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Tissue repair and fibrosis involve the dynamic remodeling of collagen, and accurate detection of these sites is of
utmost importance. Here, we use a collagen peptide sensor (1) to visualize collagen formation and remodeling
during wound healing in mice and humans. We show that the probe binds selectively to sites of collagen for-
mation and remodeling at different stages of healing. Compared to conventional methods, the peptide sensor
localizes preferentially to areas of collagen synthesis and remodeling at the wound edge and not in matured

fibrillar collagen. We also demonstrate its applicability for in vivo wound imaging and for discerning differential
remodeling in wounds of transgenic mice with altered collagen dynamics. Our findings show the value of 1 as a
diagnostic tool to rapidly identify the sites of matrix remodeling in tissue sections, which will aid in the
conception of new therapeutic strategies for fibrotic disorders and defective tissue repair.

List of abbreviations

BAPN B-aminopropionitrile
caNrf2  constitutively active Nrf2
CMP collagen model peptide

ECM extracellular matrix

LOX lysyl oxidase

Nrf2 nuclear factor erythroid-derived 2-like 2
PBS phosphate buffered saline

PMT photomultiplier tube

SHG second harmonic generation
Introduction

The complex and coordinated process of wound healing is essential
for restoring structural integrity and functionality to tissues following
injury [1-3]. A key aspect of this process is the dynamic remodeling of
the extracellular matrix (ECM), which includes the deposition and
maturation of fibrillar collagens that serve as the primary structural
component of the ECM in mammals [4]. A proper balance of collagen de
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novo formation and remodeling is essential for successful wound repair.
Insufficient or excessive collagen deposition and maturation can lead to
pathological conditions, such as chronic, non-healing wounds or hy-
pertrophic scars, respectively [1-3].

Lysyl oxidases (LOX) play a critical role in the collagen maturation
process by oxidizing lysine (Lys) or hydroxylysine to allysine residues,
thereby initiating cross-linking within and between collagen fibrils as
well as within elastin [5]. The precise spatial and temporal regulation of
LOX activity during wound healing is, therefore, essential to ensure the
proper progression of tissue repair. Abnormal LOX activity has been
associated with various pathologies, including fibrotic and malignant
diseases, highlighting the importance of understanding and monitoring
this process in healthy and diseased tissues [6].

Traditional methods for evaluating collagen remodeling during tis-
sue repair rely on indirect measurements, often based on assessments of
tissue histology, collagen concentration, and protease activity [7-9].
These methods lack precision in identifying specific sites and stages of
collagen remodeling, and many of them cannot be used in routine di-
agnostics. Therefore, there is a distinct need for more powerful and
nuanced tools.
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Previously, we developed a synergistic collagen peptide sensor
(probe 1) that allows for the simultaneous monitoring and targeting of
LOX-mediated collagen maturation (Figs. 1A, S1)[10]. This probe binds
selectively to and produces a signal at sites of LOX-mediated collagen
cross-linking [10]. It has three distinguishing features that, together, set
it apart from other existing LOX activity assays: a fluorescence
LOX-sensor, a collagen model peptide (CMP), and a chemoselective
anchoring moiety (Fig. 1A). The fluorescence sensor lights up upon re-
action with LOX, thereby enabling real-time measurement of LOX ac-
tivity. The collagen model peptide affords the probe with selectivity for
collagen, facilitating its preferential non-covalent binding to sites where
collagen remodeling takes place [10,11]. Finally, the aminooxy group,
the anchor, reacts chemoselectively with aldehydes, the product of LOX,
thus, preventing wash-out of the probe (Fig. S1). Combined, the three
components equip the probe with the capacity for spatial resolution. We,
therefore, envisioned probe 1 as a powerful tool to monitor wound
healing. For comparison, we also used a probe that lacks the CMP (probe
2) (Fig. 1B).

In the current study, we investigated the suitability of the collagen
peptide sensor to identify sites of collagen formation and cross-linking in
healing skin wounds and for diagnosis of wound healing abnormalities.
We show that probe 1 allows, in situ and in vivo, to detect the location
and degree of newly forming and remodeling collagen in wounds at
different stages. The probe can even distinguish between normal wound
healing and healing with enhanced or reduced scar formation. The uti-
lization of the probe’s unique capacity for spatial tracking therefore
allows for an improved detection of the timeline of collagen formation
and spatial organization of cross-linking as wounds remodel and heal.
Therefore, the study puts forth a powerful diagnostic tool for various
pathological conditions.

Results

Differential anchoring kinetics and selective binding of probe 1 in areas of
collagen formation and remodeling

To uncover the dynamics of LOX-mediated collagen cross-linking in
wound healing, we initially focused on day 14 of healing of mouse
excisional skin wounds (Fig. 2A), a time point at which LOX expression
remains elevated (Supplemental Fig. S2A) and the initial formation of
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Fig. 1. Collagen peptide-sensor probe 1. (A) Structure of probe 1. (B) Structure
of probe 2. Ahx: 6-aminohexanoic acid.
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scar collagen is underway [7,12,13]. Our investigation drew upon the
protocols outlined previously [10]. The procedure involved initial
washing of the frozen tissue sections in PBS followed by incubation with
1 (100 pM), for 3 h at 37 °C. To ensure the specificity of the probe for
LOX when used on wound sections, we incorporated a pretreatment step
with B-aminopropionitrile (BAPN), a potent inhibitor of lysyl oxidases
[14,15]. The following blockade of the fluorescent signal validates the
specific reactivity of probe 1 with LOX (Fig. 2B). Staining was pre-
dominantly observed in the late wound granulation tissue/early scar
tissue and around the wound site, suggesting a preference for active
zones of collagen remodeling and areas of new collagen formation
(Fig. 2B). The protocol was robust, demonstrated through its resistance
to alterations in washing times and pre-incubation drying durations,
thereby highlighting its reproducibility and ease of use (Supplemental
Fig. S2B).

For comparison, we also used probe 2, which showed lower selec-
tivity for collagen staining in our previous study [10]. We revisited this
probe to determine to which extent staining patterns differ in and
around wounds, and to differentiate between wound staining due to
remodeling collagen versus active LOX. As expected, a much more
intensive and broader staining was obtained with 2, which extended
throughout the granulation tissue and was also blocked by pre-treatment
with BAPN (Fig. S2C).

Next, we investigated how incubation duration impacts staining. A
series of wound serial sections revealed that 1 required more than 60
min for intensive staining (Fig. 2C), while 2 began to exhibit significant
staining between 30 and 60 min, with further intensity apparent by the
end of the 3 h incubation period (Supplemental Fig. S2D). We then
examined whether the limiting factor was the time required for probe
anchoring or for subsequent fluorophore unmasking by reaction with
LOX. Serial sections were treated with either 1 or 2 for 5 or 30 min to
allow for covalent anchoring of the probe, followed by washing and
further incubation in PBS until the 3 h mark. After just 5 min of
anchoring time followed by subsequent reaction time in PBS, the fluo-
rescent signal of unmasked 1 was already discernable. The signal was
significantly amplified when the covalent binding was allowed to pro-
ceed for 30 min followed by 2.5 h reaction time in PBS, and it reached its
peak when the probe was allowed the full 3 h to anchor and react with
LOX (Fig. 2D). This suggests that staining with 1 involves an intricate
balance of covalent binding and LOX-reaction time, likely due to its CMP
that engages with the remodeling or newly formed collagen, or both. In
contrast, the lack of CMP in 2 resulted in rapid anchoring, with intense
fluorescence but lower selectivity as early as 5 min (Supplemental
Fig. S2E). These findings highlight the nuanced differences in the
interaction kinetics of 1 and 2, reflecting their unique chemistry.

Selective staining by probe 1 signifies localized collagen remodeling

Building on these initial findings, we explored staining patterns in
wounds in more detail. Staining intensity was quantified across the
entire wound section — a range that extended 4 mm to the right and 4
mm to the left of the wound center. Staining intensities to the right and
to the left of the wound were averaged to quantify how staining intensity
changed as the distance from the center increased.

In wounds 14 days post-injury, the staining intensity profiles for 1
and 2 diverged significantly (Fig. 3A-D). While 1 showed a clear pref-
erence for the wound margins and wound interior, 2 displayed staining
throughout the wound tissue, and it also stained the adjacent non-
wounded skin (Fig. 3A-D). The intensity of 2 staining was also
increased in the wound center (Fig. 3A-D), suggesting elevated LOX
activity within the wound compared to unwounded skin or abundance of
other aldehydes that may react with 2. Probing sections of normal,
unwounded skin revealed an even distribution of both 1 and 2 staining
throughout the tissue in the absence of a wound, although 2 staining was
again much stronger (Supplementary Fig. S3A-E). The staining intensity
of 1 overall was much weaker in normal skin compared to wound tissue
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Fig. 2. Disparate anchoring kinetics and favored interaction of probe 1 near wound sites. (A) Representative image of a wound 14 days post wounding stained with
hematoxylin and eosin. Black arrowheads indicate the wound margins. D: Dermis; E: Epidermis: G: Granulation tissue; HF: Hair follicle. (B) Representative images of
frozen sections from 14-day murine excisional wounds stained with 1 (blue) either with or without pre-treatment with p-aminopropionitrile (BAPN). Nuclei were
counterstained with propidium iodide (PI; red). White arrowheads indicate the wound margins. N = 3 wounds per group. (C) Representative images of frozen sections
from 14-day murine excisional wounds stained with 1 for 30 min, 60 min, or 3 hat 37 °C. N = 3 wounds per group. (D) Representative images of frozen sections from 14-
day murine excisional wounds, incubated with 1 for different times, followed by subsequent incubation in PBS for a total of 3 h at 37 °C. N = 3 wounds per group. Scale

bars: 200 pm for whole wound images and 20 um for zoomed-in images.

(see also comparison of wounded to adjacent normal skin in Fig. 3A),
allowing a clear identification of the wound margins.

To better understand the temporal dimension of these probes during
wound healing, we expanded our focus to include wounds at 5 days post
injury. This time point represents the mid-late stages of the proliferative
phase, while the remodeling phase has yet to begin, reflected by the
relatively sparse deposition of collagen within the wound [12,16]. At

13

this day, neither 1 nor 2 exhibited staining in the wound center, most
likely because of a lack of LOX-generated aldehydes for anchoring
(Fig. 3E-G). However, similar to 14-day wounds, a clear divergence in
the staining pattern was observed between the compounds, with 1
showing selective staining, primarily around the wound periphery
where collagen remodeling is likely underway, while 2 fluorescence was
strong throughout the unwounded skin (Fig. 3E).
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Fig. 3. Localized collagen remodeling indicated by selective probe 1 staining. (A) Representative images of 14-day murine excisional wounds stained with either 1 or
2 (blue). Nuclei were counterstained with propidium iodide (PL; red). White arrowheads indicate the wound margins. N = 5 wounds per group. (B) Example density
maps based on 1 and 2 staining overlayed on images of 14-day wounds. Representative images of N = 5 wounds per group. (C) Normalized quantification of 1 and 2
staining intensity in wound sections. Data is represented as the average of N = 5 wounds per group. (D) Histogram of 1 and 2 staining intensities across the entire
wound section. Data is represented as the average of N = 5 wounds per group. (E) Representative images of 5-day murine excisional wounds stained with either 1 or
2. N = 4 wounds per group. (F) Comparison of 1 staining in 5-day wounds vs. 14-day wounds. Data is represented as the average of N = 4-5 wounds per group. (G)
Comparison of 2 staining in 5-day wounds vs. 14-day wounds. Distance from the wound middle is the average value from measurements taken at the right and the left
of the wound center. Data is represented as the average of N = 4-5 wounds per group. (H) High-resolution images of 14-day wounds stained with 1 or 2. (i-iii)
Zoomed-in images highlighting the staining patterns observed. G: Granulation tissue; WE: Wound epidermis. *Hair/hair follicles. Scale bars: 500 ym (A, B, E), 50
um (H).
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Upon closer examination of the 14-day wound sites, a clear diver-
gence in staining patterns was apparent (Fig. 3H, Supplemental Fig. S3F,
G). Areas lit up by 1 showed a fibrous morphology, with the appearance
of smaller, fiber-like objects seen more towards the center of the wound
(Fig. 3H). In contrast, 2 inside the wound was noticeably diffuse, devoid
of the clear, distinct fiber-like patterns exhibited by 1 (Fig. 3H). This
diffuse appearance remained, even when exposure was reduced
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(Fig. 3H). Together, these data reinforce the notion of the discriminatory

binding of 1, indicating areas of newly formed collagen and active
collagen remodeling.

Probe 1 has selectivity for newly formed and remodeling collagen

Next, we aimed to delineate the specific localities of 1 binding within

Fig. 4. Probe 1 does not co-localize with mature fibrillar collagen. (A) Representative image of a 14-day murine excisional skin wound stained with 1 (blue) and
analyzed using standard fluorescence microscopy. Nuclei were counterstained with propidium iodide (PI; orange). White arrowheads indicate the wound margins.
Note the blue autofluorescence of the hair follicles (HF). (B) The same tissue section imaged using confocal microscopy coupled with multi-photon microscopy and
second harmonic generation (SHG) to visualize fibrillar collagen. SHG signal appears magenta, while PI-stained nuclei appear orange. Note the blue autofluorescence

of the hairs. Scale bars: 100 um.
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and around wound sites. We used second harmonic generation (SHG),
which monitors mature, fibrillar collagen [17], and combined it with
confocal microscopy imaging. This monitoring allowed the visualization
of staining by 1 in relation to mature, fibrillar collagen. The fluorescence
emerging from 1, detected using confocal microscopy, was similar to the
signal observed using conventional fluorescence microscopy, albeit with
sharper delineation and reduced background interference (Fig. 4A, B).
Intriguingly, in unwounded skin near the edges of the wound, 1
fluorescence was found in close proximity, but not overlaid with mature
fibrillar collagen, as visualized by SHG (Fig. 4B). Similarly, strong 1
staining was visualized within the wound despite a complete absence of
SHG signal (Fig. 4B). This is indicative of probe 1 binding and anchoring
to emerging collagen still in formation and not sufficiently mature to
emit SHG signals. When we applied co-staining techniques using anti-
bodies against collagen I or III, probe 1 again demonstrated a targeted
staining pattern (Supplementary Fig. S4A, B). This pattern was confined
to distinct areas and did not extend to all regions marked by the anti-
bodies within the wound. Furthermore, we saw no discernible bias to-
wards collagen I or III within the wound, suggesting that 1 exhibits a
preference for binding to collagen undergoing remodeling, irrespective
of the collagen type (Supplementary Fig. S4A, B). There was also no

Matrix Biology 128 (2024) 11-20

obvious correlation in staining patterns of 1 and elastin (Supplementary
Fig. S4C). Unlike 1, 2 exhibited widespread fluorescence staining across
both non-wounded skin and wound tissues, overlapping with SHG sig-
nals and also extending into areas without such signals (Supplemental
Fig. S4D). This revelation further underscores the selectivity and pre-
cision of 1 in identifying areas of active collagen formation/remodeling
within and around the wound during the healing process. This was
further corroborated by analysis of published spatial transcriptomics
data of murine skin wounds during an earlier proliferative phase of
wound healing [18], which provides a snapshot of sites of heightened
expression of the collagen subunit genes Collal, Colla2, Col3al, and of
the genes encoding different LOX isoforms within the wound compared
to unwounded skin (Supplemental Fig. S5).

Probe 1 has selectivity for newly formed and remodeling collagen in vivo

We next sought to investigate whether the probes can monitor LOX-
mediated collagen formation and remodeling in live animals. The probes
were administered via subcutaneous injection beneath the wound site
14-days post injury, and the wound tissue was harvested 4 h later
(Fig. 5A). We noted a clear infiltration of both 1 and 2 into the wound

A 14d post injury
N a_s .
C subcutaneous injection
/0 @) 4h harvest
% probe 1 or 2 tissue

Nuclei (PI)

Nuclei (PI)

Fig. 5. Probe 1 binds selectively to newly formed and remodeling collagen in vivo. (A) Schematic summarizing the experimental procedure. 1 or 2 were injected
subcutaneously below the wounds on day 14 after wounding, and tissue was harvested 4 h later. (B) Representative images of 14-day murine excisional wounds
injected with either 1 or 2 (blue). Nuclei were stained with propidium iodide (PI; red). White arrowheads indicate the wound margins. Blue autofluorescence along
the bottom of the skin/wound results from the underlying paper membrane. Scale bars = 200 um.
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tissue (Fig. 5B). Probe 1 still maintained its enhanced selectivity
compared to 2, which exhibited more generalized staining throughout
the wound (Fig. 5B). Intriguingly, 1 lit up newly formed collagen un-
dergoing maturation and remodeling near the wound top (Fig. 5B),
despite having earlier access to the ECM in the lower parts of the wound,
closer to the site of injection. These observations demonstrate the ability
of probe 1 to penetrate tissue and bind only in specific locations. They
provide further support for the utility of 1 as a tool to monitor, in real-
time, collagen remodeling and progression of collagen formation during
wound healing in vivo.

Matrix Biology 128 (2024) 11-20

Probe 1 allows detection of differential collagen remodeling in mouse
models with altered ECM deposition

To evaluate whether our probe could discern variations in collagen
remodeling during the wound healing process, we made use of available
sections from hemizygous transgenic mice expressing a constitutively
active mutant of the transcription factor Nrf2 in fibroblasts (caNrf2
mice) in mesenchymal cells, including skin fibroblasts. Expression of the
transgene in this cell type was achieved by mating of mice harboring the
transgene preceded by a floxed STOP cassette with transgenic mice

expressing Cre recombinase under control of the Colla2 promoter [12].
In addition, we used hemizygous transgenic mice overexpressing the
cytokine activin A in keratinocytes. Both types of mice show wound
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Fig. 6. Differential collagen remodeling in models of altered ECM deposition and in human wounds. (A) Representative images of 14- or 10-day murine excisional
wounds from transgenic mice expressing a constitutively active Nrf2 mutant (caNrf2) in fibroblasts or overexpressing activin A in keratinocytes (act) plus their
littermate controls (ctrl and wt; Colla2-Cre mice and wild-type mice, respectively). Wound sections were stained with 1 (blue). Nuclei were stained with propidium
iodide (PI; orange). White arrows indicate the wound edges. Scale bars: 200 um. (B) Quantification of 1 staining intensity within wounds of caNrf2-transgenic and
activin A transgenic mice and their control littermates. Bar graphs show mean and SD. N = 4-5 per genotype. P-values are indicated above the bars (Mann-Whitney U
test). (C) Image of a human excisional wound at day 5 of healing stained with 1 (blue) and counterstained with PI (orange). White arrowhead indicates the wound
margin. The area indicated with a rectangle is shown below at higher magnification. Scale bars: 1000 ym or 250 um (zoomed-in). E: Epidermis; D: Dermis; G:
Granulation tissue. (D) Representative image of unwounded, healthy human skin, stained with 1 and counterstained with PI. The area indicated with a rectangle is
shown below at higher magnification. E: Epidermis; D: Dermis. Scale bars: 100 um. (E) Confocal imaging of 1 (blue) in and around a human wound coupled with
second harmonic generation multiphoton microscopy to visualize mature fibrillar collagen (magenta). Nuclei were counterstained with PI (red). Wound middle: left
panel, wound edge: middle and right panels. Scale bars: 100 pm.
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healing alterations, which are, however, only obvious at the histological
level. Importantly, they represent distinct ECM phenotypes during
wound healing [7,12,19]. Previous experiments have shown that caNrf2
mice exhibit reduced collagen deposition by skin fibroblasts and during
wound healing [12], while overexpression of the highly diffusible acti-
vin A results in enhanced ECM deposition during the healing process and
formation of larger scars [16,19]. Despite the well-characterized wound
and ECM phenotypes, details of the remodeling events in these mice
remained unknown.

In wounds at 14 days post injury, 1 staining was significantly less
intense in caNrf2 mice compared to control mice (Fig. 6A, B). On the
other hand, there was a significant increase in 1 staining intensity in
activin A overexpressing mice when examining 10-day old wounds in
comparison to their controls (Fig. 6A, B). These observations demon-
strate the ability of probe 1 to discern variations in collagen formation
and remodeling during the wound healing process in different mouse
models and even allow quantification of such differences. This result
opens up avenues for the use of 1 as a diagnostic tool to probe collagen
remodeling dynamics in various physiological and pathological
scenarios.

Probe 1 identifies collagen remodeling patterns in human wounds

Finally, we set out to investigate how probe 1 performs in the context
of human wound healing. In early human wounds, the most robust 1
staining was observed in regions with significant collagen presence near
the wound edges (Fig. 6C). Notably, the staining intensity around the
wound surpassed that seen in healthy, unwounded human dermis,
similar to our observations in mice (Fig. 6C, D).

We once again employed confocal imaging and SHG to visualize 1
staining in the context of fibrillar collagen. Similar to mouse tissue, 1
fluorescence was found in proximity to, but not coinciding with, the SHG
signal, consistent with a preference for newly forming/remodeling
collagen (Fig. 6E, Supplemental Fig. S6). The 1 signal also appeared to
closely align with the SHG-detectable collagen fibers in many cases,
suggesting a high degree of interaction with the ongoing collagen fiber
formation (Fig. 5E, Supplemental Fig. S6).

In the wound center, where newly forming or remodeling collagen is
hardly detectable, 1 staining was scarce (Fig. 6E, left panel), while it was
much more intense at the wound edge (Fig. 6E, middle and right panels).
This pattern of staining again points to the probe’s selectivity for areas of
active collagen synthesis and remodeling.

Taken together, these results demonstrate that probe 1 can provide
valuable spatial and temporal information about collagen formation and
remodeling during the wound healing process in mice and humans.

Discussion

This study has demonstrated the unique ability of collagen peptide
sensor 1 to bind to areas of active collagen production and remodeling
during murine and human wound healing. When compared with probe
2, it became evident that all three components of probe 1 — the LOX
sensor, the ONH; group that covalently anchors the probe into the ECM,
and the collagen peptide — are crucial for selective staining. Our results
also showcase the ability of 1 to discern between mature, stable
collagen, and collagen undergoing cross-linking as part of de novo syn-
thesis or remodeling. This unique property was demonstrated in
different contexts, including in situ studies, in vivo animal models, and
human wound samples.

While the specificity of probe 1 for newly forming and remodeling
tissue areas is clear, it might not detect all aspects of collagen dynamics
in wound healing. Although it is established that the remodeling phase
of wound healing (e.g. day 14) predominantly involves collagen types I
and III [3,20], we cannot rule out that probe 1 binds also to other col-
lagens and possibly also to aldehydes present in other ECM components,
although we observed no clear correlation between probe 1 and elastin.
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Still, at this stage of healing, collagens I and III are particularly abundant
ECM proteins within the wound site, and their synthesis and remodeling
are actively occurring [3,20]. This contrasts with wounds at day 5, the
proliferative phase of healing, where other ECM proteins like fibrin and
fibronectin are more prevalent in the wound bed [3,21,22] and where
minimal probe 1 staining was observed. Therefore, the clear preference
of probe 1 for wounds at day 14, compared to unwounded skin or day 5
wounds, strongly indicates a selectivity for these remodeling collagens.

The relatively high expression and turnover of collagen III in healing
wounds, as compared to its presence in healed skin [20], might suggest
that probe 1 prefers this collagen type. However, this notion remains
speculative at this stage. Co-staining 14-day wounds with probe 1 and
antibodies against collagen I and collagen III show the presence of these
collagens throughout the wound, corresponding to probe 1 in some
areas but not others. Accordingly, probe 1 likely does not discriminate
but rather binds areas where both collagen III and I are actively un-
dergoing cross-linking and remodeling. Therefore, the precise molecular
binding sites or molecules that are targeted by probe 1 remain to be fully
elucidated.

The use of probe 1 on 5- and 14-day mouse wounds sheds light on the
sites and nature of collagen remodeling during wound healing. The
preferential staining of 1, in contrast to 2, in the wound and around the
wound edge, points to these regions as hotspots of dynamic collagen
synthesis and remodeling. It also shows that the binding and fluores-
cence of probe 1 depend not only on the amount of collagen but also on
the stage of collagen development and turnover. Furthermore, probe 1
staining was often observed near the wound boundaries, appearing to
‘migrate’ from the wound edge towards the center. This indicates that
the initial focus of collagen remodeling is at the wound edges immedi-
ately after injury, followed by subsequent propagation inward towards
the wound center. This is also consistent with the dynamics of granu-
lation tissue formation [3,23]. The use of probe 1, therefore, serves to
map active sites of collagen remodeling in a temporal and spatial
manner.

Current methodologies for assessing collagen remodeling in wounds
primarily rely on inferences based on measurements of collagen protein
levels, the activity of collagen-degrading proteases, or other indirect
markers [7-9]. These techniques generally lack the precision necessary
to spatially and temporally delineate areas of active collagen remodeling
and maturation. Until now, there has not been a tool comparable to
probe 1 that possesses the capability to target and chronicle the activity
of collagen remodeling sites. Our data show that probe 1 is highly
suitable for this purpose, and we demonstrate its ease of use, robustness
to protocol alterations, and high sensitivity. These features make it a
valuable tool for researchers aiming to understand the intricacies of
collagen remodeling during wound healing and in other physiological
and pathological conditions. Furthermore, while probe 2 lacks the
selectivity of probe 1 in detecting collagen remodeling sites, it may
function as a useful general marker of relative LOX activity in situ.

Finally, the sensitivity of probe 1 to detect differential patterns of
collagen remodeling in wounds of transgenic mice adds another
dimension to its utility as a research tool. These data suggest a certain
degree of sensitivity, with probe 1 capable of detecting not merely large
differences in wounds at different phases (day 5 vs 14), but also subtle
differences in remodeling events that occur during the same wound
healing stage. This sensitivity aids in understanding the nuanced vari-
ations in the wound healing process and paves the way for using probe 1
as a diagnostic tool in other organs and pathologies as well. This
advantage of probe 1, therefore, extends beyond wound healing models
and into the broader realm of diseases characterized by aberrant
collagen remodeling, such as fibrotic diseases, solid cancers, and age-
related degenerative disorders.

In conclusion, the collagen peptide sensor probe 1, with its unique
ability to map areas of active collagen synthesis and remodeling during
wound healing, is a groundbreaking tool that provides direct insight into
collagen dynamics across various pathological conditions. Its
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robustness, ease of use, and sensitivity make it a significant asset in the
quest to comprehend and manipulate the complexities of wound healing
and fibrotic diseases.

Experimental procedures
Chemical synthesis

Probes 1 and 2 were prepared as described in Ref. [10].
Animals

Mice were housed and fed according to Swiss federal guidelines.
Female wild-type C57BL/6 mice (10 weeks of age) used for wound
healing experiments were purchased from Elevage Janvier, Le Genest-
Saint-Isle, France. Females were used for these experiments due to
reduced fighting, which can damage the skin/wounds. Male Col1a2-Cre
mice in C57BL/6 background [24] were mated with female transgenic
CMVcaNrf2 mice (FVB/N background)[25] to generate mice expressing
caNrf2 in mesenchymal cells [12]. Only hemizygous transgenic progeny
of the F1 generation were used for experiments, and littermates
expressing Cre only were used as controls. Mice overexpressing activin A
in keratinocytes (INHBA subunit) were generated by breeding hemizy-
gous K14-INHBA mice with wild-type mice (CD1 background) [19].
Progeny hemizygous for the K14-INHBA transgene and wild-type lit-
termates (controls) were used for experiments. All animal experiments
were performed in the morning. Mice were housed under specific
pathogen-free (SPF) conditions and received water and food ad libitum.
Mouse maintenance and animal experiments had been approved by the
local veterinary authorities (Kantonales Veterinaramt Ziirich) after re-
view of a detailed application by an expert panel. All mice were checked
for pain symptoms, bleeding, and other health problems at different time
points after skin wounding and were sacrificed when symptoms
appeared according to the approved protocol.

Wound healing experiments in mice

Mice were anesthetized by intraperitoneal injection of ketamine/
xylazine (100 mg ketamine / 5-10 mg xylazine per kg body weight).
After shaving, four 5 mm diameter full-thickness wounds were created
using a biopsy punch, two wounds on either side of the dorsal midline.
Wounds were allowed to heal for either 5 or 14 days, at which point the
mice were sacrificed by CO, inhalation. Wounds were excised and
processed for further analysis. For experiments involving subcutaneous
injections, 200 pL of 1 or 2 were injected at concentrations of 100 uM,
directly underneath the wound. Mice were sacrificed, and wounds were
harvested four hours after injection.

Human wound samples

Human wound samples were obtained anonymously from a healing
kinetics study with healthy volunteers (trial number 003WH99) with the
aim to study gene/protein expression in human wounds. It was under-
taken by SWITCH BIOTECH GmbH, Neuried, Germany, at the Clinic and
Polyclinic for Dermatology and Allergology at Biederstein of the Tech-
nical University of Munich, Germany, after approval by the local
Research Ethics Committee. All individuals had signed informed consent
to use their wound material for this purpose. A punch biopsy was taken
from the margins of 5-day acute skin wounds, embedded in tissue
freezing medium, and sectioned.

Histology and fluorescence
Fresh frozen samples of normal or wounded skin were embedded in

tissue freezing medium and sectioned to 7 um. Following a 30 s wash in
phosphate buffered saline (PBS), 1 or 2 were added to the unfixed sections
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at a concentration of 100 uM and allowed to incubate at 37 °Cfor 3hin a
humidified chamber. Following incubation with 1 or 2, slides were
washed twice for 30 s in PBS and subsequently fixed for 10 min in ice-cold
acetone. After fixation, slides were washed in PBS twice for 30 s, coun-
terstained with propidium iodide, mounted and coverslipped. Identical
slides/sections were used for standard fluorescence microscopy and
second harmonic generation imaging. Inmunofluorescence experiments
with antibodies against collagen I and collagen III were performed sub-
sequent to staining with the probe and acetone fixation. The collagen I
antibody (SouthernBiotech, Birmingham, AL, Cat# 1310-01) was used at
a 1:400 dilution and visualized using an anti-goat secondary antibody
conjugated to AF-488 (SouthernBiotech, Cat. # 6460-30) The collagen III
antibody (SouthernBiotech, Cat# 1330-01) was used at a 1:200 dilution
and visualized using the anti-goat secondary antibody conjugated to AF-
488 (see above). Slides imaged using standard fluorescence microscopy
were scanned using an Axioscan 7 slide scanner (Carl Zeiss AG, Oberko-
chen, Germany) at 10x or 40x magnification.

Second harmonic generation imaging

Multiphoton microscopy and SHG imaging were performed on 7 pm
thick skin sections using a Leica TCS SP8 microscope (Leica, Wetzlar,
Germany) equipped with a 25x0.95 numerical aperture L. Water HC PL
IRAPO objective and a Mai Tai XF MP laser tunable from 710 to 950 nm
(Spectra-Physics, Milpitas, CA). F-SHG images were collected through
an aligned condenser (0.55NA), SHG filter (435-455 nm) and photo-
multiplier tube (PMT). Two-photon autofluorescence (elastin) was
visualized through an aligned condenser (0.55NA) and HyD detector
unit. Laser power was kept constant throughout each experiment, as
were PMT voltage and gain. Leica SP8 LAS X v.3.5.5 software was used
to control the instrument and for image acquisition. Image analysis was
performed using ImageJ (National Institutes of Health, Bethesda, MD).

Image analysis

Images were analyzed using QuPath [26]. Briefly, areas of interest
were annotated around the dermis/wound tissue. Hair follicles were
subsequently excluded. The area of interest was then divided into 5 pm
tiles and each tile measured for fluorescence intensity. The intensity of
each tile was plotted as an individual data point in relation to its distance
from the center of the wound. For analysis of intensity specifically in
wounds (e.g., caNrf2 and activin A transgenic mice), the total intensity
within the wound was measured.

Statistical analysis

Statistical testing was performed using GraphPad Prism software
(GraphPad, San Diego, CA). Details of sample size and specific statistical
test used are indicated in the figure legends. All p-values below 0.05 are
considered significant and are labelled in bold within the figures.
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