www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Injectable alginate/collagen
clindamycin hydrogel for treatment
of surgical site infections

Roy K. Park¥®, Sungwoo Kim?%3, Jeonghyun An?, Melissa C. Lee?, Yunzhi Peter Yang?3**! &
Tulio A. Valdez'™*

The current standard treatment for surgical site infections (SSls) is marked by prolonged courses of
antibiotics, which have limitations due to antibiotic resistance, systemic side effects, and poor patient
adherence. We developed a novel injectable alginate/collagen clindamycin hydrogel that rapidly
solidifies upon injection and allows for initial burst release followed by sustained release to maintain
therapeutic levels. The rheological, morphological, and in-vitro release kinetics of the hydrogel were
characterized. Furthermore, with an in-vivo murine SSI model incubated with logarithmic growth
phase 1x10° CFU Staphylococcus aureus, one time treatment with injectable hydrogel containing 8 mg
clindamycin successfully treated SSI comparable to a cumulative systemic antibiotic dose of 42 mg
clindamycin. In an implant SSI model, two-time treatment with the injectable clindamycin antibiotic
(16 mg total) successfully suppressed infection and prevented recalcitrant infection. To date, no group
has developed a clindamycin encapsulated injectable alginate/collagen hydrogel for the treatment of
infection. This tunable hydrogel may serve as an effective delivery vehicle for clinical applications in
treating SSIs compared to conventionally available treatments.
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Surgical site infections (SSI) are the leading cause of hospital readmission following surgical procedures, often
resulting in hospital costs exceeding $30,000 USD per admission'2. SSIs involving implants present unique
challenges due to increased risks of persistent infection, treatment failure frequently necessitating implant
removal, and increased overall mortality®. As the population demographic continues to age, national projections
have estimated a significant increase in the number of implant surgeries to maintain function in the elderly*.
This demographic change emphasizes the urgent need for improved SSI management strategies that effectively
address both infection control and implant retention.

The current standard of care for SSI treatment involves extended courses of systemic antibiotics, administered
either orally or intravenously, depending on the severity and nature of the infection. However, this approach has
significant limitations including antibiotic resistance, systemic side effects, and poor patient adherence due to
inconvenient dosing schedules®™’. As a result, there is a strong clinical need for sustained and localized delivery
mechanisms for SSI treatment.

Clindamycin, a lincosamide antibiotic, is frequently prescribed for the treatment of skin and soft tissue
infections (SSTIs) for patients with penicillin allergy, including community-acquired methicillin-resistant
Staphylococcus aureus (CA-MRSA)!’. However, systemic clindamycin administration is associated with
significant risks, such as Clostridioides difficile infection, which can cause severe gastrointestinal complications
and increased morbidity in the elderly®. Additionally, clindamycin’s time-dependent antibacterial activity
necessitates frequent dosing, typically three to four times daily, to maintain effective plasma concentrations'.
This frequent dosing can be burdensome for patients, leading to poor adherence and reduced treatment efficacy.

Localized delivery systems, such as hydrogels, can address these issues by providing a controlled, sustained
release of drug to the infection site. Hydrogels have emerged as widely applicable biomaterials for various
biomedical applications, particularly in drug delivery and tissue engineering!""!2. In the context of infection, the
development of a facile, biocompatible hydrogel that not only provides sustained drug release but also resists
degradation remains a challenge. Prior studies have developed various antibiotic-loaded hydrogels including
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vancomycin, gentamycin, and metronidazole with the use of synthetic polymers!*-1¢. Synthetic polymers such
as PEG, poly (acrylic acid), and poly(N-isopropylacrylamide) in hydrogels can be finely tuned for sustained drug
release while maintaining mechanical strength and flexibility'”~*. However, compared to organic compounds,
synthetic polymers may pose the risk of cytotoxicity with prolonged use!®.

Organic compounds, such as alginate and collagen-based hydrogels, have attracted significant attention
due to their unique properties and biocompatibility?’. Alginate, a naturally occurring polysaccharide derived
from brown seaweed, forms hydrogels in the presence of divalent cations and offers excellent injectability and
biodegradability?’. When combined with collagen, a major structural protein in the extracellular matrix, these
hydrogels can effectively mimic the natural tissue environment, providing both structural support and biological
cues?2. A number of studies have utilized organic compounds to formulate antibiotic hydrogel dressings, but a
significant limitation is confinement to superficial skin wounds and inability to be placed into deep wounds in
the setting of SSI?*24,

Recent work has shown that composite hydrogels containing alginate and collagen can create a versatile
matrix that can be customized for various drug delivery applications®. These hydrogels can be modified in
terms of mechanical properties, porosity, and degradation rates, making them particularly suitable for the
controlled release of therapeutic agents such as antibiotics?®. The injectable nature of these hydrogels offers a
minimally invasive approach to delivering drugs directly to target sites without the need to re-open the surgical
site in the setting of SSIs*’. Upon injection, the liquid formulation rapidly gels in situ, forming a localized
matrix for sustained drug release, offering advantages over systemic delivery?®. This method ensures high local
drug concentrations while minimizing systemic side effects often associated with conventional administration
routes'!. The approach not only improves treatment efficacy but also enhances patient compliance by
eliminating the need for frequent dosing and maintaining effective therapeutic concentrations over an extended
period. Furthermore, the release kinetics of encapsulated antibiotics, such as clindamycin, can be finely tuned
by modifying the hydrogel composition and cross-linking density?*. This allows for an initial burst release to
quickly achieve therapeutic levels, followed by a sustained release to maintain effective drug concentrations over
time?. The interactions between the drug and the hydrogel matrix, including ionic bonding, hydrogen bonding,
and physical entrapment, play crucial roles in modulating the release profile’!. Understanding these interactions
and the resulting release kinetics is essential for optimizing hydrogel formulations and predicting their efficacy
in various therapeutic applications!®.

To date, no research group has developed an injectable alginate/collagen-based hydrogel encapsulating
clindamycin for targeted delivery to infected regions. In contrast to topical hydrogel dressings, the injectable
nature of the hydrogel allows treatment of SSI without need for further invasive surgery to re-open the wound
site!”~1%. The organic nature of the alginate/collagen hydrogel also avoids any potential issues with cytotoxicity
and has excellent biocompatibility. In this study, we sought to design and evaluate an injectable hydrogel loaded
with clindamycin. We assessed the rheological, morphological, and in-vitro release kinetics of the gel. Finally,
we examined the in-vivo performance of the clindamycin encapsulated hydrogel in a murine model of SSI, with
the aim of achieving precise and sustained local antibiotic release.

Results and discussion

SEM analysis of alginate/collagen hydrogel

The microstructures of collagen and alginate/collagen hydrogels were examined using scanning electron
microscopy (SEM) to assess their architectural differences. Freeze-dried hydrogel samples were mounted on
stubs and carbon-coated to improve electron conductivity. Figure 1a displays the SEM image of the collagen
hydrogel, which reveals a highly porous and fibrous architecture. The collagen fibrils are loosely organized,
forming an open network with large, irregular pores. This porous structure is characteristic of the self-assembly
of collagen monomers into a weakly crosslinked fibrillar matrix. The observed large pore size suggests improved
permeability, potentially facilitating nutrient diffusion. However, this architecture also compromises mechanical
stability and structural integrity, rendering the hydrogel more vulnerable to enzymatic degradation. Figure 1b
shows the microstructure of the alginate/collagen hydrogel, highlighting a denser and more organized network
compared to the pure collagen hydrogel. The fibrillar collagen arrangement is more compact, with finer, well-
organized fibers distributed throughout the matrix. The addition of alginate contributes significantly to this
enhanced structure by decreasing pore size and increasing hydrogel density. When ionically crosslinked, alginate
forms a cohesive network that reinforces the collagen fibrils, resulting in improved stability and reduced porosity.
The integration of alginate and collagen is evident from the heterogeneous matrix, where the nanoporous
alginate mesh supports and intercalates with the collagen fibrils. This denser, less porous structure likely provides
superior mechanical properties and resistance to degradation, making it well-suited for applications requiring
stable and durable hydrogels.

The rheological properties of alginate/collagen hydrogels

Figure 1c illustrates the differences in storage modulus (G') between collagen and alginate/collagen hydrogels
over a 300-s period. The collagen hydrogel exhibits a relatively low and stable G, fluctuating between 10 and
17 Pa, indicating a softer, less elastic hydrogel with a looser network structure and fewer crosslinks. This softer
structure, as shown in Fig. 1a, makes the collagen hydrogel more susceptible to deformation and less mechanically
stable. In contrast, the alginate/collagen hydrogel demonstrates a significant increase in G’, reaching 204 Pa by
the end of the 300-s measurement. This rise reflects the formation of a more robust and elastic matrix, enhancing
the hydrogel’s mechanical stability. The addition of alginate provides additional crosslinking points within the
network, contributing to its increased stiffness and elasticity compared to the collagen-only hydrogel. The gradual
increase in G’ over time can be attributed to ionic crosslinking between alginate and calcium ions, leading to the
development of a stronger, more elastic network. Alginate not only enhances G’ but also facilitates the gelation
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Fig. 1. Characterization of alginate/collagen hydrogels. (A, B) Scanning electron microscopy (SEM) analysis
of (A) collagen hydrogel and (B) alginate/collagen hydrogel. Magnification of 1000x was utilized to observe
micro-scale morphological features of the freeze-dried hydrogels. (C) Rheological properties of collagen and
alginate/collagen hydrogel were evaluated by storage modulus (G’) of the hydrogels measured over time at

37 °C. (D) average storage modulus (G’) of pre-formed hydrogels evaluated after 120 s at 24 °C, reflecting
their stabilized mechanical properties. Error bars indicate + standard deviation (n=3). (E, F) In-vitro release
kinetics of alginate/collagen hydrogel over a 14 day period. (E) Percentage of clindamycin released. (F) Overall
cumulative percentage released. Error bar represents + SD (n=4).
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process, resulting in a more rigid and mechanically stable structure. This significant improvement underscores
the superior mechanical properties of the alginate/collagen hydrogel relative to collagen alone. The averaged G’
of the preformed collagen and alginate/collagen hydrogels was measured after 120 s at 24 °C to evaluate their
mechanical properties following complete crosslinking, as shown in Fig. 1d. The collagen hydrogel exhibited a
G’ of 40 Pa, whereas the alginate/collagen hydrogel demonstrated a significantly higher G’ of 165 Pa (p <0.05).
This result highlights the enhanced stiffness provided by the addition of alginate, likely due to its contribution
to the overall crosslinking density within the hydrogel network. The increased crosslinking points introduced
by alginate create a more interconnected and robust network, improving both the stiffness and elasticity of the
hydrogel.

In-vitro release kinetics of clindamycin

The release kinetics of clindamycin from the alginate/collagen hydrogel were evaluated through an in vitro
study over a two-week period. The experiment measured the cumulative release of clindamycin at specific time
points, with the data presented in Fig. le.f, illustrating both the percentage released at each interval and the
overall cumulative release throughout the two-week period. The release profile of clindamycin demonstrated
a characteristic pattern, as often observed in hydrogel-based drug delivery systems!!*. Initially, there was a
substantial burst release, with approximately 63% of the drug being released within the first 24 h. This was
followed by a marked decrease in the release rate, with subsequent measurements showing additional releases
of 23%, 7%, and 3% at days 3, 7, and 14, respectively. This trend indicates a rapid initial release followed by
a more gradual, sustained release that appeared to stabilize after the first week, consistent with the biphasic
release patterns in the previous study?!. Overall, the release of clindamycin from the alginate/collagen hydrogels
progressed as follows: 63% by day 1, 86% by day 3, 93% by day 7, and reaching 96% by the end of the two-
week period. These results suggest that the hydrogel system was effective in releasing most of the encapsulated
clindamycin within the first week, with only a small additional amount released during the second week, aligning
with the controlled release characteristics of similar hydrogel systems?>32.

The observed release pattern can be attributed to the complex interactions between clindamycin and
the alginate/collagen hydrogel matrix!>?. These interactions likely involve a combination of ionic bonds,
hydrogen bonding, and physical entrapment within the hydrogel network. The anionic nature of alginate,
due to its carboxylate groups, may form ionic interactions with the protonated amine group of clindamycin
under physiological pH conditions?. Furthermore, hydrogen bonding between the functional groups of
clindamycin and those present in both alginate and collagen could contribute to the drug’s retention within
the hydrogel matrix'2. These molecular interactions play a crucial role in modulating the release kinetics of
clindamycin!!-*%3334 The initial burst release observed may be due to the rapid diffusion of loosely bound drug
molecules near the surface of the hydrogel. The subsequent slower release phase likely results from the gradual
diffusion of more strongly interacting clindamycin molecules, as well as the slow degradation of the hydrogel
matrix itself%°. This biphasic release profile is characteristic of many hydrogel-based drug delivery systems and
demonstrates the potential of the alginate/collagen hydrogel for controlled release of clindamycin!!.

Visualizing gel dispersion in-vivo with an ICG encapsulated hydrogel

To evaluate how the performance of the clindamycin encapsulated alginate/collagen hydrogel would change
with in-vivo environments, we placed indocyanine green (ICG), an FDA approved fluorophore, into the
hydrogel to use fluorescence intensity as a measurement for dispersion (Fig. 2). The ICG encapsulated alginate/
collagen hydrogels were then loaded into a clinically relevant surgical site infection (SSI) model. In brief, a small
subcutaneous incision was made on the back of the mice, incubated with logarithmic phase bioluminescent
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Fig. 2. In-vivo dispersion map of Indocyanine Green (ICG) loaded alginate/collagen hydrogel (A)
Fluorescence measurements via total efficiency (cm?) (B) Fluorescence intensity changes between days 0, 5,
9 after injection of ICG loaded hydrogel. Each line in A indicates the change of ICG fluorescence intensity in
each animal.
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Staphylococcus aureus on the wound bed, and allowed to rest for 3 h prior to any treatment to allow for further
growth of bacteria.

We then monitored fluorescence intensity via daily imaging with the IVIS (LagoX, Spectral Instruments).
Although the premature release of ICG cannot be definitively ruled out, we did not visualize significant
dispersion of the fluorescence signal throughout the entire 12 days of monitoring, suggesting that gel stays
relatively localized.

Bioluminescence correlation with bacterial load

Prior to employing the clindamycin encapsulated hydrogel for monitoring treatment efficacy, we validated
the correlation between bioluminescence signal intensity and bacterial load in our SSI models. We selected
Staphylococcus aureus Xen36 strain for our models as multiple prior studies have demonstrated robust
bioluminescent signals over weeks in murine models**-. To quantify bioluminescence signal, we inoculated
the wound bed with active, logarithmic phase Staphylococcus aureus (Xen36) at varying concentrations (N=5
for each group) ranging from 1x 10% to 1 x 107 CFU. Bioluminescence signal was acquired utilizing an in vivo
imaging system (IVIS), which allowed for real-time measurement of bacterial load. We noted a clear increase
in bioluminescence signal from 1x 10 to 1x 107 CFU, but were unable to detect any bioluminescence signal at
bacteria loads lower than 1x 10* CFU (Fig. 3a). Bioluminescence signal in the 1x10% and 1x 10* CFU groups
were similar to non-infected controls, indicating the detection threshold of our system. We then performed
a linear regression between the 1x10* to 1x 107 CFU groups, demonstrating a strong correlation coefficient
(R?) at 0.975 (Fig. 3b). This high correlation indicates that bioluminescence intensity is a reliable quantitative
measure of bacterial load within this range, providing a robust method for evaluating treatment response in the
SSI model.

Efficacy of clindamycin-encapsulated hydrogels in SSI
We first evaluated the efficacy of clindamycin in the treatment of SSI without the presence of an implant. To
do so, logarithmic phase bioluminescent Staphylococcus aureus was introduced into the infection site, and
mice were divided into three groups three hours post-infection: saline control (N=5), systemic clindamycin
phosphate administered three times daily (TID) (N=5), and a single injection of clindamycin-encapsulated
alginate/collagen hydrogel (N =5) applied directly over the infection site (Fig. 4).

The systemic antibiotic injection was administered at a dose of 100 mg/kg TID subcutaneously for
7 days (equivalent to 42 mg cumulatively for a 20 g mouse) away from the infection site to simulate systemic
pharmacokinetics comparable to human dosing?®*!. The clindamycin encapsulated alginate/collagen hydrogel
group received a total dose of 8 mg of clindamycin phosphate in 200 pl of injectable hydrogel overlying the
infection site. Contrastingly, the systemic clindamycin treatment group received a cumulative dose of
approximately 42 mg over 7 days, indicating the potential dose-sparing benefits of localized hydrogel delivery.

We monitored the degree of infection with daily bioluminescence imaging via the IVIS imaging system (LagoX,
Spectral Instruments). The control infection group (saline injection, n=>5) maintained high bioluminescence
signal from day 0 (1.9 x 10° photons/s) to day 7 (1.1 x 10° photons/s) indicating active infection. On the other
hand, we found that both the one-time hydrogel injection group (n=5) and systemic clindamycin treatment
group (n=5) showed a rapid and significant reduction in bioluminescence signal starting on day 1 (1.4x 10°
and 7.8x10* photons/s respectively) (Fig. 5a,b). Bioluminescent signal in the treatment groups remained
low to undetectable from day 1 (p<0.01) to the measurement on day 7 (p<0.05), similar to baseline mice

B

Bioluminescence to CFU Correlation Linear Regression
10°+ 10°9 R?=0.975
@ @
O o —
& T 10° g T 10°-
[ = O c
g 8 g 8 :
c o 107 c © 107
= = o
EG ED
S c - 2 c
S S 10° © g 10° .
m2 @2
&0 1054 & o 1054 "
o z o
- -
104- 104 T T T 1
N - 4 5 B 7
\$° NECEOEOEOES 10 10 10 10
(8) a .
o Bacterial CFU Load Bacterial CFU Load
Fig. 3. Bioluminescence to bacterial load (CFU) correlation. (A) Total mean bioluminescence signal to
bacterial CFU load. (B) Linear regression performed for bioluminescence signal from bacteria CFUs 10* to 107
Error bars represent+SD (n=5).
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Fig. 4. Experimental schematic of injectable collagen/alginate hydrogel loaded with clindamycin placed into
surgical infection site murine model. Created in BioRender.com?.

without infection suggesting effective infection suppression and likely complete resolution of infection, given
the immunocompetent nature of the mice. To further investigate, we assessed an additional treatment group
with a sub-therapeutic dose of systemic clindamycin delivered over 7 days, comparable to that of the hydrogel
clindamycin group (8 mg). Mice were administered a systemic clindamycin dose of 20 mg/kg TID and monitored
daily with bioluminescence (Fig. 5¢). This group exhibited a much slower reduction in bioluminescent signal,
with bioluminescent signal present on day 7, indicating residual infection and treatment failure. Our findings
suggest that one-time targeted treatment with a clindamycin encapsulated alginate/collagen hydrogel can
provide sufficient localized therapy to effectively treat SSI at a significantly lower dose compared to conventional
systemic treatment. This targeted approach minimizes systemic exposure, improves patient compliance by
reducing dosing frequency and leverages the hydrogel’s controlled release properties for prolonged therapeutic
action directly at the infection site. These results support the potential of clindamycin-encapsulated hydrogels as
an effective alternative to conventional systemic antibiotic regimens for localized infection management.

Treatment challenges in implant SSI with single hydrogel administration
Following treatment success of clindamycin-encapsulated hydrogels in treating non-implant SSI, we established
a clinically relevant SSI model with a titanium implant. Sterile medical grade titanium wire (0.5 mm diameter)
was embedded within the paraspinal muscle of mice and anchored with sutures after incubating the wound with
logarithmic growth phase bioluminescent Staphylococcus aureus (Xen36). Like the SSI without implant model,
mice were divided into the following treatment groups three hours post-infection: saline injection (N=5),
systemic clindamycin phosphate at a dose of 100 mg/kg TID (N =5), or one time injection of clindamycin (8 mg)
hydrogel (N =5) overlying the infection site.

With daily IVIS imaging over 7 days, we noted high levels of bioluminescence signal in all groups prior
to treatment on day 0, indicating active infection prior to treatment (Fig. 6). Compared to the saline control
group, the systemic clindamycin treatment group (N =5) had some residual bioluminescence signal on day 1
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Fig. 5. Treatment of surgical site infection (SSI) with alginate/collagen clindamycin hydrogel (A)
Bioluminescence signals in mice following treatment with either saline control group (n=>5), systemic
antibiotic (n=>5), antibiotic hydrogel (n=5), or low dose antibiotic (n=5). (B). Total mean bioluminescence
changes between saline control group, systemic antibiotic, local hydrogel injection, and low dose antibiotic
(20 mg/kg). Mice that received a low dose of systemic antibiotic (20 mg/kg) equivalent to hydrogel injection
continued to have infection until the end of treatment. *p <0.05, p <0.01. Systemic antibiotic, systemic
antibiotic (low dose), or targeted hydrogel versus saline group (one-way ANOVA with Tukey tests). Error bars
represent+SD (n=5).

(1.5% 10° photons/s, p <0.01), but bioluminescence signal continued to decrease to undetectable levels by day 4
(5x10* photons/s, p<0.05), suggesting infection suppression through systemic exposure. Contrastingly, in the
one-time injection of clindamycin (8 mg) hydrogel group, bioluminescence signal was undetectable from day 1
(p<0.01) to day 4 (p<0.05) compared to the saline group demonstrating initial infection suppression. However,
bioluminescence signal began to rise again from day 5, indicating recurrent infection. These results reflect
clinical challenges often encountered in treating implant SSIs, where the implant can act as a nidus for residual
infection and biofilm formation, complicating complete bacterial eradication and necessitating prolonged
antibiotic courses*>**,

Recurrent infection in the one-time injection of clindamycin (8 mg) hydrogel group highlights the limitations
of one-time localized treatment in the context of implant-associated infections. Implants, especially those made
of titanium, are known to support biofilm development and provide a protective environment for bacteria. This
makes them much less susceptible to antibiotics*¥. Clinically, implant SSIs often require extended antibiotic
therapy due to the increased difficulty in achieving sufficient drug concentrations at the infection site and
overcoming biofilm-associated resistance.
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Fig. 6. Bioluminescence signal following treatment of implant surgical site infection (SSI) with systemic
antibiotic and targeted injected antibiotic hydrogel. *p <0.05, 1p <0.01. Systemic antibiotic or targeted hydrogel
versus saline group (one-way ANOVA with Tukey tests). Error bars represent + SD (n=5).

Two time injection of antibiotic hydrogel successfully suppresses implant SSI

Given the persistence of infection and treatment failure observed in the one-time clindamycin hydrogel treatment
group, we introduced a second dose of the clindamycin hydrogel on day 3 to address potential infection relapse
anticipated by day 5 (Fig. 7). To better understand the long-term infection dynamics, we extended infection
monitoring using daily IVIS imaging for a total of 10 days. Mice were divided into the following four treatment
groups following induction of infection: saline injection (N =5), systemic clindamycin phosphate at a dose of
100 mg/kg TID for a total of 7 days (N=5), one time treatment with clindamycin (8 mg) hydrogel (N=5), or
two time injection of clindamycin (8 mg) hydrogel (N=5) on day 0 and day 3. The systemic antibiotic treatment
group did not receive any further doses of antibiotic after day 7.

We noted high bioluminescence signals persisted in the control infection group (saline injection) throughout
the 10-day observation period, indicating active infection (Fig. 7a). Compared to the saline control group, the
systemic clindamycin treatment group had a sharp decrease in bioluminescence signal from day 1 (p <0.05) to
day 7 (p <0.01) comparable to background levels while receiving treatment. However, after treatment was stopped
on day 7, one of the mice had recurrence of infection in the following 7 days (on day 10) suggesting residual
infection likely due to bacteria and biofilm presence on the implant (Fig. 7b). Similar to the previous experiment,
several mice in the one-time clindamycin hydrogel treatment group experienced early infection recurrence
within the first week and had sustained bioluminescence signals indicating unresolved infection starting on day
7. On day 10, two of the mice in the one-time clindamycin hydrogel treatment group had detectable levels of
bioluminescence indicating infection. In contrast, the cohort with repeat clindamycin hydrogel group treatment
on day 3 maintained undetectable bioluminescence levels from day 1 (p<0.05) to day 10 (p<0.01) compared
to the control group, indicating successful suppression of the infection. We thus demonstrate that two-time
treatment with clindamycin encapsulated alginate/collagen hydrogels had comparable performance to systemic
antibiotic treatment and successfully suppresses detectable levels of infection in an implant SSI model. This
highlights the potential of a two-time hydrogel approach to serve as a valuable adjunct or alternative to systemic
therapy, especially in cases where biofilm-mediated resistance limits treatment success.

The observed undulating pattern of recurrent infection in the one-time hydrogel treatment group can be
explained by biofilm formation on the infected implant hardware. Prior studies have demonstrated that very
few colony forming units (100 CFUs) in murine models can establish biofilm formation on an implant and
lead to recalcitrant, intractable infection®®. Clinically, retained infected hardware requires aggressive medical
therapy with many cases requiring removal of the affected hardware. Staphylococcus aureus, in particular, has
been associated with greater likelihood of treatment failure when associated with hardware infections*>. While
eradication of biofilm may be unattainable, our findings suggest that two-time injection of the clindamycin
encapsulated alginate/collagen hydrogel can effectively suppress infection from becoming active comparable to
systemic antibiotics and may be helpful in preventing complete treatment failure. Given its sustained release,
local effectiveness, and biocompatibility, this hydrogel-based approach may offer an attractive alternative to
conventional antibiotic-loaded beads*¢, which are non-biodegradable. Combining localized hydrogel treatment
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ANOVA with Tukey tests). Error bars represent+ SD (n=5).

2

Bioluminescence
(Photons/second)
= 2 0z oz o3
o
s §

Days

with systemic antibiotics could enhance therapeutic outcomes and reduce the need for hardware removal in
clinical settings.

Histopathology and immunohistochemistry

Lastly, we assessed overlying infected skin samples using H&E staining following harvest of the overlying
skin in the implant models (Fig. 8). When an infection is present, the activation of the immune response
leads to subsequent migration of a variety of lymphocytes to combat and phagocytize bacteria?’. The resultant
inflammatory response from infection will lead to vasodilation, fluid leakage, and subsequent edema and fat
stranding?”*%. All these findings can be seen in histopathological sections within immunocompetent animals.
In the H&E sections of infected specimens, thickening of the fat layer and abscess were visualized in the control
group indicating active infection and a triggered immune response (Fig. 8a). For the treatment groups with
systemic antibiotics, there was little to no fat thickening present (Fig. 8b). While the two-time hydrogel injection
group (Fig. 8d) also had little to no fat thickening present similar to that of the systemic antibiotic group, there
was moderate inflammation present with infiltrates from lymphocytes in the one time hydrogel treatment group
(Fig. 8¢).
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Fig. 8. Histology (H&E) stains of skin samples following treatment. (A) Control saline (B) Systemic antibiotic
treatment (C) One time treatment with antibiotic loaded collagen/alginate hydrogel (D) Two-time treatment
with antibiotic loaded collagen/alginate hydrogel.

Immunohistochemistry (IHC) staining demonstrated an abundance of hematopoietic cells (CD45) and
macrophages (F4/80) in the control group (Fig. 9a). In mice that received the one time hydrogel injection (Fig. 9¢),
IHC staining similarly revealed an abundance of hematopoietic cells and macrophages suggesting moderate
inflammation and residual infection, consistent with bioluminescence measurements. When comparing the
mice that received systemic antibiotic (Fig. 9b) and two-time antibiotic hydrogel injection (Fig. 9d), there were
few macrophages and hematopoietic cells present, suggesting only mild inflammation with likely resolution of
detectable infection.

This study has several limitations. One limitation is the inability to detect bacterial loads at 1x10°> CFU
and lower with the bioluminescence system. However, we demonstrate that two-time injection of hydrogel
provided comparable efficacy to systemic antibiotics, the current clinical gold standard, in suppressing implant
SSI. Complete treatment of biofilms remains a challenging issue, with no definitive solutions to date*®. Injectable
clindamycin encapsulated alginate/collagen hydrogels offer a promising option in the limited number of
treatments available for SSI, with its minimally invasive nature. Another limitation of the study is the wide
variability between different implants and subsequent SSI. Further investigation will be needed to determine
if the efficacy of the clindamycin alginate/collagen hydrogel is similar in different infection models such as
orthopedic implants.

Conclusion

In this study, we designed and characterized an injectable alginate/collagen hydrogel encapsulated with
clindamycin to treat SSIs. The alginate/collagen hydrogel demonstrated a biphasic release kinetic, with burst
release followed by a sustained controlled release. Validation testing with murine SSI models demonstrated its
ability to successfully treat infection in non-implant infection models. With chronic implant infection models,
two-time treatment with the clindamycin encapsulated hydrogel successfully suppressed recalcitrant infection
and prevented total treatment failure. Overall, this tunable alginate/collagen hydrogels serves as an effective
delivery vehicle for clinical applications in treating SSIs compared to conventionally available treatments.
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Fig. 9. Immunohistochemistry stains of skin and fat samples following treatment. (A) Control saline (B)
Systemic antibiotic treatment (C) One time treatment with antibiotic loaded collagen/alginate hydrogel (D)
Two-time treatment with antibiotic loaded collagen/alginate hydrogel.

Materials and methods

Materials

Rat tail collagen type I was obtained from Corning Inc. (Corning, NY, USA). Low viscosity sodium alginate
(PRONOVA® UP VLVG, 5GM) was procured from NovaMatrix Inc. (Sandvika, Norway). Sodium hydroxide
(NaOH), calcium sulfate (CaSO4), 2-(N-Morpholino)ethanesulfonic acid (MES), N-(3-Dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC), and N-Hydroxysulfosuccinimide (NHS) were acquired from
Thermo Fisher Scientific (Waltham, MA, USA). Clindamycin Hydrochloride and Phosphate were acquired from
Research Products International (RPI, IL, USA).

Methods

Hydrogel preparation

To create the hydrogel, we first prepared two precursor solutions: sodium alginate and collagen. For the alginate
solution, we dissolved low viscosity sodium alginate in calcium-free DMEM at a 2% (w/v) concentration. This
solution was then sterilized using 0.22 um Millex syringe filters, supplemented with sterile 1IN NaOH, and stored
at 4 °C. The collagen precursor was prepared by first creating a calcium sulfate suspension. We added 1 ml of
sterile deionized water to 100 mg of sterile CaSO, and vortexed for 5 min. We then diluted collagen stock solution
(collagen I from rat tail, Corning Inc) with calcium-free DMEM to achieve a 3 mg/ml concentration, working
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on ice. This collagen solution was then mixed with the CaSO4 suspension to reach a final CaSO, concentration
of 1.5 mg/ml in the hydrogel solution.

For the antibiotic component, we prepared a clindamycin phosphate solution in PBS at a concentration of
200 mg/ml. We combined 40 pl of this solution with 80 pl of the collagen precursor and mixed thoroughly. To
this mixture, we added 80 pl of the alginate precursor (containing 3 pul of 1IN NaOH)), resulting in a total volume
of 200 pl of alginate/collagen hydrogel solution containing 8 mg of clindamycin. Thus, the final hydrogel was
formed by combining the collagen and alginate precursor solutions at a 1:1 volume ratio, followed by repeated
pipetting to ensure thorough mixing.

Scanning electron microscopy (SEM) The surface morphology of the collagen and alginate/collagen hydro-
gels was analyzed using a scanning electron microscope (Apreo S LoVac, Thermo Fisher Scientific). Samples

were prepared by freezing in liquid nitrogen followed by freeze-drying to maintain structural integrity. The
freeze-dried hydrogels were sectioned under liquid nitrogen using a surgical blade. To enhance conductivity
and prevent charging, the samples were coated with a 60:40 gold—palladium (Au/Pd) alloy using a sputter coater
(SNSE Stanford, USA). SEM imaging was performed at 3 kV acceleration voltage and 50 pA beam current, with
micro-scale features observed at 1,000 x magnification.

Rheological analysis The rheological properties of injectable collagen and alginate/collagen hydrogels were
analyzed to assess their mechanical behavior. Hydrogel solutions were loaded onto the Peltier plate of an
ARES-G2 rheometer (TA Instruments, New Castle, DE) to monitor the progression of the storage modulus (G’)
over time at 37 °C. An 8 mm parallel plate stainless steel geometry with a gap distance of 200 um was employed.
The storage modulus (G’) and loss modulus (G”) were measured using an oscillatory time sweep protocol, with
measurements taken from 0 to 300 s to capture the gelation dynamics. Additionally, preformed collagen and
alginate/collagen hydrogels were equilibrated on the Peltier plate at 24 °C for 15 min to ensure thermal stability
prior to testing. Following equilibration, the storage modulus was recorded after a stabilization period of 120 s
at 24 °C. A sinusoidal shear strain of 1% and a frequency of 1 Hz were applied to the hydrogels, and the storage
modulus (G') was tracked as a function of time to evaluate their viscoelastic properties.

Release kinetics of clindamycin from alginate/collagen hydrogel in vitro

Clindamycin was encapsulated in an alginate/collagen hydrogel solution as previously described. A volume of
200 pl of the clindamycin-loaded hydrogel solution was injected into the wells of a 24-well plate and incubated at
37 °C for 40 min to allow hydrogel formation. Following this, 1 ml of PBS was added to each well, and the plate
was incubated at 37 °C for 14 days. At each time point, the release medium was removed from the wells, replaced
with fresh PBS, and transferred to siliconized microcentrifuge tubes for storage in a—20 °C freezer. Once all
release media were collected, clindamycin content was measured using a NanoDrop™ One/OneC Microvolume
UV-Vis Spectrophotometer at 210 nm (Thermo Scientific™), following the manufacturer’s instructions.

Preparation of bioluminescent Staphylococcus aureus for in-vivo models

Bioluminescent Staphylococcus aureus (Xen36, Perkin Elmer) was first plated onto a selective mannitol salt agar
plate. Following this, a single colony was grown overnight in Tryptic Soy Broth (TSB) at 37 °C. 100 ul of overnight
culture was then placed into 10 ml of fresh TSB and grown until logarithmic phase at OD,,=0.4 (TECAN Plate
Reader). Bacteria were then centrifuged, washed with PBS x 3, and suspended to a concentration of 1 x 107 CFU/
ml to use as inoculum for the infection models. The in-vitro minimum inhibitory concentration (MIC) with
clindamycin of the Staphylococcus aureus (Xen36) strain used was<0.5 ug/mL as determined by an independent
clinical laboratory (VHA Public Health Reference Laboratory, Veterans Affairs Palo Health Care System).

Murine surgical site infection models (subcutaneous and implant Infection)

All procedures were approved by the Stanford Administrative Panel on Biosafety (APB) and the Stanford
Administrative Panel on Laboratory Animal Care (APLAC), and all procedures were performed in accordance
with the Stanford Administrative Panel on Biosafety (APB) and the Stanford Administrative Panel on Laboratory
Animal Care (APLAC). All experimental procedures complied with ARRIVE guidelines. Following the final
experiment, all mice were euthanized in accordance with American Veterinary Medical Association (AVMA)
guidelines with carbon dioxide in a gas chamber provided by the Stanford animal research facility.

For the subcutaneous surgical site infection (SSI) model, 6-8 week old balb/c female mice (Jackson
Laboratory) around 20 g were anesthetized with 2% v/v isoflurane. Following this, a 2 cm incision was made on
the back of the mice and 1 x 10° CFU of bioluminescent logarithmic phase Staphylococcus aureus (Xen36, Perkin
Elmer) was placed into the subcutaneous pocket. The incision was closed with 5-0 Prolene in an interrupted
fashion and sealed with Vetbond (3M).

Similarly, we created a surgical site implant infection model with titanium wire. 6-8 week balb/c female mice
were first anesthetized by 2% v/v isoflurane. Following this, an incision was made on the back of the mice and
underlying left paraspinal muscles at the level of lower back were identified. A cut on the paraspinal muscles
was then made, and sterile medical grade pure titanium wire (0.5 mm diameter, standardized to 7 mm length)
was implanted within the muscle. 1x 10° CFU of bioluminescent logarithmic phase Staphylococcus aureus then
placed into the wound overlying the implant and the implant was anchored with 4-0 Vicryls in an interrupted
fashion. Care was taken to ensure that the titanium implants were embedded within the muscle at the same level
and fashion for every animal to ensure consistency. The superficial skin wound was then closed with 5-0 Prolene
in an interrupted fashion and sealed with Vetbond (3M). All mice were administered Ethiga XR (Buprenorphine
ER) and meloxicam for appropriate pain control.
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Quantification of bioluminescence signal

All bioluminescence imaging was performed with LagoX, an IVIS imager with a CCD camera cooled to — 90 °C
(Spectral Instruments Imaging). Images were acquired with low binning and exposure time up to 180 s (3 min).
Bioluminescence signals were quantified with Aura Software (Spectral Instruments Imaging) via averaged total
emission radiance units (photons/second).

Visualization of gel dispersion with indocyanine green (ICG)

To determine in-vivo gel dispersion, clindamycin encapsulated alginate/collagen hydrogels were supplemented
with indocyanine green (ICG) at 100 uM. Alginate/collagen hydrogels encapsulated with ICG were placed into
the infected region of the SST model (N =2) as previously described and serially followed via fluorescence imaging
for up to 12 days. Fluorescence imaging was performed with the IVIS imager, LagoX (Spectral Instruments
Imaging). Settings were set at the following: medium binning, up to 30 s exposure, excitation at 770 nm, and
emission filter at 810 nm. Fluorescence signals were quantified with Aura Software (Spectral instruments) as
total efficiency (cm?).

Treatment of SSI with clindamycin encapsulated alginate/collagen hydrogel

Subcutaneous and implant murine SSI models were created as previously described. 3 h following incubation
of logarithmic phase growth bacteria, mice were anesthetized by 2% v/v isoflurane. Following this, 200 pl of
the clindamycin (8 mg) encapsulated alginate/collagen hydrogel was injected via a 28-gauge needle over the
infection site. Mice treated with systemic antibiotic (clindamycin phosphate in sterile water) were treated with
100 mg/kg TID (three times daily) dosing via subcutaneous injection far away from the infection site over 7 days.
Similarly, the saline (no antibiotic control) group received 50 ul TID injections of saline over 7 days.

Histopathology

Mice skin overlying the infected region was harvested after euthanasia and placed in 4% paraformaldehyde
(Thermofisher) for 24 h at 4 C. Specimens were then placed in 30% (w/v) sucrose solution (Thermofisher)
for 24 h at 4 C and placed in OCT (Tissue-Tek) solution mixture ratios 70:30, 50:50, 30:70, 10:90, and 0:100
respectively. Cryosectioning was performed at 10 um thickness and hematoxylin and eosin (H&E) staining
performed. Slides were imaged with a Leica DM2000 LED microscope at 10x objective magnification with an
Allied Vision U-1240c color camera. Immunohistochemistry staining was performed with F4/80 monoclonal
antibody (Invitrogen) for macrophage staining and CD45 antibody (R&D Systems) for hematopoietic cell
staining. Secondary antibody staining was performed with Alexa Fluor Plus 488 (ThermoFisher) and Alexa
Fluor 633 (ThermoFisher) respectively. Confocal images were obtained with the Zeiss LSM 700 under 20x
objective magnification and arranged on Image].

Statistical analysis

Data was analyzed via a one-way ANOVA with Tukey tests for comparison on GraphPad Prism 8.0. For statistical
analysis comparing rheological properties of collagen and alginate/collagen hydrogels, a two-sided t-test was
performed. Data was considered statistically significant when p values were less than 0.05.

Data availability
Data and materials in this study are available upon reasonable request to the corresponding authors.
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