ND rats were consis-
tently <250 mg/dL and significantly lower than the average values for D
rats, which were consistently >250 mg/dL. These results were consis-
tent with results published in a previous study [54]. Hyperglycemia in a
rat model has been associated with elevated serum HMGB1 levels, which
can contribute to chronic low-grade inflammation, which is associated
with insulin resistance [63]. Considering that HMGBI is involved in the
body’s stress response, the release of cortisol and catecholamines can
further raise blood glucose levels by promoting the breakdown of
glycogen in the liver and reducing glucose uptake by peripheral tissues
[64]. Although a clinical characteristic of diabetes is weight loss, ani-
mals presented minimal weight loss as compared to ND animals, which
likely was a result of the time frame that they were allowed to remain
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Fig. 8. Immunohistochemistry for PCNA (left), RUNX2 (middle), and HMGBI1 (right) markers at the fracture sites for non-diabetic (ND) and diabetic (D) rats treated
with uncoated (Ti), ionic liquid coated (Ti-IonL) and IonL-HMGB1 coated Ti (Ti-lonL-HMGB1) implants at 2, 10, and 21 days (n = 6 per systemic condition, time
point, and treatment). Dark brown cells: positive labeling. Scale bar: 20 pm, original magnification 40x, counterstaining Mayers hematoxylin, chromogen DAB. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

diabetic. Following this validation, we also observed that the ORIF quality, which normally results in increased fracture risks in patients
procedure had a 100 % survival rate, no animals were lost due to surgery with type 2 diabetes [17,18]. Although animals remained in an uncon-
or implant treatment. trolled (no insulin administration) diabetic state, D animals treated with
Local fracture healing and osseointegration in ND and D rats Ti-IonL-HMB1limplants demonstrated signs of improved osseous healing
following the different treatments was evaluated. The ND group in the fracture area. These results correlate with previous studies that
demonstrated signs of fracture closure, while the D group still had the have shown that the local administration of HMGB1 promotes bone
fracture present at 21 days for animals treated with uncoated Ti and Ti- generation in in critical fractures [65], and also imply that the IonL thin
IonL implants. Individuals with uncontrolled glycemic levels have been film did not interfere with the biological function of HMGB1.
shown to have relatively higher bone mineral density with lower bone In our histological evaluations, the progression of fracture healing

10
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Fig. 9. Immunohistochemistry for PCNA (left), Runx2 (middle), and HMGB1 (right) markers at the implantation sites for non-diabetic (ND) and diabetic (D) rats
treated with uncoated (T1i), ionic liquid coated (Ti-IonL) and IonL-HMGBI1 coated Ti (Ti-lonL-HMGB1) implants at 2, 10, and 21 days (n = 6 per systemic condition,
time point, and treatment). Implant space (Ti) is demonstrated between dashed lines. Dark brown cells: positive labeling. Scale bar: 20 pm, original magnification
40x, counterstaining Mayers hematoxylin, chromogen DAB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

and osseointegration was observed at the implant site over time. Upon
the surgical procedure, blood clot formation present in the fracture and
screw areas (for all systemic and treatment groups) correlated with
hematoma formation and early inflammatory events [66]. Preliminary
signs of new bone formation in the fracture area occurred earlier for all
ND animals as compared to D animals, where a predominance of fibrous
connective tissue and minimal bone deposition was noted in the fracture
area, consistent with consistent with bone healing dynamics between
non-diabetics and delayed osseous healing in diabetics [62]. Histologi-
cal evaluations revealed trabeculae permeating the implant thread
spaces of ND rats for all treatment groups, which corresponded to
normal bone healing for normoglycemic animals [67,68]. Considering
that D rats demonstrated earlier formation of new bone and increased
fracture closure fold change in animals treated with Ti-lonL-HMGB1
compared to uncoated Ti and Ti-IonL indicates that the local adminis-
tration of HMGB1 could be beneficial to bone healing as has previously
been demonstrated in prior studies [65].

Altogether, fracture and osseointegration results confirmed delayed
healing in D animals compared to ND animals, which is in agreement
with the literature [69,70]. Osseointegration normally leads to the for-
mation of supporting bone and preosteoblastic cells at the Ti/tissue
interface [71]. Histological samples of the cortical supporting bone re-
gions surrounding the implant space were further evaluated by bone to
implant contact percent (BIC %) for quantification and comparison. It
was noted that ND animals consistently resulted in higher BIC% for Ti
and Ti-IonL treatment groups when compared to D animals. Interest-
ingly, D animals treated with Ti-lonL-HMGB1 developed a similar BIC%
compared to ND animals from all treatment groups. Considering the new
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bone formation in the ND group treated with uncoated Ti, previous
studies have reported that hypertrophic chondrocytes, which can
become osteoblasts and osteocytes in endochondral bone formation
[72], are shown to be present at 2 weeks [73], with cancellous bone
formation at 3 weeks.

Fracture healing and osseointegration were further assessed through
immunohistochemical quantification for bone (RUNX2), proliferation
(PCNA), and HMGB1 markers. Positively stained PCNA cells in the
fracture area significantly increased from 2 to 10 days for all treatment
groups, which implied initial stabilization of bone matrix onto the
implant surface. However, PCNA+ cells subsided at 21 days for all
groups except for D animals with Ti-lonL-HMGB1 implants, potentially
indicating less proliferating cells and impaired bone tissue regeneration
[74]. The quantity of PCNA+ cells surrounding the implant area
remained constant for all treatment groups and time points, yet became
most populous for D animals treated with Ti-IonL and Ti-lonL.-HMGB1 at
21 days, demonstrating delayed osseointegration. Iwaki et al. previously
described the increased amount of PCNA+ cells on the 10th day of
fracture repair as premature osteoblasts and endothelial cells [75].
RUNX2 plays a dominant role in chondrocyte maturation, which induces
cartilage formation, endochondral ossification and osteoblast differen-
tiation [76]. The increased trend of RUNX2+ cells in the fracture and
implant areas of both D and ND animals treated with uncoated Ti at 10
days followed by a decreased amount at 21 days are indicative of
endochondral ossification events [77]. ND groups treated with Ti-IonL
and also the D group treated with Ti-IonL-HMGB1 resulted in similar
trends in both the fracture and screw area. Considering that the D group
treated with Ti-IonL-HMGB1ldemonstrated hyperdense bone formation



A. Arteaga et al.

Bone 177 (2023) 116917

PCNA Fracture RUNX2 Fracture HMGB1 Fracture
bt *h 40 -
15+ 15-
— *
o
210 E 2z 107 7 ] E
o . a 2 :
© 5 H « 5 o H
[} H p- H
§ | 2w
0 1 B o LLEE 25 7 0
2 Day 10 Day 21 Day 2 Day 10 Day 21 Day 2 Day 10 Day 21 Day
2 2 £
7] @ e
c c H
@ ) a
o Q ©
[ @ [
g 8 Z
< < <

10 Day

21 Day 2 Day 10 Day

21 Day

Ti-lonL ND

Ti-lonL D

E= Ti-lonl-HMGB1 ND
E=2 Ti-lonL-HMGB1 D

Fig. 10. Graphical quantification of PCNA, RUNX2 and HMGB1 markers identified by immunohistochemical analysis in D and ND rats and are shown as means + SD
for area density (%) at the fracture and implant sites of screws (* = p < 0.05, ** =p < 0.01, *** = p < 0.001) between treatments (uncoated (Ti), ionic liquid coated
(Ti-IonL) and IonL-HMGBI coated Ti (Ti-lonL-HMGB1)) and systemic conditions (D vs. ND; a: p < 0.05, b: p < 0.01, c: p < 0.001 and d: p < 0.0001) within the same
treatments. Quantitative results are presented as mean + SD for each parameter at the fracture area (top) and implant sites of screws (bottom) for each time point at

2, 10 and 21 days (n = 5).

at 21 days there was likely increased cell proliferation or osteoblast
differentiation in response to the coating.

In this study, an exogenous, non-oxidizable fully reduced isoform
was used that may have impacted the expression of endogenous HMGBI1.
From the immunohistochemical analysis, HMGB1+ staining was only
observed in the cell nuclei and cytoplasm of the fracture area and the
tissues surrounding implant area. Similar amounts of HMGB1+ cells
were present in all treatment groups for both the fracture and the tissues
surrounding the implant area at the 2-day time point for D and ND an-
imals, which was likely a result of cellular trauma and necrotic cell death
[78,79]. An increased amount of HMGB1+ cells were present in the
fracture and screw area at the 10-day time point for all treatment and
systemic groups, except for the ND animals treated with Ti-lonL-
HMGBI. Yet, at 21 days post-implantation, the HMGB1+ cells sub-
sided for the ND animals, while remaining consistently elevated for the
D animals. Considering that HMGB1 is redox sensitive, HMGB1 that is
released as a fully reduced isoform can become exposed to increased
ROS that oxidize HMGBI1 into a dimerized disulfide isoform, and further
induces the proinflammatory response [80]. Additionally, diabetic pa-
tients experience chronic inflammation that typically plays a key role in
the pathophysiology of metabolic abnormalities [81]. In this study, the
HMGB1+ staining was nondiscriminatory of the isoform. Since diabetic
patients normally experience chronic inflammation, elevated HMGB1+
cells at 21 days post-implantation (in both implant and fracture areas)
likely correlated with chronic inflammatory events in D animals. Liu
et al. demonstrated similar results, showing that HMGB1 remained
elevated for the diabetic group, which was indicative of osseous fracture
healing impairment and lack of Ti osteointegration in rat tibias [82].

Previous peptide coating modifications have harnessed polydop-
amine to immobilize a mixture of peptides (including GL13K, BFP-1, and
BMP2) to promote integrin-mediated cell-matrix adhesion mechanisms
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that induce osteoblast differentiation in vitro®*8>. However, uniform
coatings of polydopamine are difficult to achieve, causing unexpected
variations in performance [83]. Considering that proteins tend to
denature upon adsorption on Ti surfaces, it is imperative to have a
uniform coating that protects the protein in a biologically active
conformation. Ultimately, to the best of our knowledge, this is the first
approach to examine IonL as an anchoring coating for immunomodu-
latory proteins (such as 3S-HMGB1) in orthopedic applications in ND
and D rats using an ORIF technique.

Although proper characterization in terms of physical, chemical and
biological properties was performed, there are still several areas that can
be further investigated. Although this study attempted to mimic a dia-
betic environment, limitations need to be discussed. Comorbidities and
complications associated with diabetes are challenging to replicate. This
study included only a snapshot where only male animals within a spe-
cific age range were used, so future studies should include both genders,
longer time frames, genetically diabetic animal models, and controlled
(application of insulin) vs. uncontrolled diabetes to gain a better un-
derstanding of comorbidities and complications in the general popula-
tion. The protein layer created during early inflammatory responses
should be analyzed to fully explore the overall benefits of this approach
to prevent comorbidities and complications in diabetic environments.
Understanding the sequelae of inflammatory responses to injury can
pave the way for various immunomodulatory proteins that can be used
for biomedical applications. Incorporating a push-out analysis into
subsequent osseointegration studies would provide valuable quantita-
tive data on how the coating affects interfacial strength over time. This
will be conducted in a follow up study. Further exploration of functional
benefits, potential side effects and the optimization of alternative pro-
teins in combination with IonLs should be further explored for future
IonL-protein based therapies.
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To the best of our knowledge, this work presented for the first time
dicationic imidazolium-based IonLs as a thin film to anchor immuno-
modulatory proteins in order to improve the surface performance of
orthopedic implants. This study demonstrated the effectiveness of the
Ti-IonL-HMGB1 coating using an ORIF model in diabetic and non-
diabetic rats. Diabetic animals treated with Ti-IonL-HMGB1 demon-
strated fracture healing and osseointegration that was comparable to
non-diabetic animals. MicroCT, histological and immunohistochemical
analysis of cell proliferation (PCNA), osteoblast differentiation
(RUNX2), and HMGB1 markers revealed improved osseous healing in
diabetic animals treated with Ti-lonL-HMGB1 coatings. The results
presented in this work demonstrate that this surface approach has a
great potential to improving the predictability of orthopedic implanted
biomaterials in diabetic environments. Further studies are necessary for
a better understanding of immunomodulatory mechanisms and multi-
functionality of HMGB1-IonL based coating on diabetic healing.
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