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Gelation kinetics is important in tailoring chemically crosslinked hydrogel-based injectable adhesives for
different applications. However, the regulation of gelation rate is usually limited to varying the gel precursor
and/or crosslinker concentration, which cannot reach a fine level and inevitably alters the physical properties of
hydrogels. Amidation reactions are widely used to synthesize hydrogel adhesives. In this work, we propose a
traditional Chinese medicine (Borax)-input strategy to tune the gelation rate of amidation reaction triggered
systems. Borax provides an initial basic buffer environment to promote the deprotonation process of amino
groups and accelerate this reaction. By using a tissue adhesive model PEG-lysozyme (PEG-LZM), the gelation
time can be modulated from seconds to minutes with varying Borax concentrations, while the physical properties
remain constant. Moreover, the antibacterial ability can be improved due to the bioactivity of Borax. The
hydrogel precursors can be regulated to solidify instantly to close the bleeding wound at emergency. Meanwhile,
they can also be customized to match the flowing time in the catheter, thereby facilitating minimally invasive
tissue sealing. Because this method is easily operated, we envision Borax adjusted amidation-type hydrogel has a

promising prospect in clinical application.

1. Introduction

Injectable adhesives, based on two-component cross-linking in situ,
are widely used in clinic due to their convenient delivery and high shape
adaptability [1-3]. Amidation reaction triggered injectable hydrogels
are superior to other chemically crosslinked hydrogels in terms of their
inherent covalent binding ability towards biological tissue interface, as
thus are currently being explored for tissue adhesives [4-7]. As we
previously reported, an injectable polyethylene glycol-Lysozyme
(PEG-LZM) hydrogel adhesive was developed for wound closure and
tissue repair through the amidation reaction between the 4-arm--
PEG-NHS (succinimidyl carbonate) and the amine groups on LZM [8].
The gelation time of this hydrogel, similar to other commercially
available PEG adhesives, for instance DuraSeal™ or CoSeal® adhesive,
is usually about tens of seconds to minutes in the phosphate buffer at pH
7.4 [9].
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As an important parameter of injectable hydrogel, gelation rate
largely determines the applicable scenario of the gel [10-15]. For he-
mostasis purposes, hydrogels should form rapidly after injection in order
to prevent wound bleeding in time [16,17]. For certain deep wound
sealing applications, slow and controlled gelation would be desirable to
fill in irregularly shaped defects prior to solidification [18,19]. More-
over, for treating closed wounds such as gastric perforation [20,21],
lung rupture [22,23], and liver injury [24,25], etc., the delivery of
hydrogel precursor fluids in a minimally invasive and time-controlled
manner before accessing the wound site is highly required [26].

However, the relatively fixed gelation rate makes it technically
challenging when using such hydrogels for customized wound treatment
[27-30]. Usually, the control of the gelation rate of most injectable
chemically crosslinked systems is limited to varying the gelling pre-
cursor and/or crosslinker concentration, which cannot regulate gelation
rate subtly, and inevitably changes their physical properties for instance
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mechanical strength, inner structure, degradation speed and so on
[31-36]. There is a growing demand for developing a simple and effi-
cient strategy to precisely regulate the gelation time with little or no
alteration to the material’s other properties.

Theoretically, the amidation reaction proceeds via the attack of
nucleophilic N atom towards the electron-deficient acyl C atom [37].
The one-pair electron on N, once being protonated, will greatly reduce
the nucleophilicity of N, and prevent the amidation reaction from
occurring [38-41]. Therefore, how to promote the N deprotonation
process is critical to accelerate the reaction rate. During the PEG-LZM
crosslinking process, the protonation tendency of -NH; on LZM is
influenced by the initial solution pH. We anticipate if a suitable chemical
with a certain buffer capacity can alleviate the pH decrease during the
reaction process, which can enhance the nucleophilicity of -NH; on the
protein, as thus control the gelation time in a dose-dependent manner (i.
e. shortened).

Borax, as a traditional Chinese medicine, has multiple bioactivities
including antiseptic, antibacterial, antifungal, and antiviral, etc. [42,
43]. In clinic, borax is widely used for disinfection and antiseptic
treatment of skin diseases [44]. While in chemistry, borax is a typical
strong base-weak acid salt, and denoted as NapB407*10H20. After dis-
solved in water, the boronic acid ion B40%~ is hydrolyzed into equal
quantities of boric acid B(OH)3; and tetrahydroxyborate ion B(OH)4,
between which an acid-base equilibrium (pK, ~ 9.2) is established with
the capability to buffer the solution pH at a weak basic level [45-47].

Based on this, we hypothesize that the addition of borax could
consume H™ to promote the deprotonation of amino groups, and thus
catalyze the amidation reaction between PEG and LZM. Secondly, the
introduction of Borax into the hydrogel could provide additional bio-
activities. Thirdly, as the byproduct (N-hydroxysuccinimide) ultimately
induces a weak acidic environment in the gel matrix, the addition of
Borax could retard pH decrease and make the pH of material similar to
tissue. Scheme 1a illustrates that an injectable PEG-LZM adhesive sys-
tem with customized gelation kinetics can be easily obtained by a simple
Borax-input strategy. The amount of the initially added Borax precisely
controls its gelation time ranging from seconds to minutes. Scheme 1b
illustrates the potential applications of the hydrogel adhesive. Model 1
represents an emergent therapy case. The PEG-LZM/Borax (10 mg mL~!
Borax) can gelatinize within 3 s to instantly close the rabbit left ventricle
wall defect and stop bleeding. Model 2 represents a minimally invasive

(a) Borax Borax (u) 3
< LZM-NH: —— LZM-NH: + 4-arm-PEG-C-O-N
h Base Catalyzed a
72 + 0 Q
P 4-arm—PEG{H?NlIfLZM == H-O-Ni\j
LZM  4-arm-PEG-NHS A
(A) (B)
(b) Model 1 RS (""/r?/,' Model 2
5.3 2V IO)
510
’ \gl . gy
‘ , -~ \
76 54 . ‘
)
|
‘ |
3‘\*-_ il _, Antibacterial \
Rapid Hemostasis Minimally
= 4 X
§ \ v
Lysozyme (LZM) 4-arm-PEG-NHS Borax

Bioactive Materials 6 (2021) 905-917

therapy case. The gelation time can be regulated to match the flow time
of the hydrogel precursors in the catheter, which may be used for gastric
perforation minimally invasive closure. In the meantime, the hydrogel
also displays good antibacterial activities.

Our work reveals that the use of Borax confers the amidation-type
hydrogel system with predetermined gelation time, therefore such ad-
hesives can be customized for different therapy requests. Since Borax is a
common clinical drug and the incorporation of Borax is operated easily,
we envision Borax tuned amidation-type hydrogel has a promising
prospect in clinical application.

2. Experimental section
2.1. Materials and tools

4-arm-poly (ethylene glycol) succinimidyl carbonate (4-arm-PEG-
NHS (SC), Mw = 10 kDa, Mw Mn-1 = 1.03) was purchased from
SINOPEG, China. Sodium tetraborate decahydrate (Borax, AR) was
purchased from Adamas-beta® co. LTD, China. All other materials or
regents were purchased from Sigma-Aldrich unless otherwise specified.
Double cylinder syringe and spraying tip were purchased from Shanghai
misawa medical industry co. LTD, China.

2.2. Hydrogel preparation

Before preparing hydrogel, the LZM protein was purified through a
dialysis-lyophilization process (3 days), and then saline solution (0.9%,
w/v) was firstly used to dissolve different contents of borax to prepare
different concentrations of borax solution. Next, the prepared borax
solution was used as the solvent to dissolve LZM (15%, w/v) as the
precursor A. At the same time, the normal saline (0.9%, w/v) was used
to dissolve 4-arm-PEG-NHS (15%, w/v) as the precursor B. Finally, the
PEG-LZM/Borax hydrogels with different gelation time can be formed in
situ after mixing the two components with a double cylinder syringe. (A:
B=1:1,v/v).

2.3. Measurement of gelation time

The gelation time was determined by the vial tilting method. Simply,
according to the above method, prepared precursors were mixed and

Scheme 1. (a) The gelation time of PEG-LZM
hydrogel can be regulated by a traditional Chinese
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emergent therapy case. The PEG-LZM with the fastest
gelation time (<3 s) can instantly close the rabbit left
ventricle wall defect and stop bleeding. Model 2
represents a minimally invasive therapy case. The
gelation time can be regulated to match the flow time
of the hydrogel precursors in the catheter, which pave
the way for minimally invasive closure of deep tissue
wound. Meanwhile, the improved antibacterial abili-
ties of hydrogel can be achieved by Borax
incorporation.
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injected into a vial with a double cylinder syringe at room temperature
(25 °Q), and the time was regarded as the gelation time when there was
no flow upon inverting the vial.

2.4. pH measurement

In this work, the pH of all solutions or hydrogels were measured with
the microelectrode research system (PXF2078, Unisense, Denmark)
containing micro-electrodes (tip diameter: 100 pm). Before each mea-
surement, a process of calibration was performed to determine the
corresponding relationship between the potential and the pH value, and
then a standard curve was first generated automatically on the com-
puter. Next, the clean pH working electrode and reference electrode
were simultaneously inserted into the solution or gel (12 h after gela-
tion), and then the pH of different samples was obtained based on the
standard curve.

2.5. Ex vivo rapid sealing defect test

The defects (diameter: 2 mm) in pigskin or pig myocardium were
first created by a punch, moreover, water was continuously injected into
the myocardium defect through a catheter to simulate bleeding. In this
experiment, 20 mg mL™~! borax solution was used to dissolve LZM to
achieve the rapid gelation speed of hydrogel. According to the above
methods, 4 mL mixed precursors were quickly sprayed on the surface of
pigskin or myocardium, and the results of gelation around defect was
examined immediately after spraying or injecting.

2.6. Ex vivo simulated minimally invasive delivery study

In order to verify the feasibility of the hydrogel delivery by mini-
mally invasive means, a catheter (NOGA MyoStar, 27 G, 30 cm) was
connected to a double cylinder syringe, the other end was placed on the
top of a 2 mL centrifuge tube. Then, normal saline was injected with a
syringe pump through the catheter at a flow rate of 2 mL min~}, and the
flowing time of the normal saline in the catheter was recorded. Next, the
gelation time of hydrogel was adjusted by borax content to match the
recorded time. Finally, the prepared gelling solution was injected under
the same conditions, and the gelation condition at the outlet of the
catheter was recorded by camera.

2.7. Rheological study

In this experiment and next tissue adhesion study, different con-
centrations of borax solution (20, 12, 8, 4 mg mL ) was used to dissolve
LZM to prepare hydrogel.

The PEG-LZM/Borax hydrogels were prepared as disc-shaped sam-
ples with a diameter of 20 mm. The viscoelastic behaviors of the
hydrogels were measured by a Thermo Haake MARS rheometer. Before
the tests, an amplitude sweep was first performed in order to define the
linear viscoelastic region (LVR) in which the storage modulus is inde-
pendent to the strain amplitude. Oscillation frequency sweep tests from
0 Hz to 10 Hz were selected to perform the rheological studies. The
storage modulus G’ represents the elastic property of the hydrogel, and
the loss modulus G” represents the viscous properties.

2.8. Lap shear adhesion strength test

Adhesive properties of hydrogels were determined by using lap shear
adhesion test according to American Society for Testing and Materials
(ASTM) standard F2255—05 [48]. The pigskin was washed by PBS and
cut into small pieces (1 cm x 2.5 cm), then 200 pL mixed precursors
were sprayed into the gap between the two pieces of pigskin and
adhered them together. Then, the two pieces of pigskin were fixed be-
tween two glass sheets (5 cm x 2 cm) with rough surface by a cyano-
acrylate glue (gold elephant 508). 60 min later, the glass sheets were
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clamped by a universal mechanical tensile machine (SANS CMT2503) to
stretch (tensile rate was set as 5 mm min_l). The maximum stress during
the stretching process was esteemed as the adhesive strength of the
hydrogel for pigskin. (n = 4).

2.9. Invitro antimicrobial study

In the following experiments, different borax solution was used to
dissolve LZM unless otherwise mentioned. Staphylococcus aureus
(S. aureus, ATCC 25923) and methicillin-resistant Staphylococcus aureus
(MRSA, acquired from the Second Affiliated Hospital of Zhejiang Uni-
versity) were chosen as the model of Gram-positive bacteria, and
Escherichia coli (E. coli, ATCC 25922) was chosen as the model of Gram-
negative bacteria. Firstly, 2 mL PEG-LZM (PEG and LZM were dissolved
in 0.1 M PB) or PEG-LZM/Borax hydrogel was prepared in each well
according to the above method. Then, 1 mL different bacterial suspen-
sion (107 CFU mL’l, 100% medium) was added to each well. After
culturing at 37 °C for 12 h, the bacteria morphology was observed by
surface morphology observation (SEM, 10 kV), and number of remain-
ing viable bacteria in the suspension was measured by dilution plate
counting (103). (n=3).

Next, to further demonstrate the enhanced antibacterial activity of
PEG-LZM/Borax hydrogel, the anti-biofilm formation experiment was
performed. In this study, 2 mL of MRSA fluid (107 CFUmL™}, 100% high
sugar medium, 1% glucose) was added in each well for co-incubation
with different samples at 37 °C for 48 h. After incubation, each sam-
ple was taken out and washed by saline for 5 times. The biofilm for-
mation on the surface of each sample was characterized by SEM and
live/dead bacterial fluorescent staining (1.67 mM SYTO 9 and 20 mM
propidium iodide).

2.10. In vivo antimicrobial study

In vivo studies were performed in strict accordance with National
Institutes of Health (NIH) guidelines for the care and use of laboratory
animals (NIH Publication no. 85-23 Rev. 1985) and all procedures were
approved by the Research Center for Laboratory Animals of Shanghai
University of Traditional Chinese Medicine (Shanghai, China).

To evaluate the antibacterial properties of hydrogel in vivo, we
created two skin wounds (diameter 10 mm) on the back of each rat, and
contaminated them with 10 pL. MRSA (108 CFU/mL) fluid, respectively.
200 pL cooled mixture of PEG-LZM/Borax hydrogel (10 mg mL ™! Borax)
precursor was injected in the right wound, while the left wound treated
with 3 M dressing served as control. For statistical analysis, 5 rats were
used for this study. 3 days after operation, the animals were euthanized
by inhaling an anesthetic and the wounds were photographed by cam-
era. The bacteria at the wound site were collected by cotton swab for
diluted plate assay and then the skin of the wounds was excised for H&E
staining.

2.11. In vitro compatibility study

2.11.1. Cell culture

To study the cell affinity of the PEG-LZM/Borax hydrogel, murine
myoblast cells (C2C12) and murine-derived 1929 fibroblast cells pur-
chased from the American Type Culture Collection (ATCC, VA, USA)
were used for evaluating the cytotoxicity of hydrogels. The Cell culture
and cell implantation are presented in supplementary information.

2.11.2. Cell attachment studies
According the above method, 500 pL mixed hydrogel precursors (10
mg mL ™! Borax) was prepared in the each well of a 24 well plate. Then,
C2C12 cells and L929 cells were seeded on the surface of the hydrogels
or cell plate at a density of 3*10* cells per well with 12 h incubation.
Next, immunofluorescent staining was performed after cells were
fixed in 2.5% glutaraldehyde solution for 15 min and permeabilized by
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Triton X-100 (0.1%, v/v) for 10 min. Simply, samples were attained by
PBS with 5 pg mL~! of FITC (fluorescein isothiocyanate)-phalloidin (15
min) and 5 pg mL ! of DAPI (4,6-diamidino-2-phenylindole) (15 min)
for cytoskeleton and nuclei staining, respectively. The stained cells were
observed by confocal laser scanning microscopy (CLSM, Nikon, Japan).
Cell average spreading area was evaluated by randomly photographing
cells on ten places of different samples and calculated using Image J
software.

2.11.3. Cell proliferation studies

The cytocompatibility of the PEG-LZM/Borax hydrogel was evalu-
ated by Cell Counting Kit-8 (CCK-8, Dojindo, Japan) and Live/Dead
fluorescent staining. For this study, C2C12 cells and L929 cells were
seeded onto the hydrogel surface. For cell proliferation analysis, the
medium containing 2% fetal bovine serum (FBS) was replaced by fresh
medium containing 10% CCK-8 after culture for 1, 3, and 5 days. The
incubation solution was then transferred to a 96-well plate after 2 h of
incubation and the absorbance was measured using a microplate reader
at 450 nm (Model 550, Bio-Rad, USA). For live/dead assay, the each well
was washed with PBS for 3 times, and then the cells were stained with
calcein AM and propidium iodide according to the kit instruction
(Thermo Fisher, L3224), and then imaged by inverted fluorescence
microscope (Leica, DMI3000B).

2.11.4. Hemolytic properties study

The hemolytic properties of PEG-LZM/Borax hydrogel was esti-
mated. Simply, fresh blood of rabbit was centrifuged at 1200 g for 15
min to remove the upper serum. The obtained plasma was washed with
PBS buffer (repeated 3 times), then 1 mL rabbit blood cells (40%, v/v) in
PBS buffer (pH 7.4) was incubated with hydrogel (500 pL) for 1 h at
37 °C. At the same time, 500 pL PBS buffer or 0.1% Triton X-100 solution
was added into rabbit blood cells suspension as positive and negative
controls, respectively. These tubes were then centrifuged at 1200 g for
15 min and absorbance at 540 nm of supernatant was measured by a
microplate reader (SpectraMaxi, Molecular Devices). The ratio of he-
molysis for PEG-LZM/Borax hydrogel was calculated as:

,Ah - Ap

Hemolysis (%) x 100%

t P
Where Ay, Ap and A, represent absorbance of hydrogels group, positive
group (PBS) and negative group (Triton X), respectively. (n = 3).

2.12. In vivo biocompatibility study

100 pL cooled mixture of PEG-LZM/Borax hydrogel (10 mg mL ™
Borax) precursors was injected into the dorsal subcutaneous pocket
(between skin and muscle) of Sprague Dawley (SD) rats (200-300 g).
The rats were sacrificed after 1 week. The samples and surrounding
tissues were fixed, sectioned, embedded, and stained with hematoxylin
and eosin (H&E). (n = 3).

2.13. Rapid closure of transmural left ventricular (LV) wall defect to stop
bleeding

New Zealand white rabbits were used as the animal model in this
study. The rabbit was first anesthetized by ear vein injection with 40-50
mg kg~ ! pentobarbital. Preoperative echocardiography measurements
(ECHOs) were used to record the Left ventricular function (LVF) of each
rabbit. Next, the preparatory works were finished in advance, such as
tracheal intubation, breathing support, inhalation anesthesia, and
nutritional fluid supply through the vein, etc. Then, the left ventricular
(LV) was exposed after opening the chest, a transmural LV wall defect
was created with a needle (inner diameter: 1.2 mm). The defect was
immediately closed by injecting mixed precursors of PEG-LZM/Borax
(10 mg mL~! Borax), and then situation of heart beats and defect
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closure were examined immediately. Finally, the chest of rabbits was
closed according to conventional cardiothoracic surgery clinical surgical
operation. After 2 days and 3 weeks postoperatively, the left ventricular
systolic function of rabbits was examined by ECHOs respectively, and
the wound recovery was observed by Masson’s trichrome staining (3
weeks). (n = 4).

2.14. Evaluation of gastric perforation sealing

Firstly, each rat was anesthetized by intraperitoneal injection with
0.8 mL of 1% w/v pentobarbital solution. Then, 20 mL of sterile normal
saline was injected into abdominal cavity to clean the stomach, and then
the normal saline was recycled for Rivalta assay and the analysis of
nuclear cell number. Next, after exposing the rat’s stomach, a 2 mm
diameter defect was created. The defect was sealed by injecting mixed
precursors of PEG-LZM/Borax (5 mg mL™! Borax) through a suitable
length of tube. Non-treatment and the defect treated by suturing were
set as negative or positive control group, respectively.

The gastric wounds of rats were observed and recorded after 3 days
and 2 weeks. After 2 weeks, washing fluid (normal saline) of abdominal
cavity was collected again for Rivalta assay and the analysis of nuclear
cell number according the above method. At last, the wound sur-
rounding tissues were fixed with paraformaldehyde for sectioning,
staining (H&E), and histological observation. (n = 4).

2.15. In vivo wound healing tests

Male Sprague Dawley (SD) rats (200-300 g) were selected for this
study and the rats were randomly divided into 3 groups containing 4
replicate samples: (1) PEG-LZM/Borax; (2) PEG-LZM; (3) Control. Two
wounds were created on the back of each rat with 10 mm in diameter,
and then different types of hydrogels were injected to fill the wounds,
while no treatment was applied to the control group. Finally, the rats
were wrapped with medical gauze and fixed with adhesive tape. The
wounds were photographed by digital camera at the predetermined time
after surgery.

2.16. Statistical analysis

All data were expressed with mean standard deviation (SD) and
analyzed using one-way ANOVA with post hoc tests. Significance was set
at p < 0.05 (***p < 0.001, **p < 0.01, *p < 0.05), while p > 0.05 was
considered to be statistically nonsignificant (N.S.).

Other Experimental details are provided in the Supporting
Information.

3. Results and discussion
3.1. Borax catalyzes the amidation reaction by its pH buffering ability

Fig. 1(a) displays the mechanism of the amidation reaction between
protein and 4-arm-PEG-NHS, where the —-NH in protein (e.g. LZM) ex-
periences a deprotonation step first, and then nucleophilically sub-
stitutes the -NHS group at the end of 4-arm-PEG-NHS, forming a stable
amido bond and assembling the polymeric network [8]. Since the pro-
tonation of -NHjy is influenced by the initial pH as well as the acidic
by-product (N-hydroxysuccinimide) during gelation, we expect a basic
gelling environment can promote the N deportation process and catalyze
the amidation reaction. We initiate an electrochemical test as indicated
by Fig. 1(b) to confirm the speculation. Experimentally, an electrolyte
was first prepared by dissolving the LZM and 4-arm-PEG-NHS into the
normal saline with an acid-base indicator. A two-electrode system
employing a Ti plate as the cathode and a Pt wire as the anode was set
into the solution. Before imposing a potential, the electrolyte solution
shows a yellow color (acidity) and no gelation was observed, indicating
an acidic environment unfavored the gelation reaction. In contrast, a
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Fig. 1. Mechanism study of Borax regulating gelation rate. (a) The amidation reaction between protein and 4-arm-PEG-NHS; deprotonated -NH,, attacks the electron-
deficient C atom in the end of 4-arm-PEG-NHS to form PEG-LZM hydrogel and acidic by-product N-Hydroxysuccinimide (NHS). (b) Due to the effect of electrolyzed
water, a large amount of OH™ was generated near the cathode and promote gelation reaction. (c) Borax can be hydrolyzed to provide equal quantities of boric acid (B
(OH)3) and tetrahydroxyborate ion (B(OH) 3), between which a buffer environment is established to consume protons (H"). (d) Comparison of gelation time after
adding boric acid (H3BO3) and hydrochloric acid (HCI) to precursor A. (e) The comparation of gelation time after the pH of precursor A was adjusted to the same level

by using NaOH and Borax, respectively.

hydrogel formed rapidly on the cathodic Ti plate after powering up.
Meanwhile, the solution near the cathode changed from yellow to blue
(alkaline), which proved that a large amount of OH™ was generated from
the water electrolysis and contributed to this fast gelation. Based on this,
we can conclude that a basic gelling environment can catalyze the
amidation gelation reaction.

Fig. 1(c) displays that Borax ionizes out Na* and B402" in aqueous
solution, of which B4O7~ further undergoes a hydrolysis reaction to
provide equal quantities of boric acid B(OH)s and tetrahydroxyborate
ion B(OH)4, between which a buffer environment is established at a
weak basic level to consume the existing protons (H') [45-47]. To
confirm this, we put a certain amount of Borax into HyO, LZM/H50 and
4-arm-PEG-NHS/H,0 solutions respectively (Borax 20 mg mL™1), and
measured their pH variations. Fig. S1 shows that the addition of Borax
can switched LZM/H50 and 4-arm-PEG-NHS/H50 solutions from weak
acid to weak basic. We added Borax to the LZM solution (20 mg mL™!
Borax in precursor A; pH 8.9) and then mixed it with 4-arm-PEG-NHS
water solution (precursor B). Fig. 1(d) indicates that a fast gelation
within 3 s was observed in the presence of Borax. In contrast, two types
of acids including H3BO3 and HCl were respectively used to reduce the
pH of LZM/borax (precursor A) from 8.9 to the same 8.6. Their gelation
time was both extended to the same degree. Therefore, these data
demonstrate that the Borax promoted gelation process can be ascribed to
its initial pH tuning ability instead of its elemental composition.

Next, in order to further confirm that borax solution can provide a
certain buffer capacity to alleviate pH decrease for gelation, we used a
non-buffered NaOH adjusted LZM solution at pH 8.9 to perform the
same gelation reaction. As shown in Fig. 1(e), although the initial
reactivity of -NHy, which is determined by the initial pH, was the same
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in both LZM/Borax and LZM/NaOH precursor, the LZM/Borax precursor
once exposing to 4-arm-PEG-NHS, exhibited a much faster gelation rate.
This is because the Borax with a strong buffering capacity can contin-
uously improve —-NH, deprotonation by “sucking” H', which is evi-
denced by the decreased acidification of the resultant hydrogel due to
Borax addition in Fig. S2.

Finally, to verify this Borax-input strategy can provide a generic
means to control other amidation reactions, we replaced the LZM
component with bovine serum albumin (BSA), human hemoglobin
(HGB), and albumin (OVA), etc., and measured their reaction speed with
4-arm-PEG-NHS. As shown in Fig. S3(a), all of proteins presented poor
reactivity with 4-arm-PEG-NHS in normal saline (no gelation occurred
within 10 min), and all the mixed gelling solution was acidic after re-
action (pH 3.1-3.6). In contrast, the gelation rate of all systems was
obviously accelerated after borax adding, and all kinds of hydrogels
could be formed quickly within 30 s. The final pH value of these
hydrogels was between 6.0 and 6.5 (Fig. S3(b)). All these results
demonstrate that Borax-input method provides a generic opportunity to
regulate the reaction rate between protein and 4-arm-PEG-NHS through
a simple pH controlling way.

3.2. Borax precisely regulates the gelation time in a dose-dependent
manner

Since Borax can promote amidation reaction by its pH tuning ability,
we then investigate the pH of the precursor (i.e. LZM solution) with
varying Borax contents. Fig. 2(a) shows the dependence of the LZM
solution pH on Borax level. The addition of Borax contents from 1.5-8
mg mL~! dramatically raised solution pH from 7.42 to 8.75 (precursor
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Fig. 2. (a) The pH of precursor A and (b) gelation time of the PEG-LZM/Borax hydrogel change with the various borax concentrations in precursor A. The inserts
display the data measured at low Borax from 1.5-3.5 mg mL . The gelation time with borax concentration follows an exponential equation.

A). While with more Borax over 8 mg mL ™, the pH increase became
more moderate.

The gelation time of hydrogels with different Borax contents from
1.5-20 mg mL ! is indicated in Fig. 2 (b). The insert displays the data at
low Borax from 1.5-3.5 mg mL L. We observed a similar Borax influence
on gelation time as shown in Fig. 2(b). The fitted curves of the relation
between Borax concentration and gelation time were obtained, which fit

the experimental data very well (R2 = 0.995). An exponential equation
was also acquired and denoted as:
Gelation Time (s) = 3.117 + 4890.865 x 0.553Cborax (mg mL’l).
These results indicate the gelation time of the PEG-LZM hydrogel
could be precisely controlled from seconds to minutes by different borax
contents in precursor A, which can be mathematically predetermined.
In addition, as the byproduct (N-hydroxysuccinimide) in the

Fig. 3. Ex vivo modeling of customized gelation (a) The mixed gelling solution was sprayed evenly on (1) pigskin and (2) myocardium and solidify instantaneously to
seal the model wounds even with gushing water. (b) Minimally invasive delivery of PEG-LZM/Borax hydrogel was simulated ex vivo, the mixed gelling solution flew
smoothly in the minimally invasive catheter and solidified within a very short time at the outlet to seal the top of tube.
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amidation reaction induces a weak acidic environment in the gel matrix,
the addition of Borax could alleviate the pH decrease. Fig. S4 provides
the evidence that the final pH of the resultant PEG-LZM hydrogels
gradually increases to neutral with Borax increasing, which corresponds
to the pH tuning ability of Borax.

3.3. Ex vivo modeling of gelation

3.3.1. Instant gelation for tissue closure

Most commercial adhesives are difficult to seal wound in the pres-
ence of body fluids due to their long gelation time. For example, the
gelation time of PEG derivative-based DuraSeal™ and CoSeal® are
respectively 1.0 min and 3.2 min, which are not suitable for emergent
hemostasis [9]. In contrast, the PEG-LZM can be adjusted to gel within 3
s when using Borax at 20 mg mL~! in LZM precursor. As thus, such
injectable hydrogel could be a good candidate for emergent tissue
sealing.

Next, the two phase gel-forming precursor A/B were put into a
double cylinder syringe (mixer) with an atomizing nozzle (Fig. S5).
Through such a delivery tool, the two-phase precursor can be uniformly
mixed in a very short time.

In order to verify its effect, we sprayed the gelling solution on the
surface of the defective pigskin (Fig. 3(a)-1, Movie S1) and notched
myocardium (Fig. 3(a)-2, Movie S2, bleeding was simulated by injecting
water at the defect). The gelling solution was observed to be sprayed
evenly on different surfaces and solidify instantaneously to seal the
model wounds.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2020.10.011

3.3.2. Controlled gelation for minimally invasive tissue sealing

The difficult-to-adjust gelation time often sets a barrier for minimally
invasive delivering injectable hydrogels for closed wounds sealing. For
example, if the gelation time is too short, the delivery catheter or needle
tube will be blocked, while overlong gelation time may cause delayed
gelation and unsuccessful wound sealing [49]. Thus, we believe that the
precisely controllable gelation of PEG-LZM by Borax can bring great
convenience to clinical operation. A simulated minimally invasive de-
livery process was performed ex vivo. As illustrated in Fig. 3(b), a
catheter (NOGA MyoStar, 27 G, 30 cm) was immersed into a water bath
at 37 °C. It’s one end was connected to a double cylinder syringe, and the
other end was placed on the top of a 2 mL centrifuge tube. Then, a
gelling solution supplemented with a predetermined Borax content that
can modulate the gelation time consistent with the flow time of the
hydrogel precursors in the catheter. Movie S3 clearly indicates the
mixed gelling solution flew smoothly in the minimally invasive catheter
and solidified within a very short time at the outlet to seal the top of

100000
(a) G 0.1MPB G2 G 4 ®G 6 *G 10
GTOIMPB G2 G4 v G'o vGrUuo
Borax concentration in PEG-LZM Borax hydrogel (mg mL™)
_100004% %2 2 2 2 %2 2 %2 2 2 2 % 2
3
¥
S
oy 10004
% v
7 v v v v v v Y v v
O jodv vy vy MR v v
v A4 v
10+ ; ;
0.1 1 10
Frequency (Hz)

Bioactive Materials 6 (2021) 905-917

tube.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2020.10.011.

These ex vivo results demonstrate that PEG-LZM hydrogel can pro-
vide a variable gelation dynamic for customized wound treatment just
by adjusting the incorporated Borax content.

3.4. The physical properties of hydrogel keep constant after borax
addition

We investigated the influence of gelation rate on the mechanical
properties and the adhesive strength of the hydrogels. The hydrogels
containing 10, 6, 4, 2 mg mL ! borax were selected for these studies (20,
12, 8, 4 mg mL~! borax solution were selected to dissolve LZM as the
precursor A), and their corresponding gelation time is about 3 s, 18 s,
142 s and 450 s, respectively.

The viscoelastic properties of PEG-LZM/Borax hydrogels were first
studied. As shown in Fig. 4(a), no obvious difference of modulus (G’ or
G”) was observed among these hydrogels, indicating the viscoelastic
properties and shear modulus of hydrogel were not obviously influenced
by the change of gelation time.

Due to the remaining active groups on the 4-arm-PEG-NHS during
gelation, the hydrogel can adhere to different tissues by forming amide
bonds with abundant amino groups on tissue surface [4,6]. In order to
investigate the influence of gelation rate on the tissue adhesive capacity,
especially in the case of rapid gelation (within 3 s), two pieces of pigskin
were adhered together by injecting the PEG-LZM/Borax gelling solution,
and then the adhesion strength for pig skin was measured by stretching.
As shown in Fig. 4(b), the adhesive strength of PEG-LZM/Borax hydro-
gels is about 20 kPa regardless of their gelation time, and has exceeded
that of the fibrin glue (BeiXiu™, 14 kPa).

These results indicate that the physical properties of the PEG-LZM
hydrogel remain constant even its gelation kinetics is altered. It is
worth noting that, in the case of instant gelation, the use of a double-
barrel syringe with a special nozzle is important for achieving a me-
chanically robust hydrogel, because it can mix the gelling solution
uniformly in a very short time.

3.5. Borax addition improves the antibacterial activity of hydrogel

Borax, as a traditional Chinese medicine, is usually used to treat
ulcerative or infected wounds. It is mainly involved in destroying the
quorum-sensing of bacteria [50-52], and thus has obvious antibacterial
activity. The antibacterial performance of PEG-LZM/Borax hydrogels
were evaluated. To understand the contribution of borax to antibacterial
activity, the pristine PEG-LZM hydrogel was used as a negative control.
Both Gram-positive and Gram-negative bacteria were incubated in the

(b)_ 2 ——

24 A \

JF

20 1

Adhesive Strength (kPa)

Fig. 4. Mechanical properties of PEG-LZM hydrogels with different Borax contents. (a) Rheological test, (b) adhesive strength of hydrogel test to pig skin.
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presence of materials. The results in Fig. 5(a) and Fig. 5(b) show that the
bacterial suspension exposed to PEG-LZM/Borax hydrogel generated
less bacterial colonies on the plates, and the antibacterial ability became
stronger with the increase of Borax content. The morphologies of bac-
teria with or without hydrogel contacting were examined by SEM. As
shown in Fig. S6, the original shape of E. coli was rod-like, and S. aureus
had a spherical shape. Because Borax and LZM can touch and destroy
bacterial membrane, the severe destruction was found on the cell
membranes that were treated with PEG-LZM/Borax hydrogel.
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*®
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S o
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In order to further prove the improvement of antibacterial ability
after the addition of borax, the PEG-LZM/Borax (10 mg mL~! Borax)
hydrogel was used to challenge the resistance of MRSA biofilm forma-
tion in nutrient-rich medium (TSB medium supplemented with 1%
glucose) for 48 h. Live/dead bacterial fluorescence staining assay was
involved to stain the biofilm, as observed in Fig. 5(c), a layer of green
fluorescence was observed on the surface of control group, indicating an
MRSA biofilm was formed on PEG-LZM surface due to its weak anti-
bacterial ability. In contrast, no biofilm was formed on PEG-LZM/Borax

PEG-LZM/Borax
(8 mg mL"' Borax)

PEG-LZM/Borax
(10 mg mL"' Borax)

PEG-LZM/Borax
(6 mg mL"* Borax)

PEG-LZM
(No Borax)

PEG-LZM/Borax
(10 mg mL" Borax)

v e

PEG-LZM/Borax
(10 mg mL" Borax)

PEG-LZM/Borax
(10 mg mL* Borax)

Fig. 5. Evaluation of antibacterial activity of PEG-LZM/Borax hydrogel. (a) Photographs of bacterial colonies formed by S. aureus and E. coli after exposing to PEG-
LZM or PEG-LZM/Borax hydrogel, respectively. (b) The antibacterial rate of different samples. (c) Photographs of Live/Dead fluorescent staining and the SEM
observation of MRSA biofilm on the surfaces of different samples. (d) In vivo antimicrobial studies. Photographs of wounds treated with commercial 3 M dressing or
PEG-LZM/Borax hydrogel. (e) The bacteria were collected from the wound area and cultured on agarose gel media. (f) Histological analysis of surrounding wounds
by H&E staining. (The green arrow indicates severe inflammatory cell infiltration). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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hydrogel, because no green fluorescence was observed (the remaining
bacteria have been easily washed away). SEM observations were
consistent with these results, which revealed a well-formed MRSA bio-
film on the PEG-LZM surface, while no biofilm structure on the PEG-
LZM/Borax surface. These data prove that the better bacterial inhibi-
tion ability of hydrogel can be acquired due to the presence of borax.
Next, we further evaluated the antibacterial properties of PEG-LZM/
Borax hydrogel in vivo, the defects of rat skin were contaminated with
MRSA firstly and then PEG-LZM/Borax (10 mg mL~! Borax) hydrogel
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precursor was injected into the wound site. Fig. 5(d) shows the wound
situations 3 days postoperatively. The control group treated with 3 M
commercial dressing without antibacterial ability shows obvious sup-
purations due to serious bacterial infection. However, the wound area
treated with PEG-LZM/Borax hydrogel has less (or no) inflammation.
Bacteria in the wound area were collected for quantification by plate
counting. As shown in Fig. 5(e), PEG-LZM/Borax resulted in an obvious
decrease in number of bacteria in comparison with the control (average
1.9-Log reduction of bacterial number). Fig. 5(f) shows histological
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Fig. 6. Cell affinity and biocompatibility of PEG-LZM/Borax hydrogels. (a) Cell spreading morphology of C2C12 cells and L929 cells on the surface of a well plate and
hydrogel (cytoskeleton fluorescence staining). (b) Average cell spreading area of different groups rely on immunofluorescence staining. (c) Live/dead immunoflu-
orescence staining of cells seeded on the surface of PEG-LZM/Borax for different time. (d) Proliferation of cells seeded on PEG-LZM/Borax normalized to the cells
seeding on the cell plate for 1 day. (e) In vivo biocompatibility of PEG-LZM/Borax hydrogel. (The photograph of the PEG-LZM/Borax hydrogel after implanting for 1
week, and the H&E staining of surrounding tissue) (f) The hemolytic ratio of different samples.
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analysis results of wounds by H&E staining. The tissue around wound
site in the control sample was accompanied with severe inflammatory
cell infiltration indicated by the green arrow. In contrast, the inflam-
matory response was largely reduced in the group treated by PEG-LZM/
Borax hydrogel. These results all indicate the PEG-LZM/Borax hydrogel
also has good bactericidal abilities in vivo environment.

3.6. The hydrogel maintains its cell affinity and tissue/blood compatibility
after borax addition

Our previous study has revealed that the PEG-LZM hydrogel can
support cell growth through the RGD-like sequence on LZM, and it also
has good tissue and blood compatibility, which may facilitate wound
healing [8,53]. Since Borax has bactericidal ability, there is a concern
that the presence of Borax may have a negative impact on its biological
performance.

First, we evaluated the cell affinity of PEG-LZM/Borax hydrogel
containing the highest content of borax (10 mg mL™! Borax) in this
work. As shown in Fig. 6(a), immunofluorescent staining was performed
to visualize the actin cytoskeleton and vinculin, respectively. The results
indicate that actin networks of cells with significant outstretched filo-
podia extensions and lamellipodia protrusions (green) were observed in
cells exposed to the PEG-LZM/Borax hydrogel, and no obvious
morphological difference was observed compared with the cells on
plate. Image J software was next used to calculate the spread area of
cells on different matrix surfaces according to the fluorescence images of
cells. Fig. 6(b) shows that the average spreading area of cells seeded on

Bioactive Materials 6 (2021) 905-917

the hydrogel was similar to that on the culture plate. The proliferation of
cells exposed to the PEG-LZM/Borax hydrogel were examined by live/
dead cell fluorescence staining (Fig. 6(c)) at different time scales, and
almost no cell death was observed. Besides, the statistics results of
proliferation are normalized to the cells seeding on the cell plate for 1
day by CCK-8 kit (Fig. 6(d)). The hydrogel mildly suppressed cell
viability on the first day, and the cell viability of C2C12 and L929 was
83% and 89%, respectively. While a normal cell proliferation was
observed for both C2C12 and L929 in the next 3 and 5 days. Therefore,
these results indicate that the PEG-LZM/Borax hydrogel has a high cell
affinity.

In order to assess the tissue compatibility of the PEG-LZM/Borax
hydrogel (10 mg mL™! Borax), the hydrogel was injected in dorsal
subcutaneous pockets of rats to observe the fibrosis and inflammation
response. As observed in Fig. 6(e), no obvious fiber packages or intact
collagen deposition were found on the surface of hydrogel after 1 week.
H&E staining image also indicates only a little amount of inflammatory
cells aggregated along the boundary of materials and tissue (green ar-
rows), which may be due to a short-term normal immune response to-
wards foreign materials. Blood compatibility was assayed by incubation
PEG-LZM/Borax hydrogel (10 mg mL~! Borax) with blood red cells. The
hemolytic ratio of hydrogel group was close to 0% (Fig. 6(f)), indicating
the good blood compatibility of hydrogel.

These results all proved that the PEG-LZM hydrogel remains tissue/
blood compatibility even containing a very high Borax amount.
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Fig. 7. PEG-LZM/Borax hydrogel with fastest gelation rate used for closure of left ventricular penetrating injury. (a) Operative process: (1) Exposure of left ventricle;
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3.7. In vivo modeling of tissue sealing

3.7.1. Rapid closure of left ventricular penetrating injury

As mentioned above, the gelation time of PEG-LZM hydrogel can be
shortened to 3 s when containing 10 mg mL ™! Borax, therefore such
hydrogel has potential for rapidly closing bleeding wound in emergency.

To evaluate the performance of this hydrogel in vivo, a rabbit model
with a transmural left ventricular (LV) wall defect (d: 1.2 mm) was
established by puncture to mimic an emergent and bleeding injury. As
shown in Fig. 7(a), the gelling precursor including 4-arm-PEG-NHS, LZM
and Borax was injected to the wound site to close the defect and stop
bleeding. Movie. S4 indicates a hydrogel formed rapidly in the presence
of blood after being injected, which successfully closed the LV wall
defect within few seconds. It is worth noting that the gel was directly
applied to the LV wound without a purse-string suture assistance (i.e. a
temporary wound closing technique in clinic to stop bleeding before
wound treatment), compared with previous works [8,54]. Therefore, the
Borax triggered instant hydrogel sealant appears to be more advanta-
geous in emergency.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2020.10.011
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The recovery of left ventricular functions was monitored by echo-
cardiography (ECHO). After 2 days postoperatively, as displayed in
Fig. 7(b) and (c), all the calculated ejection fraction (EF%) and short-
ened fraction (FS%) recovered to normal levels after 3 weeks
postoperatively.

All the animals were sacrificed after ECHO measurement, and their
wound sites were exposed for gross observation and histological eval-
uation. As shown in Fig. 7(d), the hydrogel was found to firmly adhere to
the myocardial surface upon exposure to blood and a dynamic envi-
ronment for 3 weeks (red circle). In addition, H&E staining (Fig. S7)
shows a new connective tissue was generated at the original wound site,
and no obvious inflammatory response and wound necrosis were seen
around the wound.

These results prove that the borax-adjusted PEG-LZM hydrogel with
rapid gelation rate can be used as a high-performance hemostasis in
emergency.

3.7.2. Repair of gastric perforation
Many closed wounds such as gastric perforation, lung rupture, and

liver injury, etc., represent a major threat to human life [55]. The
adjustable gelation time of PEG-LZM/Borax provides convenience for
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Fig. 8. PEG-LZM/Borax hydrogel used for repair of gastric perforation. (a) Operative process: (1) Establishment of a gastric perforation wound by a 2.0 mm (inner
diameter) needle; (2) non-intervention (negative control), surgery Suture (positive control) or spraying PEG-LZM/Borax gelling solution; (3) Postoperative photo-
graphs of wounds. (b) Postoperative photographs of wounds for 3 days or 2 weeks. (c) Rivalta test and (d) nucleated cell density analysis of abdominal cleansing
liquid before and after the operation (2 weeks). (e) Histological observation of wounds at 2 weeks postoperatively (H&E).
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minimally invasive delivery of hydrogel for deep wounds treatment.
Meanwhile, the presence of Borax is beneficial for ulcerative tissue re-
covery due to its drug properties [44]. However, because of the limita-
tions of medical equipment used for animal experiments (such as
gastroscopy, etc.), we cannot perform a real minimally invasive treat-
ment of a rat gastric perforation model by using PEG-LZM/Borax. We
here focused on evaluating the gel formation in situ for gastric perfo-
ration sealing and tissue recovery through an opening surgery.

Fig. 8(a) shows the experimental process. (1) A wound (d: 2 mm) on
the rat stomach was established to mimic a gastric perforation. (2-3)
PEG-LZM/Borax gelling solution was injected through a catheter to seal
this defect, and non-intervention and wound suture were set as a
negative and a positive control, respectively. Gastric wounds were
checked after 3 days and 2 weeks postoperatively (Fig. 8(b)). The results
show that the gastric juice and digestive food flowed out obviously from
the stomach in the negative control group. In contrast, no obvious
leakage of gastric contents was observed in the experimental group and
the positive control group.

Rivalta assay is used to explore the inflammation in seroperitoneum.
Positive () and negative (—) indicate that there is inflammatory effu-
sion or not. As shown in Fig. 8(c), all the washing fluid of abdominal
cavity were negative before surgery, while the negative control group
turned positive in the non-intervention group, and the experimental
group and positive group remained negative. At the same time, the
number of nucleated cells in the different washing fluid were analyzed.
Fig. 8(d) shows the number of nucleated cells in the hydrogel group was
the lowest. These results demonstrate that the experimental group
behaved the slightest inflammatory response.

After 2 weeks postoperatively, the repair effect of gastric wounds was
evaluated by H&E staining. As observed in Fig. 8(e), the wound of non-
intervention group was not closed as indicated by the yellow arrow, and
some tissue adhesion occurred around the adventitia of the stomach
(green arrow). In contrast, there was limited healing of the abdominal
mucosa and submucosa at the wound in the group of sutures, and the
muscle layer healing structure was disordered due to the space occu-
pation of the suture (blue arrow). The abdominal mucosa and muscle
layer of the stomach at the wound (yellow arrow) have been repaired
completely after the intervention of PEG-LZM/Borax hydrogel (red
arrow), and the tissue structure was clear, which may be due to abun-
dant pharmacological activities of borax and the high cell affinity of
lysozyme to promote tissue repairing.

These results all prove that the PEG-LZM/Borax hydrogel can be used
as a high-performance sealant for the treatment of perforated injures in
the deep area of body.

3.8. In vivo wound healing evaluation

The wound healing performance of the PEG-LZM/Borax hydrogel
(10 mg mL 1) was further investigated in a full-thickness skin defect
model. The photographs of postoperative wound healing in rats with
different treatments at different time intervals were shown in Fig. S8(a),
and the percentage of wound closure was displayed in Fig. S8(b).
Throughout the wound healing process, hydrogel groups exhibited
comparatively higher promotion effect than bare wound. On 14th day,
the wound contraction of PEG-LZM/Borax and PEG-LZM was 91.8% and
92.8%, respectively, while the bare wound was only 86.8%, which
demonstrated the better wound healing effect of PEG-LZM/Borax
hydrogel.

4. Conclusion

In this work, the gelation time of an amidation reaction based
hydrogel can be precisely regulated by a Chinese medicine Borax from
seconds to minutes, because borax can buffer the pH of the gelation
solution, which improves the nucleophilicity of -NH,, thus promoting
the gelation kinetics in a dose dependent manner. While the physical
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properties of the adhesive remain constant.

The PEG-LZM/Borax hydrogel with the fastest gelation time (<3 s)
can instantly close the LV wall defect to stop bleeding after injection.
Furthermore, the precisely adjustable gelation time may also pave the
way for the minimally invasive delivery of hydrogel for closed wound
treatment. Ex vivo experiments prove that the gelation time of the PEG-
LZM/Borax hydrogel can also be customized by Borax to match the
required flowing time in the catheter. In vivo experiments indicate that
such hydrogel can not only seal the defects, but also prevent bacterial
infection and promote the wound repair, which may be due to the
unique pharmacological activities of borax and the good cell affinity of
the PEG-LZM hydrogel.

Based on the controllable gelation kinetic and versatile bioactivities,
the PEG-LZM/Borax hydrogel represents a novel tissue adhesive for
minimally invasive tissue/organ sealing or instant wound treatment.
More broadly, our work provides a facile strategy for precisely regula-
tion of gelation kinetics for other pH sensitive gelation system.
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