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Thermoresponsive and Injectable Hydrogel for Tissue
Agnostic Regeneration
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Injectable hydrogels can support the body’s innate healing capability by
providing a temporary matrix for host cell ingrowth and neovascularization.
The clinical adoption of current injectable systems remains low due to their
cumbersome preparation requirements, device malfunction, product
dislodgment during administration, and uncontrolled biological responses at
the treatment site. To address these challenges, a fully synthetic and
ready-to-use injectable biomaterial is engineered that forms an adhesive
hydrogel that remains at the administration site regardless of defect anatomy.
The product elicits a negligible local inflammatory response and fully resorbs
into nontoxic components with minimal impact on internal organs. Preclinical
animal studies confirm that the engineered hydrogel upregulates the
regeneration of both soft and hard tissues by providing a temporary matrix to
support host cell ingrowth and neovascularization. In a pilot clinical trial, the
engineered hydrogel is successfully administered to a socket site post tooth
extraction and forms adhesive hydrogel that stabilizes blood clot and supports
soft and hard tissue regeneration. Accordingly, this injectable hydrogel
exhibits high therapeutic potential and can be adopted to address multiple
unmet needs in different clinical settings.
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1. Introduction

Injectable hydrogels can have a critical role
in reconstructive surgeries to support the
innate regenerative capability of host tis-
sue to expedite recovery and enhance pa-
tients’ health outcomes.[1] Ideally, hydro-
gel solutions must be easy to administer,
negate the need for cumbersome prepa-
ration steps, and gelation must occur in
the absence of toxic chemicals or exother-
mic reactions.[2] Such systems are intended
to adhere to the host tissue to immobi-
lize the innate pool of progenitor cells and
cytokines, naturally recruited after acute
trauma. Further, the hydrogel must not in-
duce severe foreign body reactions and fi-
brosis to allow cell permeation and sub-
sequent integration with the host tissue.[3]

While incorporating growth factors in hy-
drogels to promote specific tissue healing
has shown positive results in multiple pre-
clinical settings, their clinical translation is
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often limited due to the requirement for supraphysiological
doses, high cost,[4] severe systemic side effects,[5,6] local impact
on surrounding tissue and ectopic tissue formation.[7–9] Further-
more, the specificity of these biological moieties limits their ther-
apeutic scope and confines their use to a particular tissue type.
To overcome these limitations, there has been a shift toward the
application and development of several tissue agnostic injectable
hydrogels devoid of any phenotypic biological activity.

Tissue agnostic injectable hydrogel systems have been formu-
lated using several approaches, including ionic crosslinking sys-
tems from oppositely charged polymers or by combining ioniz-
able polymer counterions from alginate,[10,11] polypeptides,[12,13]

polymer–polymer chitosan with glycerophosphate,[14]

polyglutamate,[15] or physically crosslinking systems through
H-bonding of polymer combinations of poly (N-acryloyl glyci-
namide)/polyvinyl alcohol-based systems[16] and the mixture of
two or more methylcellulose/hyaluronic acid,[17] gelatin/agar,[18]

and starch/carboxymethyl cellulose[18] or via hydrophobic in-
teractions of amphiphilic polymers.[19,20] Recently, a plethora of
research has emerged, focusing on diacrylate and methacrylate-
based light-curable hydrogel systems, underpinned by their
biocompatible nature and their capability to encapsulate cells
while preserving high viability.[21–23] However, the clinical rele-
vance of these light-curable hydrogels are limited to superficial
tissues (1–2 mm in depth) as direct light exposure is required
to induce gelation despite numerous attempts to overcome
this shortcoming.[24–28] Consequently, to develop clinically
favorable polymer systems amenable to superficial and deep
tissue applications, temperature-responsive amphiphilic poly-
mers are deemed more favorable as the gelation is triggered at
physiological conditions via hydrophobic interactions.[19,29]
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Temperature responsive polymer systems have been
developed using pluronic, poly(vinyl ether), poly(N,N-
diethylacrylamide-co-acrylic acid), poly(oligo(ethylene glycol)
methyl ether methacrylate), poly(N-isopropyl acrylamide), and
chitosan.[30] Poly(N-isopropylacrylamide) (NIPAAm) based
systems have been identified as particularly advantageous in
biomedical applications due to their innate ability to copolymer-
ize with other synthetic monomers/macromonomers via highly
controllable radical polymerization techniques.[31] NIPAAm is
water-soluble at neutral pH and gelates through an isothermal
phase transition behavior which preserves the viability and
regenerative capability of the host tissue.[32–34] A fast resorption
rate (in less than seven days) of NIPAAm copolymers with
2-hydroxyethyl methacrylate lactate and acrylic acid limits the
therapeutic potential of the copolymers to drug delivery ap-
plications only.[35] On the other hand, the lack of degradation
properties in NIPAAm copolymers with methoxy poly(ethylene
glycol) methacrylate inhibits tissue ingrowth, an essential re-
quirement for regenerative hydrogels.[36] Similarly, no sign
of degradation of NIPPAm copolymerized with butylacrylate
hydrogels is reported despite the system’s favorable gelation
and adhesion characteristics.[37] NIPAAm copolymers with
acrylic acid-N-hydroxysuccinimide and dimethyl-c-butyrolactone
fail to form 3D matrices at the administration site to support
tissue healing as their low structural stability leads to the spread
of the gel into a thin layer after injection. The inflammatory
response and the subsequent fibrotic tissue formation around
NIPAAm copolymer with acrylic acid-macromer 2-hydroxyethyl
methacrylate-poly(ɛ-caprolactone) are believed to prevent in-
growth of progenitor cells and thus limit its application as
a regenerative hydrogel.[38] Our research group has previ-
ously developed a highly biocompatible thermoresponsive poly
(NIPAAm-co-(N-acryloxysuccinimide)-co-(polylactide/-hydroxy
methacrylate)-co-(oligo (ethylene glycol), denoted as PNPHO.[39]

Despite its promising biological properties and degradation
profile, the previously developed polymer hydrogel displayed
unfavorable gelation kinetics as 2–10 min were required to
induce hydrogel formation under physiological conditions.[39]

This limits the clinical relevance of the previously developed
PNPHO based hydrogel as prolonged gelation time can lead to
in situ dilution and dislodgment of the hydrogel in the presence
of active bleeding from the administration site. The chemical
composition and physical properties of thermoresponsive based
hydrogel systems are yet to be optimized to address current
unmet clinical needs.

Here, we developed an injectable thermoresponsive hydro-
gel by optimizing the chemical composition of PNPHO and
crosslinking the polymer with a synthetic peptide, namely
Thymosin-𝛽4, to tune the gelation kinetics and thus the clini-
cal usability of the resulting system. Notably, this peptide was se-
lected as it does not elicit any cell specific phenotypic response,[40]

a key requirement in developing a tissue agnostic hydrogel sys-
tem. The final product is denoted as TX140, where the annota-
tion was derived from “thermoresponsive” (T) and “matrix” (X),
followed by the concentration of PNPHO (mg mL−1) as the suffix.
A comprehensive range of preclinical in vitro and in vivo animal
models was used to confirm the structural stability, adhesivity,
biocompatibility, and regenerative potential of TX140 at different
anatomical sites. Furthermore, a human study was conducted to
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assess the clinical usability of TX140 and its efficacy as a platform
injectable hydrogel to support the regeneration of both soft and
hard tissues.

2. Results

2.1. Chemical Composition and Optimization of TX140

The main constituent in the formulation of TX140 is PNPHO
polymer.[39] The method for the synthesis and purification of
PNPHO for large scale production has been optimized to ac-
quire high yield, reduce polydispersity, and decrease impurities
and residues of organic solvents in the final product. In the cur-
rent study, PNPHO polymer with 81 mol% NIPPAm, 7 mol%
polylactide/-hydroxy methacrylate, 5 mol% oligo (ethylene gly-
col) and 7 mol% N-acryloxysuccinimide (Figure S1, Supporting
Information) is used based on comprehensive benchtop screen-
ing studies to optimize the lower critical solution temperature
(LCST) of the polymer and its gelation rate at 37 °C. Impor-
tantly, the synthesized PNPHO polymer is purified in water, as
opposed to organic solvents, to remove impurities and reduce
the polydispersity of the polymer. The chemical structure and
molar composition of PNPHO, corresponding 1H-NMR spec-
tra of the polymer and the associated characteristic peaks to
all four building blocks are shown in Figure 1A. The thermal
characterization of PNPHO showed 1% water content and two
degradation processes at 287 and 401 °C (Figure S2, Supporting
Information).

Flowability of the polymer solution through a 22G needle
was identified as a critical requirement to ensure that the fi-
nal product is amenable to both superficial- and deep-tissue
administration.[41,42] To this end, a range of PNPHO solutions
in PBS with different polymer concentrations were formed. For
quantitative assessments, viscosity-shear rate characteristics of
PNPHO solutions at 37 °C were measured (Figure S3, Support-
ing Information); the decreasing trend of viscosity with shear rate
is indicative of shear-thinning behavior of PNPHO solution. In
addition, in vitro injectability of PNPHO solutions with differ-
ent polymer concentrations through different gauge needles was
assessed blindly with three clinicians (Table S1, Supporting In-
formation). The results showed that 140 mg mL−1 of PNPHO
is the optimum concentration as the resulting solution conve-
niently flows through a 22G needle with thumb-pressure and the
corresponding injection force was less than 5N and is therefore
within the suitable range for manual injection. After injection
and in simulated physiological conditions, the resulting PNPHO
hydrogel degrades within 4 days which would deter the intended
mechanism of action as a temporary matrix for in vivo tissue re-
pair. To address this shortcoming, N-acryloxysuccinimide func-
tional groups in the chemical composition of PNPHO were used
to crosslink this polymer with primary amines of peptide/protein
to control the resorption rate of the matrix.

Accordingly, a preliminary screening study was undertaken to
identify the ideal peptide/protein component in the formulation
of TX140 to assess their ability to bond with succinimide ester
groups of PNPHO. The molecular weight of a peptide/protein is
known to affect its ability to chemically interact with the func-
tional groups of PNPHO polymers. Small peptides with molec-
ular weight of less than 2 kDa fail to effectively crosslink PN-

PHO polymer (Mw of ≈70 kDa) due to the space-impedance ef-
fect of the polymer chain. Conversely, large proteins (greater than
10 kDa), similar to 𝛼-elastin in our previous study,[39] form non-
specific bonds and thus fail to interact with PNPHO. In addition,
the incorporation of biologically active peptides/proteins was in-
tentionally avoided to negate the risks associated with ectopic
tissue formation with a view to developing a tissue agnostic in-
jectable hydrogel.[7–9] The results indicate that Thymosin-𝛽4 is an
ideal candidate to crosslink PNPHO as it has a molecular weight
of 4.9 kDa and is devoid of any phenotypic biological activity.

To quantify the required amount of Thymosin-𝛽4 to crosslink
PNPHO, the chemical interaction between the succinimide es-
ter groups of polymer and amine groups of the peptide was as-
sessed using 1H-NMR method established by Kimhi and Bianco-
Peled.[43] The coil to globe transition behavior of the temperature
responsive matrices at their LCSTs or higher immobilizes hydro-
gen ions during 1H-NMR data acquisition and thus diminishes
the hydrogen peaks in covalently bonded polymer chains.[43] Re-
sults in Figure 1B-i show that peak immobilization is achieved at
a noticeably lower temperature when Thymosin-𝛽4 interacts with
PNPHO chains. To find the required amount of Thymosin-𝛽4
to crosslink the PNPHO polymer chain, solutions with different
Thymosin-𝛽4 concentrations between 10 and 60 mg mL−1 were
added to 140 mg mL−1 PNPHO. Corresponding LCSTs of the re-
sulting PNPHO-co-Thymosin-𝛽4 solutions were identified by us-
ing D2O/(m) at different 1H-NMR data acquisition temperatures
(Figure 1B-ii). The intersection between the lines through base-
line and the leading edge of the D2O/(m) represents the LCST
of PNPHO-co-Thymosin-𝛽4 solutions with different peptide con-
centrations.

The LCST of the non-crosslinked PNPHO polymer solution
was 24 °C (Figure S4, Supporting Information). However, the re-
sults showed that crosslinking of PNPHO polymer with 10 and
20 mg mL−1 of Thymosin-𝛽4 decreases the LCST from 24 to 23 °C
and 22 °C, respectively. The LCST of PNPHO-co-Thymosin-𝛽4 so-
lution plateaus with 30 mg mL−1 of Thymosin-𝛽4 at 21 °C; fur-
ther increase of Thymosin-𝛽4 concentration to 60 mg mL−1 has
no impact on the LCST of the solution (Figure 1B-iii). Therefore,
it was concluded that 30 mg mL−1 of Thymosin-𝛽4 is required to
crosslink 140 mg mL−1 of PNPHO effectively. Any excess amount
of Thymosin-𝛽4, e.g., above 30 mg mL−1, has no crosslinking role
and thus was avoided in the formulation of TX140. An in vitro cell
study with Beas-2B cells showed that free Thymosin-𝛽4 peptide
significantly decreased the IL-6 basal levels, whereas TX140 did
not induce any IL-6 variation on the basal levels (Figure S5, Sup-
porting Information). This result further endorses the physical
role of Thymosin-𝛽4 in the formulation of TX140. As expected,
the crosslinking effect of Thymosin-𝛽4 increases the structural
stability of the matrix in simulated physiological conditions from
4 days to at least 2 weeks, critical to achieving the intended mech-
anism of action for TX140 as a temporary matrix to support tissue
ingrowth and healing.[44]

2.2. Physical Characterization

The gelation kinetics of the hydrogel precursor solution and its
adhesivity postadministration are two pivotal physical parame-
ters for the successful application of injectable hydrogels.[45–47]

Adv. Healthcare Mater. 2022, 11, 2201714 2201714 (3 of 15) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Adv. Healthcare Mater. 2022, 11, 2201714 2201714 (4 of 15) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Accordingly, the gelation and adhesivity of TX140 under three
physiological conditions were investigated to assess its poten-
tial for a broad range of therapeutic applications. A critical size
osteotomy, 8 mm in diameter and 10 mm in depth,[48] was
used in a live sheep model to examine injectability and adhe-
sion of TX140 in a surgically created bone void. The results
in Figure 1C and Movie S1 (Supporting Information) showed
the product can be injected into the defect site and it rapidly
forms a hydrogel, mixes with blood, stabilizes the clot and fills
the cavity. The gelation was achieved despite the presence of
active bleeding, which is known to increase the risk of prod-
uct dislodgment due to dilution of hydrogel constituents. The
noticed favorable administration characteristic is attributed to
the optimized gelation kinetics of TX140, particularly the role
that Thymosin-𝛽4 plays in lowering the LCST of the conjugated
system.

The adhesivity of the platform material under dynamic con-
ditions was assessed by injecting TX140 into an ex vivo sheep
chondral defect (Table S2, Supporting Information). For this
ex vivo model, all limbs were disarticulated from the body at
the coxofemoral joint and a standard arthrotomy was made on
each limb whilst in flexion to access the medial femoral condyle
(MFC) of the femur. A 6 mm diameter and 6 mm deep de-
fect was drilled through the central weight bearing aspect of
the MFC and TX140 was injected into the formed defects. As
Figure 1D indicates, TX140 remained at the site without dis-
lodgement after the joint was subjected to 100 range of motion.
Considering the potential application of the technology for in-
ternal wound closure and sealing, the stability and adhesion ca-
pability of the TX140 was demonstrated via applying the gels
on pig heart tissue maintained at 37 °C in a water bath for 24
h (Figure 1E; Movie S2, Supporting Information). Further, the
hydrogel was subjected to water pressure (at ≈37 °C) to assess
stability under shear forces. As demonstrated, TX140 resisted
the harsh water pressure and showed robust stability in simu-
lated physiological conditions. In addition, an in vivo subcuta-
neous mouse model was used to investigate the gelation and
retention of TX140 hydrogel at a site with no physical contain-
ment. In this animal study, 1 mL of TX140 was injected sub-
cutaneously to two sites (2 mL in total per animal). Postadmin-
istration, TX140 solution formed an adhesive hydrogel and re-
mained at the injection site without any physical containment
(Figure 1E). The 3D structure of the resulting hydrogel was
macroscopically detectable for at least 7 days post injection. Gela-
tion and adhesion of TX140 under different conditions are critical
attributes of the device thus allowing its application for a wide
range of clinical indications and minimizing the risk of device
malfunction.

2.3. TX140 Quality and Safety Assessments for Medical
Applications

A thorough investigation was conducted to assess the safety of
TX140 hydrogel. To this end, standard methods were used for
determining sterility assurance level (ISO11137), the residues of
organic solvents (ICH Q3C (R5)), endotoxin level (BP (XIV C)/Ph
Eur (2.6.14), USP/NF 〈85〉), local inflammatory and systemic tox-
icity (ISO10993-11, -5 and -6). In these assessments, a maximum
TX140 administration volume of 20 mL per patient was assumed,
covering a broad range of potential clinical applications of the
product.

In the context of translational medicine, terminal sterilization
of implantable medical devices is of great importance for scala-
bility and wide clinical adoption.[49,50] Therefore, the compatibil-
ity of TX140 with terminal sterilization techniques was investi-
gated. Recognizing that TX140 is a water-based solution with a
glass transition temperature of ≈61 °C (Figure S6, Supporting
Information), the product is deemed incompatible with conven-
tional thermal sterilization techniques. Similarly, temperature
excursions (above 61 °C) must be avoided during Gamma, X-
ray or E-beam sterilization. Accordingly, Gamma irradiation on
dry ice was explored to investigate the compatibility of TX140
with terminal sterilization using radiation. 1H-NMR and liq-
uid chromatography–mass spectrometry (LC-MS) assessment
of TX140 post treatment on dry ice showed that the gamma-
irradiation (at 40 kGy or less) does not impact the physical and
chemical characteristics of the device and its constituents (Table
S3, Supporting Information). Accordingly, results showed that
TX140 is compatible with gamma irradiation with dry ice to ter-
minally sterilize the matrix with the sterility assurance level of
10−6 per ISO11137.

The results of gas chromatography (per USP467) and 1H-NMR
analyses showed the residues of organic solvents that are used
during the production process (i.e., dimethyl formamide, tetrahy-
drofuran, ethyl acetate and toluene) of the hydrogel, were 30 to
300-fold less than the maximum allowable limits (Table S4, Sup-
porting Information). These results confirmed that the purifi-
cation of PNPHO with water at 30 °C is an effective and safe
method for removing organic solvent residues from the prod-
uct to mitigate the short and long-term associated safety risks.
In addition, endotoxin levels in the final products were mea-
sured as it leads to the pyrogenic febrile reaction in patients
post administration. Per USP 〈85〉 for medical devices, the en-
dotoxin limit must be equal or less than 20.00 EU per device, ex-
cept for those medical devices in contact with the cerebrospinal
fluid which is beyond the scope of our study. Accordingly, the
acceptance criteria for TX140 with the assumed maximum dose

Figure 1. Chemical composition of TX140 and its application at different anatomical sites; A) schematic representation of PNPHO along with its chemical
composition and 1H-NMR spectrum of the polymer with the use of Thymosin-𝛽4 to conjugate with PNPHO. B) The region of interest, (m) peak, in 1H-
NMR spectra of PNPHO polymer solution i) and PNPHO-co-Thymosin-𝛽4 with 30 mg mL−1 at different temperatures ranging from 17 to 24 °C. D2O/(m)
of PNPHO-co-Thymosin-𝛽4 solution at different temperature to find LCST of the solutions ii). LCST of the different PNPHO-co-Thymosin-𝛽4 solution with
different Thymosin-𝛽4 concentration (iii, source data in Figure S4 (Supporting Information), and n = 10). C) The hydrogel is injectable and forms a matrix
in physiological conditions in a live sheep osteotomy model (n = 6). D) Adhesion and retention of TX140 in an ex vivo bovine cadaveric subchondral
defect model without the need for physical containment in a dynamic model after 100 cycles of complete joint motion (n = 12). E) Demonstration of
underwater and dynamic stability of the TX140 hydrogels applied to seal an 8 mm puncture in porcine heart tissue (n = 6). The hydrogels remained
stable after 24 h soaking in a 37 °C water bath (Movies S1 and S2, Supporting Information). F) live mice subcutaneous injection model that confirms
gelation and adhesion of TX140 without any physical containment (n = 24).
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of 20 mL per patient is equal to or less than 1.00 EU mL−1.
The endotoxin levels in TX140 were <0.100 EU mL−1,10 fold
less than the maximum allowable amount (Table S5, Supporting
Information).

In accordance with ISO10993-11, acute systemic toxicity of
TX140 was investigated in which 80 mice were administrated
via intraperitoneal injection of polar and nonpolar extracts of
the product at three dose levels up to 2 mL kg−1. Proportionally,
this equates to administration of 160 mL of the product per pa-
tient which is 8 times higher than the maximum expected clin-
ical dose (20 mL of TX140 per patient). Body weight measure-
ments, hematology, biochemistry, necropsy, and histopathology
were performed on animals. The results in Figure 2A showed that
there were no significant differences (p > 0.05) in body weight
gain of animals treated with either +Control (solvents without
TX140 extracts) or any of three dose levels of TX140 extracts. The
assessment of kidneys, spleen, liver, heart, brain, and lungs of
the treated animals also showed that there was no dose depen-
dent impact (p>0.05) on the weights of these internal organs (Fig-
ure 2B). Comprehensive hematology and biochemistry assess-
ments of all animals treated with three different doses were con-
ducted. Results from hematology and biochemistry parameters
of animals injected with polar and nonpolar extracts of TX140
at three dose levels showed that the product did not induce any
changes in relation to function of internal organs (Figures S7
and S8, Supporting Information). The histological assessments
of internal organs and complete hematology and biochemistry
assessments showed no impact on any organs and confirmed
the acute systemic biocompatibility of TX140 in accordance with
ISO10993-11.

2.4. In Vivo Biocompatibility, Bioresorbability, and
Biodegradation of TX140

Long term biocompatibility and bioresorbability of TX140 were
assessed to determine TX140 biodegradation pathway by inject-
ing 2 mL of the product (equal to ≈8 wt% of mouse body weight)
subcutaneously in a mouse model (male Balb/c, 10 weeks old, n
= 24). The selected amount represents a significantly greater vol-
ume of the product intended to be used in a clinical setting and
therefore was selected to exacerbate any potential pathological
impacts from the product. General animal health, local and sys-
temic inflammatory response, internal organ function and his-
tology were assessed to determine the biodegradation pathway
over 6 weeks. The outcomes were compared with a 2 mL nor-
mal saline injection (+Control). The observed trend in animal
weight gain treated with TX140 was comparable to the +Control
group (normal saline injection) at different time points (Figure
S9, Supporting Information). Macroscopic assessment of the ad-
ministration sites demonstrated that the product was fully re-
sorbed within 2–4 weeks post administration. This finding was
further endorsed by results from the histological evaluations of
the injection site at two and four weeks post administration of
TX140. H&E assessments of the sites showed the presence of
small pools of hydrogel network in the range of ≈10–15 μm
in diameter at areas closer to epidermis at 2 weeks, while no
TX140 hydrogel structure was visible after 4 weeks. The results

from macroscopic assessments and histological evaluations con-
firmed that TX140 was bioresorbable within four weeks post
administration.

Concerning local inflammatory response to TX140 hydrogels,
Hematoxylin and Eosin (H&E) assessment of dermal injection
sites displayed no sign of inflammatory neutrophils, eosinophils,
and lymphocytes (Figure 2C). This result confirmed that TX140
does not induce any nonhistiocytic inflammation. As expected,
histiocytes were present in the vicinity of the injection site, which
could either be due to oedema generated by the hydrophilic na-
ture of the gel and/or the gel product itself being phagocytosed
as part of the wound healing response to initiate tissue remodel-
ing. In relation to neo-blood vessel formation, angiogenesis was
observed in animals injected with TX140 (Figure 2D) at week 4
and week 6 postinjection. Conversely, no capillary structures were
observed in the animals injected with normal saline. Combined
angiogenesis and histiocytic presence at the local injection site
of TX140 is suggestive of neo-tissue formation and remodeling,
particularly in weeks 4 and 6 when angiogenesis was more fre-
quently observed.

In vitro studies showed that the cleavage of PLA from the PN-
PHO network leads to increase of LCST of TX140 and subse-
quently the gradual liquification of the hydrogel at physiological
conditions.[39] It is hypothesized that this effect ultimately leads
to TX140 excretion and thus the impact of the product resorp-
tion was assessed systemically to confirm the safety of the break-
down components and the associated degradation pathway(s) of
the product. The systemic inflammatory response showed no sig-
nificant difference between the white blood cell (WBC) and red
blood cell (RBC) count in animals injected with TX140 and nor-
mal saline at different time points (Figure 2E). Spleen weight was
not significantly different and histological analysis of spleen tis-
sue of animals injected with TX140 and normal saline showed
no splenic pathology (Table S6, Supporting Information). The
combined results in Figure 2E from WBC/RBC, spleen weight
and histopathology assessment of animals treated with TX140
do not suggest any splenic pathology up to 6 weeks post admin-
istration and demonstrate full resorption of the product. Simi-
larly, the combined results in Figure 2F of kidney weight, crea-
tinine and urea levels and kidney histological analysis showed
that the bioresorption of TX140 and its breakdown products
have no pathological impact on renal systems. Similarly, the
combined results in Figure 2G confirmed no hepatic impact
from the bioresorption and biodegradation; this was concluded
based on no significant changes in percentage liver weight to
body weight, liver function enzymes (Aspartate transaminase,
AST and Alkaline Phosphatase, ALPL) and liver histology assess-
ments. Mild to moderate granulomatous inflammation, defined
by histiocytic presence was detected in mouse lungs at 4 weeks
and 6 weeks post TX140 injection, suggestive of a biodegrada-
tion pathway that is commonly observed in subcutaneously im-
planted foreign material. The mild to moderate degree of gran-
ulomatous formation is attributed to excessive dosage of TX140
used in the study (8 wt% of body weight which is significantly
higher than the intended 20 mL per patient). No material rem-
nants were found in lung histopathology and general mouse
health was not affected by the mild to moderate granuloma
presence.
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2.5. Soft-Tissue Repair and Angioconductive Properties of TX140

Cell infiltration and vascular ingrowth are two important param-
eters for the selection of a biomaterial for tissue regeneration.
To this end, neovascularization and host cell infiltration within
TX140 hydrogel were compared with a commercially available
collagen scaffold in a full thickness dermal mouse model (Ta-
ble S7, Supporting Information). The selected study provides a
model to investigate the capability of TX140 to integrate with
host tissues and compare the outcome with a well-understood
and naturally derived dermal matrix as a positive control.[51] The
selected collagen scaffold in this study was glutaraldehyde cross-
linked dermal template that is commonly used in dermal recon-
structive surgeries. As shown in Figure 3A, two identical full-
thickness dermal defects were surgically created in each animal
and the overlying skin from the defects used as autologous skin
grafts. The defects were treated with either TX140 or the colla-
gen scaffold and covered with the harvested skin graft from the
opposite site (single stage, full-thickness defatted skin graft). The
collagen scaffold was required to be cut-to-size to be able to cover
the wound bed, whereas TX140 was directly applied to the site
and formed an adhesive hydrogel to fully covered the full site.

No partial or full graft failure was noted in TX140 treated site.
Conversely, in the collagen scaffold treated group, the graft take
rate was ≈80% with partial or full skin graft failures observed
in some animals by the detachment of the grafted tissue from
the surgery site (Figure 3A). Neovascularization at the treatment
sites was quantified by in vivo fluorescent radiant efficiency of
the animals. As depicted in Figure 3B, the fluorescent radiant ef-
ficiency of TX140 treated sites after 7 days (p < 0.05) and 14 days
(p< 0.01) postoperation was significantly higher than that of sites
treated with collagen scaffolds. Therefore, based on the results
in Figure 3B, it was concluded that TX140 expedites neovascu-
larization at an early stage and thus provides the grafted site with
hematological supply to integrate with the host tissue. On day 28,
fluorescent radiant efficiency showed that neovascularization at
the site was stabilized to allow tissue maturation and subsequent
progression of wound healing.

The underlying mechanism of action and cellular interaction
with TX140 was further examined using histological analysis.
H&E staining showed that, as expected, the minimal inflamma-
tory response was observed around TX140 after 2 weeks postoper-
ation. A thin layer of fibrotic tissue surrounded TX140 residues
(GR in Figure 3C-i). Conversely, sites treated with the collagen
scaffold showed multilayered inflammatory fibrous tissue (IFV
in Figure 3C–ii) at 2 weeks postoperation, suggesting an inflam-
matory driven encapsulation of the construct from the host tis-
sue. Therefore, the ability of the host progenitor cells to perme-
ate within the collagen scaffold was limited by the presence of
fibrotic tissue and hence the noted full/partial graft failure in

animals treated with the collagen membrane. Similarly, after 4
weeks, the inflammatory response to collagen scaffolds was sig-
nificantly higher than to TX140 (Figure 3D–i,ii). As expected, in
TX140 treated groups, the H&E stained cross-sections showed
abundant infiltration of host cells to progress skin remodeling
(Figure 3D–iii,iv)) and blood vessel ingrowth (Figure 3D-v). In
addition, results from Masson’s Trichrome (MT) staining con-
firmed that the formation of native collagen fibers (dermal con-
nective tissue, DCT in Figure 3E-i) within the structure of TX140
was significantly higher than that detected within the structure
of the control group (Figure 3E–ii). This result further reaffirms
the ability of TX140 to support host cell infiltration.

2.6. Hard-Tissue Repair with TX140

This part of the study aimed to investigate the potential of TX140
to support hard tissue repair by providing a cell permeable ma-
trix. Critical size femoral and humorous osteotomies (8 mm
diameter × 10 mm depth) were formed in a sheep model.[48]

Three treatment groups were investigated, including no treat-
ment (empty defect −Control), TX140 and iliac crest autologous
bone graft (+Control). Bone healing at the site was histologically
assessed 6 weeks and 12 weeks post operation. Product usabil-
ity in the osteotomy model and its efficacy to integrate with bony
tissue were investigated based on predefined acceptance criteria
(Table S8, Supporting Information).

H&E staining of the treatment sites showed that the in-
flammatory responses to TX140 were relatively lower than the
sites treated with autologous bone graft at 6 weeks (Figure
S10, Supporting Information) and 12 weeks postoperation ((Fig-
ure S11, Supporting Information). TX140 and +Control sites
contained residual inflammatory foci mostly comprising foamy
macrophages with lymphocytes associated with small foci of par-
tially hydrolyzed TX140 and autologous bone graft respectively.
The results in Figure 4A display the extent of bone, cartilage, and
fat tissue content after 6 weeks post operation in defects treated
with different groups. Masson’s Trichrome (MT) stained, decal-
cified sections of the lesion after 6-weeks postsurgery demon-
strated that animals with empty defects (−Control) showed large
residual spaces, devoid of mesenchymal tissue (double-headed
arrow in Figure 4B-i). As expected, TX140 treated sites (Figure
4B-ii) showed similar, but slightly more new bone formation
within the treatment sites than−Control at the 6-week time point.
Sites treated with autologous bone graft showed significantly
higher new bone formation within the defect (Figure 4B-iii) than
both groups at 6 weeks postoperation. This is characterized by
anatomizing bone trabeculae interspersed via medullary adipose
tissue and a few small foci of fibrous connective tissue (aster-
isks in Figure 4B-iii). After 12 weeks, the results in Figure 4C

Figure 2. Acute toxicity, local, and systemic biocompatibility assessment of TX140. A) Body weight gain of female and male rats by polar and nonpolar
extracts of TX140 during a week for acute toxicity assessment (n = 80, 40 female and 40 male animals). B) Organ weights of female and male rats by
polar and nonpolar extracts of TX140 at the termination of the acute toxicity assessment (n = 80, 40 female and 40 male animals). C) inflammatory
response (histiocytic and nonhistiocytic responses) to TX140 and normal saline at different time points. D) local angiogenesis at TX140 and normal
saline injection site at different time points. E) spleen weight, red blood cell (RBC) and white blood cell (WBC) counts of TX140 and normal saline
injected animals at different time points. F) kidney weight and kidney biochemistry markers (urea and creatinine) of TX140 and normal saline injected
animals at different time points. G) liver weight and liver biochemistry markers of TX140 and normal saline injected animals at different time points
(aspartate aminotransferase (AST) and alkaline phosphatase (ALP)). n = 24 in total, 6 at each time point for measurements reported in (C)–(G).
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Figure 3. Soft-tissue healing and angioconductive properties of TX140. A) Intraoperative wounds after harvesting full-thickness skin grafts and grafting,
treated with TX140 (left) and commercially available collagen scaffold as the gold standard (right) at day 0 and day 7 post skin grafting (n = 27). B)
Radiant efficiency of TX140 and collagen scaffold in a murine model after 7, 14, and 28 days (n = 6, statistical significance * for p < 0.05 and ** for p
< 0.01)). C) H&E stained cross-sections of TX140 i) and collagen scaffold ii) after 14 days. D) H&E stained cross-sections of TX140 i) and the collagen
scaffold ii) after 28 days. Cross sections of TX140 iii–v). E) MT stained cross-sections of Integra and TX140 i) and collagen scaffold ii) biopsies 28 days
postskin grafting. GR: TX140 hydrogel residues and IFV: inflammatory fibrosis. DCT: dermal connective tissue. The scale bar in all panel is 100 μm. For
(C)–(E) n = 27 in total and 12 at each time point.
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Figure 4. Hard-tissue healing in sheep osteotomy model. A) Bone, cartilage, and fat formation in osteotomy sheep model after 6 weeks. B) Masson’s
Trichrome (MT)-stained decalcified sections of lesion explants from i) Empty, ii) TX140, and iii) bone graft groups after 6-weeks postsurgery. C) Bone,
cartilage, and fat formation in an osteotomy sheep model after 12 weeks postsurgery D) MT-stained decalcified sections of lesion explants from i) Empty,
ii) TX140, and iii) bone graft groups after 12-weeks postsurgery. The scale bar in all panels is 1 mm. Asterisks highlight the new bone formation foci of
fibrous connective tissue (n = 6).

confirmed that TX140 and autologous bone graft treated groups
showed similar (p> 0.05) healing. The extent of healing in TX140
compared to −Control was significantly more pronounced (p <

0.001). The latter finding is further endorsed by results in Figure
4D-i, as the−Control sites were predominantly comprised of thin
anatomizing bone trabeculae with well-differentiated pluricellu-
lar medullary adipose tissue. Notably, the sites treated with TX140
and autologous grafts showed the presence of compact and tra-
becular woven bone with a few residual islands of fibrovascular
connective tissue (asterisk in Figure 4D-ii,iii). Therefore, the ex-
tent of bone regeneration in TX140 and autologous graft treated
sites were comparable after 12 weeks.

2.7. Clinical Application of TX140 for Soft and Hard Tissue Repair

The results from in vivo studies in small and large animal mod-
els confirmed the safety and effectiveness of TX140 for soft and
hard tissue regeneration. Subsequently, a ready-to-use configu-
ration of TX140 was clinically tested in a single-armed, pilot in-
vestigation on 10 healthy participants in which the product was
injected to the base of a maxillary mandibular socket after tooth
extraction (Figure 5A). Participants’ demographic information is
summarized in Table S9 (Supporting Information) and the trial
was independently monitored in compliance with ISO 14155. All
participants had planned implant placement allowing biopsy col-

lection and histological evaluations of the sites at 3 months post
extraction to assess TX140 interactions with soft and hard tissue.

The principal investigator could readily inject TX140 into the
base of the socket through a 22G needle. The product was admin-
istered to all 10 participants and formed a hydrogel post adminis-
tration (Figure S12, Supporting Information). Subsequently, due
to the hydrophilic nature of the product, TX140 hydrogel ab-
sorbed blood at the site and stabilized the clot. This clinical study
also demonstrated that TX140 adhered to surrounding tissue and
it was not necessary to use membranes and microsuturing to sta-
bilize the site post product administration (Figure 5B). Hence,
the process was more convenient and less time consuming than
the current common practice that involves physical containment
(suture), primary closure and the use of membranes at the socket
site. No adverse effects (e.g., infection, inflammation, pain or
discomfort) were reported during the follow up visit of any par-
ticipant (Table S10, Supporting Information). These results en-
dorsed the safety of TX140 hydrogel as an implantable device.

The treatment site with TX140 involved both soft and hard tis-
sue and therefore provided a unique opportunity to assess the tis-
sue agnostic nature of the product to support healing. The results
in Figure 5C showed the extent of soft tissue healing and subse-
quent wound closure after one-week post treatment with TX140.
Participants underwent a planned implant placement procedure
three months after tooth extraction and treatment with TX140. At
this point, biopsies were collected from the injection site; H&E
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Figure 5. Clinical study of TX140 post tooth extraction. A) Extraction site with active bleeding, B) in situ gel formation of TX140 in extraction site,
adhesion and mixing with blood at the injection site without the need for primary closure C) soft tissue healing and wound closure at TX140 treated site
7 days post operation (n = 10). D) MT stained TX140 treated site 3 months postoperation, product residues (asterisk), woven bone trabecular (WBT)
and fibrovascular tissue (FBV). The scale bar in panel (D) is 200 μm (n = 9).

and MT stains were used to analyze the behavior of TX140. There
was no evidence of necrosis, foreign body type giant cell or for-
eign body reactions to TX140. These findings confirmed that
TX140 is well-tolerated and the product was predominantly re-
sorbed as only small pools of the hydrogel were detected (Fig-
ure 5D, asterisk). A comprehensive summary of findings from
the histological evaluations of the sites showed active bone re-
modeling and viable trabecular bone formation and the presence
of osteoblasts and osteoclasts (Table S11, Supporting Informa-
tion). MT section of the treatment site with TX140 showed the
formation of interconnected viable bony trabeculae, a mixture of
woven, lamellar bone and active osteoblasts and osteoclasts (Fig-
ure 5D).

3. Discussion

Recent advancements in minimally invasive surgeries provide
a unique opportunity for clinical adoption of tissue agnos-
tic injectable hydrogels as temporary cell permeable matrices
to expedite healing and ultimately improve patients’ health
outcomes.[52,53] Despite the plethora of injectable systems that
are commercially available and in development, widespread clini-

cal adoption of injectable hydrogels remains low; device malfunc-
tion due to cumbersome preparation steps, low adhesion, and se-
vere inflammatory responses are the main limiting factors.[2,54–56]

TX140 injectable hydrogel has shown to address many of these
unmet clinical needs. The product comprises a synthetic poly-
mer (PNPHO) and a synthetic peptide (Thymosin-𝛽4) that work
synergistically to achieve the intended mechanism of action as a
flowable scaffold to support tissue agnostic regeneration.

The results from the injectability and adhesivity of TX140
into different anatomic sites showed that the optimized gela-
tion kinetics of TX140 facilitate its administration into deep tis-
sues without clogging the needle or dislodgment of the hydro-
gel at the site. This specific property is of great importance com-
pared with previously developed hydrogels that have unfavor-
able gelation kinetics and consequently poor structural stabil-
ity and retention.[1,25,30,57–59] The favorable gelation kinetics of
TX140 is attributed to the optimized PNPHO chemical composi-
tion and the crosslinking effect of Thymosin-𝛽4, which decreases
the LCST of the hydrogel from 24 to 21 °C. The chemical interac-
tion between PNPHO and Thymosin-𝛽4 prolongs the bioresorp-
tion time of TX140 to 2–12 weeks (depending on the anatom-
ical site of administration), which is sufficient to support the
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healing cascade for a wide range of indications and thus further
substantiates the physical role of Thymosin-𝛽4 in the formula-
tion of TX140.

It was hypothesized that TX140 can be used as a tissue agnos-
tic injectable system for soft and hard tissue regeneration by pro-
viding a cell permeable adhesive hydrogel at the site to allow in-
growth of host progenitors cells. Unlike previously developed tis-
sue specific polymer-peptide hydrogels,[60] TX140 does not have
any phenotypic properties, a pivotal requirement for a tissue ag-
nostic biomaterial. This strategy was implemented to expedite fu-
ture clinical adoption of TX140 by avoiding device complications
associated with ectopic tissue formation[7–9] thereby streamlin-
ing the device’s regulatory approval process with a single chem-
ical composition.[61] The specific chemistry and composition of
TX140 mitigate the limitations regarding local inflammation and
systemic toxicity which are widely reported in the use of cur-
rent injectable and synthetic polymer-peptide systems.[62,63] The
residues of organic solvents in TX140 are negligible and well be-
low the limits specified by international standards, this is a key
requirement to preserve the viability of cells and the natural re-
generative capability of host tissues.[64] In addition, the level of
endotoxins in TX140 was minimized as they are known to di-
rectly contribute to the inflammatory process and upregulate in-
flammatory mediators, including TNF-𝛼, IL-1, and IL-6.[65]

Biocompatibility and biosorption of TX140 were investigated
by full hematological and histopathological assessments of ani-
mals treated with an ultrahigh dose of TX140. In the histopatho-
logical assessment of all internal organs and the lungs displayed
mild to moderate granulomatous inflammation in animals at 4
weeks and 6 weeks post TX140 injection. The noticed moderate
inflammatory response in lungs was expected due to the ultra-
high volume of the product used and its chemical composition.
Specifically, PNPHO is partially based on polylactide (7–8 mol%)
which breaks down into lactic acid which oxidizes in tissues to
carbonic acid and is excreted via the lungs.[66] In a previous study,
polyurethane implantable scaffolds demonstrated lung redness
and granulomatous inflammation while using a significantly re-
duced amount of implanted product[67] compared to the volume
of TX140 in this study. Recognizing that TX140 was fully resorbed
within 2–4 weeks post subcutaneous injection, even at ultrahigh
doses, histopathological assessments of liver, kidney and spleens,
their weights and relevant blood markers (AST, ALPL, creatinine,
urea, WBC, and RBC count) confirmed that full biosorption of
TX140 does not impact any other internal organs involved in ex-
cretory pathways.

In a full thickness dermal defect animal study, TX140 pro-
vided a cell permeable matrix which was not impeded by fibrosis
around the structure; the thickness of fibrotic tissue was less than
2–3 cell layers on average, which was significantly less than that
found around a collagen based dermal matrix (Integra after re-
moving the silicon barrier for this single step skin grafting study).
Despite the synthetic nature of TX140, the results from the der-
mal defect mode were contrary to previous studies in which
the inflammatory response to synthetic scaffolds was reported
to be more pronounced compared to collagen scaffolds.[68,69]

TX140 allowed cell ingrowth and neovascularization at the de-
fect site which provided the grafted site with hematological sup-
ply for complete tissue integration and graft stabilization. The
results therefore confirmed that TX140 acts as a physical scaf-

fold to support the regeneration of dermal connective tissue as
intended.

The scaffolding effect of TX140 was also evident when the
product was applied into a critical size bone defect. As expected,
due to the lack of osteoinductive or phenotypic properties of
TX140, the healing was less evident in the early stages post
trauma than in the sites treated with osteoinductive autologous
grafts. However, 12 weeks postoperation, the healing at TX140
treated sites was superior (p < 0.05) to sites with no treatment
and similar (p > 0.05) to osteoinductive iliac crest grafted sites.
These results suggest that in the early stage, the infiltrated pro-
genitor cells within TX140 display limited osteogenic activity but
over time, the scaffolding properties of TX140 provides an op-
timum environment for cell proliferation, maturation, and sub-
sequent calcification. In contrast, in the absence of osteogenic
compounds or osteoconductive ceramics, previous studies us-
ing synthetic and thermoresponsive hydrogels showed negligible
bone regeneration with the use of poly(glycolic acid and poly (𝛼-
hydroxy acid) based products or woven surgical meshes.[61] The
lack of bone integration with these synthetic scaffolds was at-
tributed to mild inflammatory responses at the sites and the lack
of cell adhesion, both of which impede the intended mechanism
of action. The preclinical use of TX140 in dermal and critical size
bone defects confirmed that the physical scaffolding nature of the
hydrogel provides a temporary matrix to support both soft and
hard tissue regeneration.

The clinical usability and efficacy of TX140 for soft and hard
tissue regeneration were investigated with the administration of
the product to the base of a socket post tooth extraction. The re-
sults showed that TX140 is adhesive, able to fill the defect en-
tirely, mixes with blood and remains at the site despite active
bleeding. These outcomes confirmed TX140 overcomes the main
limitations of previously developed systems which are unable to
adhere/retain in hydrated environments, particularly in dental,
oral and periodontal surgeries.[70,71] The innate adhesive nature
of TX140 and its gelation at the base of the socket negates the
need for primary closure, which further underpins the advan-
tage of TX140 for clinical applications. TX140 promote soft tissue
formation as wound closure was achieved after one week with
no reports of pain/discomfort in all treated clinical participants.
Conversely, in a pilot clinical trial using a commercially available
collagen scaffold, complete wound closure and re-epithelization
were reported between 15 and 30 days postsurgery,[72] which is
notably longer than that achieved using TX140. In addition, the
histochemical analyses of the local sites after three months of
treatment with TX140 confirmed that the scaffolding nature of
the product supports infiltration of local osteoblasts and osteo-
clasts and thus allows the progression of the healing cascade to-
ward bone remodeling. The results from the pilot clinical study
endorse the superior properties of TX140 as an injectable system
for tissue agnostic regeneration to address multiple unmet clini-
cal needs.

4. Conclusion

The clinical potentials of TX140 as a tissue agnostic injectable
hydrogel for soft and hard tissue regeneration were verified in
multiple preclinical investigations and a clinical pilot study. The
overarching mechanism of action of TX140 is based on the

Adv. Healthcare Mater. 2022, 11, 2201714 2201714 (12 of 15) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

product’s unique combination of physical and biological charac-
teristics. The injectable and adhesive nature of the TX140 allow
its administration at an injury site without detrimentally impact-
ing the natural regenerative capability of the host tissue. The bio-
compatibility of the product leads to formation of a very thin layer
of fibrotic tissue around the hydrogel and therefore allows infil-
tration of the host progenitor cells. The gradual and safe biore-
sorption of the product allows tissue regeneration and neovascu-
larization to support body’s innate healing capability to support
body’s innate healing capability. These attributes are translational
to ultimately address multiple unmet needs in different clinical
settings.

5. Experimental Section
Synthesis of PNPHO Polymer and Characterization: The complete list

of chemical and reagents used in the synthesis of PNPHO and formula-
tion of TX140 are provided in Supporting Information. The method for
synthesis of PNPHO was outlined by Fathi et al.[39] However, the process
was optimized to achieve stoichiometric polymerization, reduce polydis-
persity, and decrease residues of organic solvents in the final product,
all of which are essential for translatability of the final product. Briefly,
a solution containing N-isopropylacrylamide (NIPAAm, 81 mol%), N-
acryloxysuccinimide (NAS, 7 mol%), polylactide/-hydroxy methacrylate
(PLA/HEMA, 7 mol% with lactate number of 5), and oligo (ethylene gly-
col (OEGMA, 5 mol%) were fully dissolved in dimethyl formamide (DMF)
with a solid content of 16 w/v%. The resulting solution was purged with
nitrogen for 20 min at ambient temperature to deoxygenate the reactant
solution. The reaction temperature was then increased to 70 °C, at which
0.5 mol% of 4,4′-Azobis (4-cyanopentanoic acid) was added to initiate the
reaction, under a nitrogen blanket to prevent side chain reactions and ox-
idation of reactants. The reaction was continued for ≈18 h at 70 °C at 300
rpm. The resulting polymer solution in DMF was purified in sterile water
for injection at 30 °C as an antisolvent, followed by lyophilization. The re-
sulting white powder/foam is PNPHO polymer. The polymer is chemically
and physically characterized with multiple standard methods (Supporting
Information).

Formulation of TX140 and Characterization: Initially, 30 mg mL−1 Thy-
mosin 𝛽4 solution in PBS was formed. The resulting peptide solution was
added to PNPHO to achieve the final polymer concentration of 140 mg
mL−1. The solution was placed in 2–8 °C under static condition for 24 h to
dissolve and conjugate PNPHO and Thymosin 𝛽4. The resulting single-
phase solution was TX140 and was stored refrigerated for further use.
TX140 was assessed based on multiple standard techniques for in vitro,
in vivo, and clinical evaluations (Supporting Information). TX140 was ter-
minally sterilizable via Gamma irradiation in dry ice at 25–40 kGy.

Experimental Design: The current study involved multiple original in-
vestigations, all of which were completed based on one-factorial design
with predefined objectives, inclusion/exclusion criteria, sample size, pri-
mary/secondary endpoint, and acceptance criteria in accordance with
ISO13485 requirements for design and development of medical devices.
The associated quality management system was certified and audited by
British Standard Institute (certification number MD659261). In relation
to physicochemical characterization studies, the production process and
findings were validated in accordance with ISO13485, using 10 samples
(or greater) from three replicated batches (separate manufacturing, mini-
mum n = 30 in total) to achieve 99% probability of conformance and confi-
dence level of 99%. Endotoxin level was completed per FDA guidance (USP
〈85〉) and British Pharmacopeia, Appendix XIV C to define the number
of samples, acceptance criteria and methodology. Preclinical in vitro and
in vivo biological evaluations were completed based on predefined proto-
cols, samples size (n = 6 or greater from 3 replicates, batches) and ac-
ceptance criteria by using methods in accordance with ISO10993 or previ-
ously published studies. All animal studies were completed after attaining
ethic approvals from relevant authorities (University of Queensland, Ani-

mal Ethics Committee for acute toxicity study, TETRAQ/078/18/M/427/17
and sheep femoral defect, AE42961; NSW-Health District, Royal Prince Al-
fred Hospital Ethics for subcutaneous injection and local inflammatory
studies in mice, 2017/026C and 2021/021/3.7). The clinical investigation
was a single-armed (not controlled, not powered and not randomized)
pilot clinical trial which was completed based on a predefined clinical in-
vestigation protocol (CIP) and with 100% data point monitoring via an
independent clinical research organization based on ISO 14155. The clin-
ical study was completed after acquiring human ethics approval from St.
Vincent Hospital, Melbourne Australia, HREC/16/SVHM/258. All partic-
ipants in the clinical investigation were treated after providing informed
consent.

Statistical Analysis: Statistical analysis was conducted using one- or
two-way ANOVA, followed by Tukey’s multiple comparisons using Graph-
Pad Prism version 9. Quantitative data were expressed as means ± stan-
dard deviations and P < 0.05 was defined as the significant level for all sta-
tistical analyses. The quantified chemical and physical characterizations
are based on 99% probability of conformance and confidence level of 99%.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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