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ABSTRACT: Tissue engineering is transforming regenerative medicine by . =~ ey
enabling the creation of functional tissue substitutes for in vitro research and porphyrin = AlgNHs N
therapeutic applications. Optimization of skin-engineered tissues would clearly be ¢ e
favored by local, real-time, and precise oxygen concentration measurements, as
oxygen plays a fundamental role in cellular metabolism, survival, and tissue s —
regeneration. This work presents a fluorescence-based oxygen biosensor that is fibrin
chemically stable and integrated into fibrin-based dermal matrices used as scaffolds ; o
in complete skin equivalents (including dermis and epidermis). The process

involves synthesizing PdPFP-Jeff, a modified porphyrin incorporating palladium
and Jeffamine ED 600, and covalently bonding it to alginate modified with N-
hydroxysuccinimide (AlgNHS), previously introduced within plasma-derived
hydrogels that would form the skin construct in vitro. The chemical bonding
enables stable incorporation, preventing leaching and maintaining structural
integrity, while also ensuring biocompatibility with aqueous environments. Various biological assays, including live/dead assays,
hematoxylin and eosin staining, and immunofluorescence studies, were conducted to confirm the biocompatibility of PdPFP-Jeff-
enhanced dermoepidermal equivalents. When applied to hydrogels containing primary fibroblasts (dermal equivalents), this
technique produced reliable results for these physiologically significant systems and demonstrated the potential of PAPFP-Jeff
hydrogels as biosensors for real-time oxygen monitoring. By integrating high-resolution optical sensing into skin equivalents, this
approach advances smart biomaterials, and improves in vitro skin models, and paves the way for enhanced wound healing and
regenerative medicine applications.

+

B INTRODUCTION by actuator functions, opening new possibilities for dynamic
and responsive tissue structures.””’

One of the key challenges in tissue engineering is the precise
and noninvasive measurement of oxygen concentration in the
outer and deep layers of the tissue, as oxygen plays a vital role
in cellular metabolism, angiogenesis, infection control, and
overall tissue viability.® Skin is an ideal model for studying
oxygen dynamics due to its accessibility and its direct
implication in wound healing, ischemia, and hypoxia-related
disorders, where oxygen imbalance can impair tissue
regeneration.”’? Adequate oxygen levels are essential for
promoting normal cellular functions, facilitating vasculariza-
tion, and preventing bacterial proliferation, ultimately support-
ing the formation of functional skin substitutes.'’ Numerous

Tissue engineering is a multidisciplinary field that integrates
biological sciences, engineering principles, and materials
science to develop biological substitutes that restore, maintain,
or enhance tissue function."” This field plays a crucial role in
regenerative medicine, particularly in the development of
engineered skin constructs for wound healing and tissue
regeneration. These constructs aim to replicate the structural
and functional complexity of native skin, thereby improving the
healing process and minimizing complications such as
infections and chronic wound formation. However, the success
of tissue engineering depends on a thorough understanding of
tissue functionality and the ability to monitor dynamic
processes occurring within engineered structures. In this
sense, there is currently an effort to design functional tissues

endowed with sensory capabilities, providing real-time insights Received: March 27, 2026
into tissue state and functionality.” Embedded sensors enable Revised:  April 30, 2026
continuous monitoring and early detection of changes, like Accepted:  May §, 2026

insufficient tissue oxygenation or inflammation, enhancing the Published: May 13, 2026

understanding of tissue behavior and improving cell-based
therapies.” Eventually, sensory functions could be accompanied
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methods have been reported for tissue oxygen content
measurement that can be categorized into invasive and
noninvasive techniques.'”'*> While invasive methods provide
precise data, they carry risks such as tissue damage or
infection."* Noninvasive methods, though safer, are limited by
their penetration depth and typically indirect nature.>~"”

This work focuses on developing and validating a non-
invasive, real-time, high-spatial-resolution method for measur-
ing oxygen concentration in engineered skin tissues. The
proposed method is based on the use of fluorescent
porphyrins, which are oxygen-sensitive biomolecules whose
fluorescence intensity and lifetime vary depending on oxygen
concentration, makin% them valuable tools for biosensing and
imaging applications. 819 The use of porphyrins, externally
injected or introduced by surgeries into the tissues, has already
been reported for tissue oxygen concentration and oxygen
partial pressure measurements.”’ > However, these ap-
proaches are fundamentally invasive and can provide
information only about the oxygen concentration in the
outer layer of the tissue due to poor penetration.

In contrast to previous proposals, in this work, we present a
new approach based on chemically bonding the porphyrins to
the tissue extracellular matrix (in our case, a hydrogel) to
provide stable sensory centers embedded into the tissue. To
that aim, this study introduces a novel method using modified
palladium porphyrins (PdPFPs). These are functionalized via
PEGylation with Jeffamines, a linear molecule containing
primary amino groups attached to the end of a backbone that
contains polyethylene glycol (PEG) and polypropylene glycol
(PPG) in its structure to create a new compound we call
PdPFP-Jeff. This functionalization enhances the biocompati-
bility and stability of the porphyrins,”*** which will be directly
integrated into the hydrogel, acting as an extracellular matrix in
functional in vitro-engineered skin tissues. This is possible
because the resulting PAPFP-Jeff compound forms stable
amide chemical bonds with N-hydroxysuccinimide (NHS)
functionalized hydrogels,” enabling real-time oxygen sensing
in engineered tissues associated with the fluorescence proper-
ties of the porphyrins discussed above. The developed system
not only could provide valuable information on the effects of
oxygen on cellular health but also represents a practical and
scalable tool for assessing oxygenation in biological systems,
including engineered skin equivalents and other tissue models.
Beyond enhancing our understanding of oxygen dynamics in
engineered tissues, this work contributes to the broader field of
regenerative medicine, paving the way for improved
therapeutic strategies in wound healing and tissue-engineering
applications.

B EXPERIMENTAL SECTION

Synthesis of Modified Porphyrin (PdPFP-Jeff)

The objective of the chemical modification of porphyrin by
PEGylation was to produce a novel compound, the PdPFP-Jeff,
capable of forming covalent chemical bonds with amines. PEGylation
introduced solubilizing groups to the porphyrins, preventing
aggregation in water and facilitating amine attachment to NHS (N-
hydroxysuccinimide) groups. The metalloporphyrin used was a
perfluorinated palladium porphyrin (PdPFP), in which the fluorine
atom in the para position of the aromatic rings can be substituted by
nucleophilic addition. The Jeffamine used (Jeff) was a polyether
diamine with an average molecular weight of 600 Da and a
predominantly poly(ethylene oxide) backbone. Using microwave
irradiation, up to four Jeffamine chains can be bonded to the

porphyrin’s external rings by selective displacement of para-fluorine
groups.”® Specifically, in this work, 13 mg of palladium porphyrin
(PAPFP) were dissolved in 1 mL of NMP (N-Methyl-2-pyrrolidone).
An excess of 230 mg of Jeffamine ED-600 (1:40 molar ratio
PdPFP:Jeffamine) was added, and the mixture was stirred for S min.
The solution was placed in a microwave reaction vial G10 (10 mL),
subjected to microwave irradiation at 150 °C for 7 min at 600 rpm
using an Anton Paar Monowave 300 (AP-MW) reactor, followed by a
cooling period to 55 °C.

To confirm the success of the reaction, we used thin-layer
chromatography (TLC). The reaction mixture was analyzed by TLC
in order to confirm PEGylation, using silica gel plates (TLC Silica Gel
60G F254, 100390, Merck) and a 9:1 ratio of dichloromethane to
methanol (CH,Cl,:CH;O0H) solvent system. The plates were
visualized under UV light to confirm the presence of PdPFP-Jeft.

Because the solution obtained via microwave irradiation (PdPFP-
Jeff) contains an excess of free Jeffamine ED-600, dialysis was
employed to remove it. Dialysis was performed using RC prewetted
tubing Spectra/Por™ 6 membranes with a 1 kDa MWCO (molecular
weight cutoff). The reaction mixture (2 mL) was dialyzed against 500
mL of solvent and covered with aluminum foil, with solvent changes
twice a day for 1S days: 12 days with NaCl 0.1% (pH 7.5) and 3 days
with distilled water (pH 7.5). The purified PAPFP-Jeff was stored at
—20 °C.

Preparation of Oxygen-Sensing Hydrogels

The purified and modified PdPFP-Jeff porphyrin was subsequently
incorporated into hydrogels composed of alginate modified with N-
hydroxysuccinimide (AlgNHS) polymeric complexes. We obtained
blood plasma-derived fibrin-modified alginate hydrogels that are
biocompatible, support cell growth, and can incorporate our modified
porphyrin (PdPFP-Jeff) due to their hydrophilic nature and NHS
presence. These properties make AIgNHS hydrogels suitable for
various biomedical applications, including tissue engineering, dru
delivery, and biomolecule inclusion, as reported in the literature.”””

PdPFP-Jeff was incorporated in the polymerization of AlgNHS
hydrogels by reacting its Jeffamine-modified amines with the NHS
moieties, which act as reactive groups that facilitate the formation of
stable amide-type bonds. The synthesis and polymerization with fibrin
from human plasma of AIgNHS hydrogels were performed following
the process and methods described by Matesanz A. et al** and
Montero A. et al.*” The first step was to dissolve the synthesized
AlgNHS polymer in 0.9% NaCl (w/v) at 37 °C to achieve final
AlgNHS concentrations of 0.5 and 1 mg/mL. Platelet-poor plasma
(PPP) was then added to achieve a final fibrin concentration of 1.2
mg/mL (0.12% w/v). The NaCl-AlgNHS-fibrin solution was
incubated at 37 °C, 5% CO,, and 70% relative humidity, in a cellular
incubator (SCO,W) (Shel Lab CO,, Cascade Technical Sciences,
Inc.) for 20 min to allow amination between AIgNHS and plasma
proteins. Next, the NaCl/AlgNHS/fibrin solution is combined with
the synthesized, dried, and purified PdPFP-Jeff at 0.01%, 0.05%, or
0.1% (w/v) for an additional 20 min under the same conditions in
order to form stable amide bonds between the primary amines in the
PdPFP-Jeff and the remaining NHS ester groups in the AlgNHS.
Hydrogel polymerization was initiated by adding 0.08% (w/v) CaCl,
(prepared as a 1% w/v solution in 0.9% NaCl) and incubating for 1 h
under the same conditions.

Viability of Cell Cultures in Oxygen-Sensing Hydrogels

Human primary fibroblasts (hFBs) and keratinocytes (hKCs) were
obtained from PromoCell (Germany). Fibroblasts were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, without phenol red)
with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin
(P/S) at 37 °C, 5% CO2. Keratinocytes were cultured basically
according to the seminal method proposed by Rheinwatd J. G. and
Green.” Irradiated mouse embryonic fibroblasts (3T3-J2) were used
to create the feeder layer necessary for keratinocyte growth. The
culture medium used was DMEM/Ham-F12 (3:1), enhanced with
10% Fetal Calf Serum (FCS), S pug/mL of insulin, 1.3 ng/mL
triiodothyronine, 8 ng/mL cholera toxin, 24 yig/mL adenine, 0.4 ug/
mL hydrocortisone, and S pg/mL of insulin, along with 1% P/S and
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Figure 1. MALDI-TOF mass spectra of (A) nondialyzed and (B) dialyzed PAPFP-Jeff after the synthesis reaction.

10 ng/mL of EGF (Epidermal Growth Factor). For cell viability
analysis (Live/Dead assays, Thermo Fisher Scientific), hydrogels with
hFBs or hKCs were incubated with Calcein AM (0.5 uL/mL) and
Ethidium Homodimer-1 (1 uL/mL) for 40 min at 37 °C and washed
with Phosphate-Buffered Saline (PBS). Under these conditions, green
and red cells represent viable and dead cells, respectively. For hFBs,
160,000 cells/mL of hydrogel were embedded inside the hydrogels
before polymerization and analyzed after 7 days of culture. hKCs were
seeded on the top of the hydrogels in a volume of 200 uL of culture
medium CnT-57 (7,000 cells/well, or approximately 20,600 cells/
cm?)

Hydrogels were used at final concentrations of 0, 0.01, 0.05, and
0.1% (w/v) at different AlgNHS concentrations (0.5 and 1 mg/mL)
and were analyzed using a confocal microscope, Leica-SPE (Leica,
Germany). Experiments were repeated at least three times.

Three-D Dermo-Epidermal Equivalents in Oxygen-Sensing
Hydrogels

To form dermal and dermo-epidermal 3-D equivalents, hFBs (20,000
cells/mL) were added to the fibrin-containing hydrogel mixture
(PAPFP-Jeff) before hydrogel polymerization, and hKCs (240,000
cells/cm”) were seeded on top after hydrogel polymerization. Based
on the results obtained during the course of the experiments
performed (see the Experimental Section), PdPFP-Jeff hydrogels
containing AlgNHS at a final concentration of 0.5 mg/mL and
PAPFP-Jeff at final concentrations of 0.01% and 0.05% (w/v) were
used to generate dermo-epidermal matrices. The method described by
Montero A. et al.*” and Meana A. et al.** was used to prepare dermo-
epidermal matrices in vitro. After the 15-day incubation period at the
air—liquid interface, required for epidermal terminal differentiation,
the skin equivalents were analyzed by Hematoxylin & Eosin (H&E)
staining and immunofluorescence studies. For H&E staining, they
were fixed, cut into S pm slices, and stained according to Meana A. et
al*® Terminal epidermal differentiation was analyzed by immuno-
fluorescence using antibodies against the following markers:
Involucrin (Involucrin Monoclonal Antibody (MAS—11803), Ther-
mo Fisher Scientific, USA) for the identification of the suprabasal
spinous layer; Loricrin (Loricrin Polyclonal Antibody (PAS—30583),
Thermo Fisher Scientific, USA), which stains the epidermal granular
layer; Cytokeratin S (Cytokeratin S Monoclonal Antibody (PAS—
32465), Thermo Fisher Scientific, USA) for the identification of basal
human keratinocytes and Cytokeratin 10 (Cytokeratin 10 Monoclonal
Antibody (MAS—13705), Thermo Fisher Scientific, USA) for the
labeling of suprabasal keratinocytes. For the detection of nuclei in the
dermo-epidermal matrices, DAPI staining (Thermo Fisher Scientific,

USA) was used. Three experiments of this type were performed and
analyzed for each experimental condition.

Characterization Equipment

We performed MALDI-TOF (matrix-assisted laser desorption/
ionization time-of-flight) analysis before and after dialysis for the
quantification of PAPFP-Jeff and the remaining unmodified PdPFP.
Samples were mixed with trans-2-[3-(4-fert-butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB) matrix and analyzed using a
Bruker Ultraflex mass spectrometer.

We performed spectral absorption analysis to confirm the stable
chemical bonding of porphyrin to the polymer (the PAPFP-Jeff
reaction with the NHS groups in AlgNHS). A Synergy HTX Multi-
Mode Microplate Reader (Winooski, USA), with a wavelength range
of 200—800 nm, was used.

We performed a biocompatibility analysis of oxygen-sensing
hydrogels (PdPFP-Jeff plasma-derived fibrin hydrogels). Cell viability
was assessed on days 3 and 7 of culture using Live/Dead assays
(Thermo Fisher Scientific). The fluorescence was analyzed using a
Leica-SPE (Leica, Germany) confocal microscope.

The significance of our investigation lies in the ability to accurately
measure the phosphorescence of our oxygen-sensing hydrogels under
varying oxygen concentrations. To that aim, we used a PerkinElmer
LS 55 fluorescence spectrometer to obtain fluorescence intensity
measurements. We selected an excitation wavelength of 405 nm to
minimize porphyrin photobleaching and reduce autofluorescence
interference.”’ The emission spectra of the hydrogels were recorded
(from 450 to 750 nm with 0.5 nm steps) at room temperature under
varying oxygen concentrations, and the intensity fluorescence data
were corrected for the background signal of the spectrometer. To
perform the measurements, a volume of 700 uL of oxygen-sensing
hydrogel (with and without cells) was placed in HELLMA Macro-
101-QS cuvettes. Next, the cuvettes were sealed using rubber stopers,
and two standard hypodermic needles along with sterile rubber tubes
were inserted to allow gas exchange. A black blanket was used to
cover the entire setup. Nitrogen injection was used to deplete the
oxygen concentration inside sealed chambers containing the hydro-
gels, and the intensity changes were measured over time. An oxygen
concentration of 0% was identified by the fluorescence intensity
reaching a plateau during ten consecutive identical measurements
after nitrogen was injected to deplete the oxygen. After that,
equilibrium with the atmospheric oxygen concentration was reached
(21%) by opening the chamber containing the hydrogel. An oxygen
concentration of 21% was also identified by the fluorescence intensity
reaching a plateau during ten consecutive identical measurements
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after the chamber was opened. The process was repeated three times
per hydrogel sample. To assess and compare the sensitivity of the
fluorescence signal to oxygen concentration, we used the fluorescence
enhancement factor (FeF) at the maximum emission wavelength (A,
= 672 nm). To calculate this parameter, we previously characterized
the autofluorescence of the hydrogel by measuring the fluorescence
intensity of a control hydrogel without PdPFP-Jeff. The FeF was
obtained as:
FeF = IO% - IO%,contmI
121% - IZl%,control (1)

where I, and I, are the values of the intensity peaks of the PdPFP-
Jeff hydrogel sample for oxygen concentrations of 0% and 21%,
respectively, and Ipg oot a0 Lo contror are the values of the intensity
peaks of the control hydrogel sample for oxygen concentrations of 0%
and 21%, respectively.

B RESULTS AND DISCUSSION

Efficiency of the Synthesis Process of Modified Porphyrin
(PAPFP-Jeff)

The characterization of the dialyzed PAPFP-Jeff involved
analyzing and quantifying the concentration of free Jeffamines
in the polymer solution. The final product contained pure
palladium metalloporphyrin, PAPFP-Jeft with 1, 2, 3, and 4
bound Jeffamines, and pure Jeffamine (free Jeffamine). As
observed in Figure 1, before dialysis, the MALDI-TOF analysis
revealed predominant peaks around 600—650 m/z associated
with free Jeffamine ED-600, with this Jeffamine displaying
multiple oligomeric peaks at higher m/z values due to its
polymeric nature.”” Peaks at 1094 m/z for porphyrin without
modification and peaks for PdPFP-Jeff can also be observed
with lower relative intensity. After dialysis, multiple additional
peaks can be identified, corresponding to PdPFP-Jeff at
approximately 1,600, 2,200, 2,800, and 3,400 m/z, indicating
successful binding of Jeffamine to PdPFP and the efficiency of
the dialysis method, as well as the presence of PdPFP-Jeff
species with 1, 2, 3, or 4 bound Jeffamines in the structure. The
absence of free Jeffamine peaks and the presence of peaks
corresponding to PAPFP-Jeff with 1, 2, 3, and 4 Jeffamines
confirmed the success of the reaction and demonstrated the
efficacy of dialysis in purifying the material, dropping the free
Jeffamine concentration from 0.65 yM to 0.02 M in the
PdPFP-Jeff compound. The removal of free Jeffamines was
essential, as their presence in high concentrations could lead to
cytotoxic effects in subsequent biological applications.”

PdPFP-Jeff Chemical Bonding Stability Analysis

The successful inclusion of PdPFP-Jeff into the hydrogels was
also confirmed by spectral scanning for different porphyrin
concentrations in the hydrogel. As can be observed in Figure 2,
the obtained absorbance depends on the concentration of the
porphyrin inside the hydrogels, showing a characteristic
absorption peak at 420 nm, with its maximum being a
concentration-dependent value. This peak is indicative of the
excitation wavelength, which is a common value in palladium
porphyrin compounds® and signifies the presence of PAdPFP-
Jeft within the hydrogel structure.

The PdPFP-Jeff chemical bonding stability was determined
by studying the PAPFP release, whereas Figure 3 shows the
remaining PdPFP linked to the polymer. Hydrogels with
different PdPFP-Jeff and AIgNHS concentrations were
incubated in PBS, and supernatants were collected on days
1, 3, 7, and 10 and analyzed using a Synergy HTX Multi-Mode
Microplate Spectrophotometer. Optical density at 420 nm was

2,5
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5 -PdPFP-Jeff 0,05%
. PdPFP-Jeff 0,01%
o) PdPFP-Jeff 0,0%
[
c
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Figure 2. Spectral scanning from 350 to 470 nm of optical densities
for different AlgNHS-plasma-derived hydrogel solutions with different
PdPFP-Jeff concentrations. The AlgNHS concentration was 0.5 mg/
mL. PAPFP-Jeff concentrations were 0%, 0.01%, 0.05%, and 0.1% (w/
v). The absorption peak of porphyrin around 420 nm is shown, with
peak amplitude proportional to the PAPFP-Jeft concentration.
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Figure 3. PAPFP remained linked to the fibrin-AIlgNHS hydrogel at
different times (1—10 days), with 0.5 mg/mL of AlgNHS and 0.1%
PdPFP-Jeff concentrations.

measured to quantify porphyrin release using a calibration
curve for concentration determination. The results showed that
approximately 10—15% of the incorporated porphyrin was
released within the first few days, after which no further
porphyrin was released, with the majority remaining covalently
bound to the hydrogel matrix, showing a high integration and
strong chemical bond (Figure 3). This limited release
demonstrates the covalent binding between PdPFP-Jeff and
the hydrogel, which is crucial for maintaining its functionality
in tissue-engineered constructs. The stability of the chemical
bonding was further supported by the minimal release
observed after the initial period, indicating that the porphyrin
remained securely attached to the hydrogel network. The
stable retention of sensing molecules within hydrogel or
polymeric matrices is a critical requirement shared across
diverse biosensing platforms, as demonstrated in metal-
loporphyrin-based systems for multimodal analyte detection.®
The strong chemical integration of PAPFP-Jeff into the
hydrogel matrix ensures that the porphyrin can effectively
function as an oxygen biosensor, providing reliable and
sustained measurements. It should be noted that over 80%
of the porphyrin retained within the hydrogels was chemically
bound, and its fluorescence can be measured using established
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methods™ to evaluate hydrogel parameters such as oxygen
concentration and stability.
Biocompatibility Analysis of the Oxygen-Sensing
Hydrogels
The possible application of PAPFP-Jeff hydrogels in skin and
soft tissue engineering was first studied by analyzing the
viability and proliferation of hFBs and hKCs in PdPFP-Jeff
hydrogel, as described in the Experimental Section “Cell
cultures in oxygen sensing hydrogels”.

The first tests involved live/dead assays with hFBs. Figure 4
shows that hFBs embedded in the hydrogels with 0.5 mg/mL

>
=
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AlgNHS 0.5 mg/ml
AlgNHS 1 mg/ml

=)
=
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Figure 4. Live/dead assays of hFBs embedded in PAPFP-Jeff (A)
plasma-derived fibrin hydrogel; (B) 0.5 mg/mL AlgNHS hydrogel;
(C) 1 mg/mL AlgNHS hydrogel; (D—F) PdPFP-Jeff hydrogels with
an AlgNHS final concentration of 0.5 mg/mL and PdPFP-Jeff final
concentrations of (D) 0.01%, (E) 0.05%, and (F) 0.1% (w/v); (G—1)
PdPFP-Jeff hydrogels with an AIlgNHS final concentration of 1 mg/
mL and PdPFP-Jeff final concentrations of (G) 0.01%, (H) 0.05%,
and (I) 0.1% (w/v). Scale bar: 100 ym. The results are representative
of three independent experiments.

of AlgNHS exhibited cell viability similar to that of control
hydrogels and significantly better than gels with 1 mg/mL of
AlgNHS. These results agree with those reported in the
literature, demonstrating lower fibroblast viability as the
sodium alginate concentration increases.””>” Higher porphyrin
concentrations also resulted in lower cell viability in a dose-
dependent manner. The optimal conditions were found to be
0.5% AIgNHS and 0.01% porphyrin, although higher
concentrations could be considered for specific experiments.
These findings align with previous studies on palladium
porphyrins and related metalloporphyrins, which demonstrated
increased cell toxicity at higher concentrations in 2D cultures.
According to Nyarko et al,”® porphyrin was toxic at
concentrations greater than approximately 0.001—0.003 mg/
mL. However, depending on the AlgNHS concentration, we
observed good cell viability at concentrations in the range of
0.01—0.05% of porphyrin (see Figure 4D,E,G).

In similar experiments (Figure S), hKCs were seeded on the
top of PAPFP-Jeff hydrogels with 0.5 mg/mL of AlgNHS (the
AlgNHS concentration that showed better results with hFBs).
The Live/Dead assay results (Figure S) showed that hKCs
grew similarly well under all the experimental conditions
assayed, thus indicating that the synthesized porphyrin PdPFP-

=
=
a

Control (Plasma)
AlgNHS 0.5 mg/ml

AlgNHS05_0.01%

Figure S. Live/dead assays of hKCs cells grown on the surface of
PAPFP-Jeff after 4 days of culture: (A) control plasma-derived fibrin
hydrogel; (B) hydrogel with 0.5 mg/mL AlgNHS; and (C, D)
PdPFP-Jeff hydrogels with 0.5 mg/mL AlgNHS and PdPFP-Jeff
concentrations of (C) 0.01% and (D) 0.05% (w/v). Green spots
represent keratinocyte colonies formed from the initially seeded cells.
Scale bar: 500 ym. The results are representative of three independent
experiments.

Jeff, being chemically bonded in the dermal compartment, had
limited effects on the epidermal cells at the surface.

Validation of the Oxygen-Sensing Capacities of the
Developed Hydrogels

The subsequent experiments are focused on the fluorescence
measurement of porphyrins chemically integrated into PdPFP-
Jeff hydrogels under varying oxygen concentrations. The
emission spectra of different oxygen-sensing hydrogels made
with different concentrations of the PdPFP-Jeff compound
were measured from 450 to 750 nm. The results that validate
the oxygen-sensing capacity of the developed hydrogels are
presented in Figure 6. The fluorescence response was analyzed
in PAPFP-Jeff hydrogels with varying total content of PdPFP-
Jeff (0.01, 0.0S, and 0.1% w/v) at 0.5 mg/mL of AlgNHS
(Figure 6). It is important to highlight that the excitation
wavelength we used (405 nm) has limited penetration into the
hydrogels due to water absorption, so we can assume that the
emitted photons are mostly coming from the surface of the
hydrogel directly in contact with the air, and thus the oxygen
concentration in the upper layer of the hydrogel is the same as
in the surrounding environment. In Figure 6 we can see that
changes in oxygen levels and corresponding variations in
porphyrin intensity were observed as nitrogen was gradually
introduced into sealed chambers containing the hydrogels. The
resulting oxygen depletion led to a significant increase in
fluorescence intensity near 670 nm. Furthermore, fluorescence
quenching occurred when oxygen levels returned to atmos-
pheric concentrations, restoring the fluorescence intensity
profile to its initial state (reversibility). Additionally, the
fluorescence enhancement factor (FeF) was calculated to
quantify the degree of quenching in response to oxygen
variations. The FeF was obtained at 4., = 672 nm, and it is
defined as the ratio between the intensity without oxygen
(0%), depleted using nitrogen, and the intensity with oxygen at
21%, in both measurements, after subtracting the autofluor-
escence of the hydrogel (eq 1).

The optimal conditions under which the fluorescence
intensity of the porphyrin molecule was measurable and
yielded a significant difference for different oxygen concen-
trations on the surface were determined. The experiments
confirmed that the fluorescence intensity exhibited a direct
correlation with oxygen concentration, supporting the
suitability of PAPFP-Jeff as an oxygen sensor (Figure 6). The
results showed that at 0.01% porphyrin concentration, the
fluorescence intensity was too low for accurate quantification,
whereas at 0.05% and 0.1%, significant intensity variations were
observed. The FeF values obtained, greater than 2 in these
cases, indicate a measurable distinction in fluorescence
response with the oxygen concentration of PdPFP-Jeff
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Figure 6. Fluorescence intensity measurements of porphyrin bonded
to PAPFP-Jeff hydrogels at different oxygen concentrations from 0%
to 21%. Excitation wavelength A, = 405 nm. Set-up: (A) 700 uL of
hydrogel sample placed in the cuvette; (B) sealed cuvette with needles
for gas exchange; (C) cuvette placed in the spectrometer covered by a
black blanket. Results: (D) hydrogel with 0.1% (w/v) PdPFP-Jeff; (E)
hydrogel with 0.05% (w/v) PdPFP-Jeff; and (F) hydrogel with 0.01%
(w/v) PAPFP-Jeff.

hydrogels. Results show that at higher porphyrin concen-
trations, the fluorescence signal is reduced as well, suggesting
optimal concentrations below 0.1% (w/v). Once this
conclusion was reached, the remaining experiments, including
the tests with embedded cells, were carried out at 0.05%
PdPFP-Jeff concentration. Additionally, as mentioned before,
the reversibility of the system was verified, which is very
relevant to potential applications in tissue engineering. This
reversibility, together with the high FeF values and dynamic
range at 0.05% concentrations, reinforces the robustness of the
PdPFP-Jeff hydrogel system as a reliable platform for
noninvasive, real-time oxygen sensing in biological environ-

ments. Furthermore, the observed reproducibility across
repeated cycles of oxygen depletion and reoxygenation
suggests that the PdPFP-Jeff system can be employed in
long-term monitoring applications, such as in vitro wound
healing assays or chronic tissue oxygenation studies.

Validation of the Oxygen-Sensing Capacities in a
Dermis-Like In Vitro Environment

In order to study the impact of the presence of cells on
fluorescence intensity and oxygen variability, the next step was
to analyze PAPFP-Jeff hydrogels containing cells (hFBs) at a
final PAPFP-Jeff concentration of 0.05%, which corresponds to
the AIgNHS hydrogels with the highest FeF. The inclusion of
human fibroblasts (hFBs) leads to the formation of a dermis-
like environment in vitro, enabling the assessment of oxygen
dynamics in a more physiologically relevant model. Compar-
ison graphs between PdPFP-Jeff hydrogels with and without
hFB cells are shown in Figure 7.

As is evident in this instance, the embedded cells
significantly reduce the FeF, or the measurable change in
intensity, for a given oxygen concentration. This may be
because the emitted fluorescence could be absorbed or
scattered by the cells, cellular structures, or molecules, which
further reduces the fluorescence signal seen in the fluorescence
spectrophotometer. In general, scattering of fibroblasts can
affect the precision and sensitivity of fluorescence intensity-
based assays in cellular studies.”* Nonetheless, an FeF = 3.7,
greater than 2, represents a noteworthy deviation from
atmospheric conditions, rendering this system a quantifiable
real-time indicator of the oxygen conditions present in the
dermis in vitro. These findings highlight the sensitivity of
PdPFP-Jeff hydrogels to oxygen concentration changes.
Measuring fluorescence intensity variations is crucial for
reliable oxygen sensors. The reduction in FeF with cells
highlights the need to consider cellular interactions.

Validation of PdPFP-Jeff Hydrogels as Stable Matrix
Suitable for Skin Tissue Development

In this section, we show that the developed hydrogels provided
a viable platform for engineered skin applications. To achieve
this, the generated dermo-epidermal equivalents were exam-
ined using immunofluorescence assays and hematoxylin and
eosin (H&E) staining (Figure 8). The equivalents fabricated
using PAPFP-Jeff hydrogels displayed a morphology visually
similar to that of the control equivalents lacking PdPFP-Jeff,
with both types showing a rough upper surface commonly
attributed to the formation of a stratum corneum, which is
considered to be a marker of a well-terminally differentiated
epidermis. The porphyrin color did not change noticeably over
the course of the days, indicating that PdPFP-Jeff was
chemically bonded to the matrix and did not affect cell
viability, proliferation, or differentiation. H&E staining also
revealed that both the cell morphology and structure of the
skin equivalents obtained with modified fibrin were similar to
those obtained using control, unmodified fibrin. As can be
observed in Figure 8, all the analyzed samples indeed had a
well-developed stratum corneum, a multilayered epidermis
with densely packed keratinocytes, and a dermal compartment
sparsely populated with fibroblasts (indicating the generation
of well-developed and structured dermo-epidermal equiva-
lents). Additionally, the AIgNHS skin constructs exhibited
increased dermal matrix stability, as evidenced by their thicker
dermis after 15 days of differentiation.
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Figure 7. Graphs comparing the fluorescence intensity spectrum and FeF of modified porphyrin in PdPFP-Jeft hydrogels with and without cells
(Aexc = 405 nm). The PdPFP-Jeff concentration was 0.05% (w/v). The oxygen-absence conditions are represented by the blue lines, while the red
lines represent the oxygen concentration of 21%. The FeF is obtained at the maximum emission wavelength (4., = 672 nm).
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Figure 8. PAPFP-Jeff dermo-epidermal skin equivalents differentiated at the culture liquid—air interface. (A—C) H&E staining of dermo-epidermal
skin equivalents from (A) unmodified plasma-derived fibrin hydrogels and PdPFP-Jeff hydrogels (0.5 mg/mL of AlgNHS) with PdPFP-Jeff at final
concentrations of (B) 0.01% and (C) 0.05% (w/v). (D—E) Immunostaining of dermal equivalents from (D) control plasma-derived fibrin hydrogel
and (E) PdPFP-Jeff hydrogels (0.5 mg/mL of AlgNHS) with PdPFP-Jeff at 0.05% (w/v). (D—E) The samples were analyzed by
immunohistochemistry using antibodies against K5 (red, basal epidermal cells) and K10 (green, suprabasal epidermal cells) (left of D and E), and
against involucrin (green, suprabasal epidermal cells) and loricrin (red, stratum granulosum, the uppermost layer of living cells beneath the stratum
corneum) (right of D and E). DAPI-stained cell nuclei are seen as blue spots. Scale bar: 100 ym.

The dermo-epidermal matrices were also characterized using
immunofluorescence to examine the expression of epidermal
differentiation markers such as Cytokeratin 5 (KS), Cytoker-
atin 10 (K10), Involucrin (IVL), and Loricrin (LOR).* The
results showed similar expression patterns in PdPFP-Jeff and
control fibrin-based 3D skin equivalents (see Figure 8D—E).
This analysis also confirmed that the modified porphyrin gels
had no effect on keratinocyte differentiation or cell
proliferation, making PAPFP-Jeff hydrogels at a final porphyrin
concentration of 0.05% (w/v) or below suitable for developing
dermo-epidermal matrices with increased mechanical stability
and probably also durability, enabling the in situ and real-time
measurement of oxygen concentration in the engineered skin
equivalents.

30185

B CONCLUSIONS

This study presents the development and characterization of
PdPFP-Jeff-functionalized fibrin-based hydrogels as a platform
for noninvasive, real-time oxygen sensing in engineered skin
tissues. The chemical modification of palladium porphyrin with
Jeffamine (PdPFP-Jeff) enabled its covalent incorporation into
AlgNHS-modified plasma-derived fibrin hydrogels through the
formation of stable amide bonds. This strategy ensured
retention of the porphyrin within the hydrogel matrix without
leaching, which is essential for long-term sensing applications.
Fluorescence spectroscopy confirmed that PdPFP-Jeff hydro-
gels exhibited oxygen-dependent fluorescence at 405 nm
excitation and 672 nm emission, with the intensity varying
inversely with oxygen concentration. The fluorescence
enhancement factor (FeF) reached 5.7 at 0.05% (w/v)
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PdPFP-Jeff in acellular hydrogels and 3.5 in fibroblast-
containing samples, demonstrating sufficient sensitivity for
oxygen monitoring in cellular environments. The system also
showed reversible and reproducible responses across repeated
cycles of oxygen depletion and reoxygenation. Importantly,
biological characterization showed that PdPFP-Jeff matrices
(1.2 mg/mL fibrin, 0.5 mg/mL AlgNHS, and up to 0.05% (w/
v) PAPFP-Jeff) supported fibroblast proliferation and kerati-
nocyte differentiation without cytotoxic effects. The resulting
dermo-epidermal constructs were morphologically and histo-
logically comparable to control samples, confirming the
biocompatibility of the system for skin tissue-engineering
applications. In this sense, this work demonstrates the potential
of PAPFP-Jeft hydrogels as biosensors for real-time oxygen
monitoring in skin equivalents, as well as validates this
approach for further advances in smart biomaterials and
improvements of in vitro skin models.

These promising results, however, have some limitations
that must be acknowledged. The oxygen-sensing character-
ization was performed using fluorescence intensity measure-
ments only, without complementary lifetime-based analysis,
which could provide additional robustness against signal
variability. This is relevant, as the reduction in FeF observed
in the presence of cells indicates that scattering and absorption
by cellular components affect the fluorescence readout, and
this effect may become more pronounced in thicker or more
complex tissue constructs. Finally, all experiments were
conducted in vitro, and the performance of the system under
more realistic physiological conditions remains to be evaluated.

In this direction, our current efforts are focused on the
integration of phosphorescence lifetime measurements, and
multipoint oxygen calibration protocols, which would improve
the quantitative accuracy and reliability of the sensing platform,
including the use of two-photon fluorescence lifetime imaging
(FLIM) techniques for improved penetration. Further work
will also focus on in vivo validation using human skin grafts in
immunodeficient mice to assess the clinical applicability of
PdPFP-Jeft hydrogels, particularly for wound healing monitor-
ing and skin transplant assessment, paving the way for
enhanced wound healing and regenerative medicine applica-
tions.

B AUTHOR INFORMATION
Corresponding Author

Marta Ruiz-Llata — Department of Electronic Technology,
Universidad Carlos III de Madrid (UC3M), Madrid 28911,
Spain; ©® orcid.org/0000-0001-6361-4681;

Email: mruizl@ing.uc3m.es

Authors

Ana Matesanz — Department of Electronic Technology,
Universidad Carlos III de Madrid (UC3M), Madrid 28911,
Spain; Department of Bioengineering, Universidad Carlos III
de Madrid (UC3M), Madrid 28911, Spain

Raul Sanz-Horta — Department of Applied Macromolecular
Chemistry, Institute of Polymer Science and Technology,
Spanish National Research Council (ICTP-CSIC), Madrid
28006, Spain; © orcid.org/0000-0002-1375-8473

Paula Bosch — Department of Applied Macromolecular
Chemistry, Institute of Polymer Science and Technology,
Spanish National Research Council (ICTP-CSIC), Madrid
28006, Spain

Carlos Elvira — Department of Applied Macromolecular
Chemistry, Institute of Polymer Science and Technology,
Spanish National Research Council (ICTP-CSIC), Madrid
28006, Spain; ® orcid.org/0000-0001-6007-5774

Helmut Reinecke — Department of Applied Macromolecular
Chemistry, Institute of Polymer Science and Technology,
Spanish National Research Council (ICTP-CSIC), Madrid
28006, Spain

Jose Luis Jorcano — Department of Bioengineering,
Universidad Carlos III de Madrid (UC3M), Madrid 28911,
Spain; Instituto de Investigacién Sanitaria Gregorio
Maranén, Madrid 28007, Spain

Pablo Acedo — Department of Electronic Technology,
Universidad Carlos III de Madrid (UC3M), Madrid 28911,
Spain; Present Address: Physics Department, University
of the Basque Country (UPV/EHU), 48080 Bilbao,
Spain, and IKERBASQUE, Basque Foundation for
Science, Plaza Euskadi S, 48009 Bilbao, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.6c03389

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the Programa de Actividades
de I + D entre Grupos de Investigacién de la Comunidad de
Madrid, S2018/BAA-4480, Biopieltec-CM, and Proyectos de
Generaciéon de Conocimiento 2020, LOLICOMB Project,
PID2020-116439GB-100. PB acknowledges COST Action
CA22131—Supramolecular Luminescent Chemosensors for
Environmental Security (LUCES), supported by COST
(European Cooperation in Science and Technology).

B REFERENCES

(1) Olson, J. L; Atala, A; Yoo, J. J. Tissue Engineering: Current
Strategies and Future Directions. Chonnam Med. J. 2011, 47 (1), 1—
13.

(2) Blitterswijk, C.; van & Boer, J. D. Tissue Engineering.; Academic
Press, 2022.

(3) Amukarimi, S.; Ramakrishna, S.; Mozafari, M. Smart
biomaterials—A proposed definition and overview of the field.
Curr. Opin. Biomed. Eng. 2021, 19, 100311.

(4) Martin, C.; Mojena, D.; Matesanz, A.; Velasco, D.; Acedo, P.;
Jorcano, J. L. Chapter 7—Smart bio-materials for skin tissue
engineering and health monitoring. In New Trends in Smart
Nanostructured Biomaterials in Health Sciences, Gongalves, G.;
Marques, P.; Mano, J., Eds.; Elsevier, 2023; pp. 211-258. DOL: .

(5) Moysidou, C.-M.; Barberio, C.; Owens, R. M. Advances in
Engineering Human Tissue Models. Front. Bioeng. Biotechnol. 2021, 8,
8.

(6) Hasan, A.; Nurunnabi, M.; Morshed, M.; Paul, A; Polini, A;
Kuila, T.; Al Hariri, M,; Lee, Y.; Jaffa, A. A. Recent Advances in
Application of Biosensors in Tissue Engineering. BioMed. Res. Int.
2014, 2014 (1), 307519.

(7) El-Husseiny, H. M.; Mady, E. A.; Hamabe, L.; Abugomaa, A.;
Shimada, K; Yoshida, T.; Tanaka, T.; Yokoi, A.; Elbadawy, M.,
Tanaka, R. Smart/stimuli-responsive hydrogels: Cutting-edge plat-
forms for tissue engineering and other biomedical applications. Mater.
Today Bio 2022, 13, 100186.

(8) Ashammakhi, N.; Darabi, M. A.; Kehr, N. S.; Erdem, A.; Hu, S.;
Dokmeci, M. R; Nasr, A. S.; Khademhosseini, A. Advances in
Controlled Oxygen Generating Biomaterials for Tissue Engineering
and Regenerative Therapy. Biomacromolecules 2020, 21 (1), S6—72.

https://doi.org/10.1021/acsomega.6c03389
ACS Omega 2026, 11, 30179-30187


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Ruiz-Llata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6361-4681
mailto:mruizl@ing.uc3m.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Matesanz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rau%CC%81l+Sanz-Horta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1375-8473
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paula+Bosch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Elvira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6007-5774
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helmut+Reinecke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Luis+Jorcano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Acedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c03389?ref=pdf
https://doi.org/10.4068/cmj.2011.47.1.1
https://doi.org/10.4068/cmj.2011.47.1.1
https://doi.org/10.1016/j.cobme.2021.100311
https://doi.org/10.1016/j.cobme.2021.100311
https://doi.org/10.1016/B978-0-323-85671-3.00010-5
https://doi.org/10.1016/B978-0-323-85671-3.00010-5
https://doi.org/10.3389/fbioe.2020.620962
https://doi.org/10.3389/fbioe.2020.620962
https://doi.org/10.1155/2014/307519
https://doi.org/10.1155/2014/307519
https://doi.org/10.1016/j.mtbio.2021.100186
https://doi.org/10.1016/j.mtbio.2021.100186
https://doi.org/10.1021/acs.biomac.9b00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c03389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(9) Kamel, R. A; Ong, J. F.; Eriksson, E.; Junker, J. P. E.; Caterson,
E. J. Tissue Engineering of Skin. J. Am. Coll. Surg. 2013, 217 (3), 533.

(10) Millington, P. F.; Wilkinson, R. Skin.; Cambridge University
Press, 1983.

(11) Chettouh-Hammas, N.; Grillon, C. Physiological Skin Oxygen
Levels: An Important Criterion for Skin Cell Functionality and
Therapeutic Approaches. Free Radical Biol. Med. 2024, 222, 259—274.

(12) Roussakis, E; Li, Z.; Nichols, A. J; Evans, C. L. Oxygen-
Sensing Methods in Biomedicine from the Macroscale to the
Microscale. Angew. Chem., Int. Ed. 2015, 54, 8340—8362.

(13) Springett, R.; Swartz, H. M. Measurements of Oxygen In Vivo:
Overview and Perspectives on Methods to Measure Oxygen Within
Cells and Tissues. Antioxid. Redox Signaling 2007, 9 (8), 1295—1302.

(14) Swartz, H. M.; Dunn, J. F. Measurements of Oxygen in Tissues:
Overview and Perspectives on Methods. In Oxygen Transport to Tissue
XXIV, Dunn, J. F.; Swartz, H. M., Eds.; Springer US, 2003; pp. 1—12..

(15) Vikram, D. S.; Zweier, J. L; Kuppusamy, P. Methods for
Noninvasive Imaging of Tissue Hypoxia. Antioxid. Redox Signaling
2007, 9 (10), 1745—1756.

(16) Chiang, N.; Jain, J. K.; Sleigh, J.; Vasudevan, T. Measuring
Transcutaneous Oxygenation to Vali-date the Duration Required to
Achieve Electrode Equilibration. Adv. Skin Wound Care 2018, 31 (6),
263.

(17) Darvin, M. E. Optical Methods for Non-Invasive Determination
of Skin Penetration: Current Trends, Advances, Possibilities,
Prospects, and Translation into In Vivo Human Studies. Pharmaceu-
tics 2023, 15 (9), 2272.

(18) Zang, L.; Zhao, H. Correlation between the Triplet-State
Energy of Metalloporphyrins and Oxygen Response of Their
Phosphorescence. J. Phys. Chem. C 2020, 124 (45), 25004—25009.

(19) Papkovsky, D. B.; Dmitriev, R. 1. Biological detection by optical
oxygen sensing. Chem. Soc. Rev. 2013, 42 (22), 8700—8732.

(20) Huang, H.; Song, W.; Chen, G.; Reynard, J. M.; Ohulchanskyy,
T. Y.,; Prasad, P. N,; Bright, F. V; Lovell, J. F. Pd-Porphyrin-Cross-
Linked Implantable Hydrogels with Oxygen-Responsive Phosphor-
escence. Ad-Vanced Healthcare Mater. 2014, 3 (6), 891—896.

(21) Miiller, M.; Cascales, J. P.; Marks, H. L.; Wang-Evers, M,;
Manstein, D.; Evans, C. L. Phosphorescent Microneedle Array for the
Measurement of Oxygen Partial Pressure in Tissue. ACS Sens. 2022, 7
(11), 3440—3449.

(22) Costanzo, L; Sen, D.; Giri, B,; Pratt, N;; Rao, P.; Guler, U.
Fluorescent Intensity and Lifetime Measurement of Platinum-
Porphyrin Film for Determining the Sensitivity of Transcutaneous
Oxygen Sensor. 2020 IEEE International Symposium On Circuits And
Systems (ISCAS). 2020, 1-S. DOL: .

(23) Luciano, M.; Briickner, C. Modifications of Porphyrins and
Hydroporphyrins for Their Solubili-zation in Aqueous Media.
Molecules 2017, 22 (6), 980.

(24) Castriciano, M. A.; Romeo, A.; Angelini, N.; Micali, N.; Longo,
A.; Mazzaglia, A; Scolaro, L. M. Structural Features of meso-
Tetrakis(4-carboxyphenyl)porphyrin Interacting with Amino-Termi-
nated Poly(propylene oxide). Macromolecules 2006, 39 (16), S489—
5496.

(25) Matesanz, A.; Sanz-Horta, R.; Gallardo, A.; Quilez, C.;
Reinecke, H.; Acedo, P.; Velasco, D.; Martinez-Campos, E,;
Jorcano, J. L. Elvira, C. Succinimidyl Alginate-Modified Fibrin
Hydrogels from Human Plasma for Skin Tissue Engineering. Gels
2025, 11 (7), 540.

(26) Samaroo, D.; Soll, C. E.; Todaro, L. J.; Drain, C. M. Efficient
Microwave-Assisted Synthesis of Amine-Substituted Tetrakis-
(pentafluorophenyl)porphyrin. Org. Lett. 2006, 8 (22), 4985.

(27) Montero, A.; Acosta, S.; Herndndez, R; Elvira, C.; Jorcano, J.
L.; Velasco, D. Contraction of fibrin-derived matrices and its
implications for in vitro human skin bioengineering. J. Biomed.
Mater. Res., Part A 2021, 109 (4), 500—514.

(28) Sanz-Horta, R; Matesanz, A,; Gallardo, A.; Reinecke, H.;
Jorcano, J. L; Acedo, P.; Velasco, D,; Elvira, C. Technological
advances in fibrin for tissue engineering. J. Tissue Eng. 2023, 14,
20417314231190288.

30187

(29) Rheinwatd, J. G.; Green, H. Serial cultivation of strains of
human epidermal keratinocytes: The formation keratinizing colonies
from single cells. Cell 1975, 6 (3), 331—343.

(30) Meana, A; Iglesias, J.; Del Rio, M.; Larcher, F.; Madrigal, B;
Fresno, M. F.; Martin, C.; San Roman, F.; Tevar, F. Large surface of
cultured human epithelium obtained on a dermal matrix based on live
fibroblast-containing fibrin gels. Burns 1998, 24 (7), 621—630.

(31) Dadeko, A. V.; Muraveva, T. D.; Starodubtsev, A. M.; Gorelov,
S. L; Dobrun, M. V,; Kris'’ko, T. K; Bagrov, I. V.; Belousova, I. M.;
Ponomarev, G. V. Photophysical properties of porphyrin photo-
sensitizers. Op-Tics And Spectroscopy 2015, 119 (4), 633—637.

(32) Amankwa, L. N.; Scholl, J.; Kuhr, W. G. Characterization of the
oligomeric dispersion of poly(oxyalkylene)diamine polymers by
precolumn derivatization and capillary zone electrophoresis with
fluorescence detection. Anal. Chem. 1990, 62 (20), 2189.

(33) Castan, L.; José da Silva, C.; Ferreira Molina, E.; Alves dos
Santos, R. Comparative study of cyto-toxicity and genotoxicity of
commercial Jeffimines and polyethylenimine in CHO-K1 cells. J.
Biomed. Mater. Res., Part B 2018, 106 (2), 742—750.

(34) Amao, Y,; Okura, I. Optical oxygen sensor devices using
metalloporphyrins. J. Porphy-Rins Phthalocyanines 2009, 13 (11),
1111-1122.

(35) Wy, Z; Tang, J.; Yu, Z.; Gao, Y.; Zeng, Y.; Tang, D.; Liu, X. Pt/
Zn-TCPP Nanozyme-Based Flexible Immunoassay for Dual-Mode
Pressure—Temperature Monitoring of Low-Abundance Proteins.
Anal. Chem. 2024, 96 (21), 8740—8746.

(36) Dong, X; Wei, C; Liu, T; Lv, F; Qian, Z. Real-Time
Fluorescence Tracking of Protoporphyrin In-corporated Thermosen-
sitive Hydrogel and Its Drug Release in Vivo. ACS Appl. Mater.
Interfaces 2016, 8 (8), 5104.

(37) Sarker, B; Singh, R.; Silva, R; Roether, J. A.; Kaschta, J;
Detsch, R.; Schubert, D. W.; Cicha, L.; Boccaccini, A. R. Evaluation of
fibroblasts adhesion and proliferation on alginate-gelatin crosslinked
hydrogel. PLoS One 2014, 9 (9), No. e107952.

(38) Nyarko, E.; Hara, T; Grab, D. J; Habib, A; Kim, Y,;
Nikolskaia, O.; Fukuma, T.; Tabata, M. In vitro toxicity of
palladium(II) and gold(III) porphyrins and their aqueous metal ion
counterparts on Trypa-nosoma brucei brucei growth. Chem.-Biol.
Interact. 2004, 148 (1), 19.

(39) Marina, O. C.; Sanders, C. K.; Mourant, J. R. Correlating light
scattering with internal cellular structures. Biomed. Opt. Express 2012,
3 (2), 296-312.

(40) Oceguera-Yanez, F.; Avila-Robinson, A.; Woltjen, K. Differ-
entiation of pluripotent stem cells for modeling human skin
development and potential applications. Front. Cell Dev. Biol. 2022,
10, 10.

https://doi.org/10.1021/acsomega.6c03389
ACS Omega 2026, 11, 30179-30187


https://doi.org/10.1016/j.jamcollsurg.2013.03.027
https://doi.org/10.1016/j.freeradbiomed.2024.06.015
https://doi.org/10.1016/j.freeradbiomed.2024.06.015
https://doi.org/10.1016/j.freeradbiomed.2024.06.015
https://doi.org/10.1002/anie.201410646
https://doi.org/10.1002/anie.201410646
https://doi.org/10.1002/anie.201410646
https://doi.org/10.1089/ars.2007.1620
https://doi.org/10.1089/ars.2007.1620
https://doi.org/10.1089/ars.2007.1620
https://doi.org/10.1007/978-1-4615-0075-9_1
https://doi.org/10.1007/978-1-4615-0075-9_1
https://doi.org/10.1089/ars.2007.1717
https://doi.org/10.1089/ars.2007.1717
https://doi.org/10.1097/01.ASW.0000530847.49484.4b
https://doi.org/10.1097/01.ASW.0000530847.49484.4b
https://doi.org/10.1097/01.ASW.0000530847.49484.4b
https://doi.org/10.3390/pharmaceutics15092272
https://doi.org/10.3390/pharmaceutics15092272
https://doi.org/10.3390/pharmaceutics15092272
https://doi.org/10.1021/acs.jpcc.0c08568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c08568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c08568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs60131e
https://doi.org/10.1039/c3cs60131e
https://doi.org/10.1002/adhm.201300483
https://doi.org/10.1002/adhm.201300483
https://doi.org/10.1002/adhm.201300483
https://doi.org/10.1021/acssensors.2c01775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.2c01775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/ISCAS45731.2020.9180902
https://doi.org/10.1109/ISCAS45731.2020.9180902
https://doi.org/10.1109/ISCAS45731.2020.9180902
https://doi.org/10.3390/molecules22060980
https://doi.org/10.3390/molecules22060980
https://doi.org/10.1021/ma060583i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma060583i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma060583i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/gels11070540
https://doi.org/10.3390/gels11070540
https://doi.org/10.1021/ol060946z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060946z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060946z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jbm.a.37033
https://doi.org/10.1002/jbm.a.37033
https://doi.org/10.1177/20417314231190288
https://doi.org/10.1177/20417314231190288
https://doi.org/10.1016/S0092-8674(75)80001-8
https://doi.org/10.1016/S0092-8674(75)80001-8
https://doi.org/10.1016/S0092-8674(75)80001-8
https://doi.org/10.1016/S0305-4179(98)00107-7
https://doi.org/10.1016/S0305-4179(98)00107-7
https://doi.org/10.1016/S0305-4179(98)00107-7
https://doi.org/10.1134/S0030400X15100094
https://doi.org/10.1134/S0030400X15100094
https://doi.org/10.1021/ac00219a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00219a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00219a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00219a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jbm.b.33882
https://doi.org/10.1002/jbm.b.33882
https://doi.org/10.1142/S1088424609001455
https://doi.org/10.1142/S1088424609001455
https://doi.org/10.1021/acs.analchem.4c01059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c01059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c01059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b11493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0107952
https://doi.org/10.1371/journal.pone.0107952
https://doi.org/10.1371/journal.pone.0107952
https://doi.org/10.1016/j.cbi.2004.03.004
https://doi.org/10.1016/j.cbi.2004.03.004
https://doi.org/10.1016/j.cbi.2004.03.004
https://doi.org/10.1364/BOE.3.000296
https://doi.org/10.1364/BOE.3.000296
https://doi.org/10.3389/fcell.2022.1030339
https://doi.org/10.3389/fcell.2022.1030339
https://doi.org/10.3389/fcell.2022.1030339
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c03389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

