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A B S T R A C T

While numerous approaches have been reported towards understanding single cell regulation, there is limited 
understanding of single cell production of extracellular matrix phenotypes. Collagens are major proteins of the 
extracellular microenvironment extensively used in basic cell culture, tissue engineering, and biomedical ap
plications. However, identifying compositional regulation of collagen remains challenging. Here, we report the 
development of In vitro ExtraCellular Matrix Mass Spectrometry Imaging (ivECM-MSI) as a tool to rapidly and 
simultaneously define collagen subtypes from coatings and basic cell culture applications. The tool uses the mass 
spectrometry imaging platform with reference libraries to produce visual and numerical data types. The method 
is highly integrated with basic in vitro strategies as it may be used with conventional cell chambers on minimal 
numbers of cells and with minimal changes to biological experiments. Applications tested include semi- 
quantitation of collagen composition in culture coatings, time course collagen deposition, deposition altered 
by gene knockout, and changes induced by drug treatment. This approach provides new access to proteomic 
information on how cell types respond to and change the extracellular microenvironment and provides a holistic 
understanding of both the cell and extracellular response.

Introduction

Increasingly, contemporary literature defines that the extracellular 
microenvironment has a significant impact on cell phenotype in health 
and disease [1–3]. Collagens are a major component of the extracellular 
matrix (ECM) and play a significant role in localized cellular microen
vironments primarily through compositional changes and superstruc
tural regulation by post-translational modification [4–6]. These factors 
work to influence cell signaling, tissue stiffness, therapeutic success, 
disease progression, and patient outcomes [7–11]. The creation of 
collagen-based ECM biomaterials for improved cell targeting is a focus 
for biomedical applications, control of cell culture, and tissue 

engineering [12–18]. However, the collagens expressed by cells in cul
ture or used in research and drug development are poorly characterized 
if characterized at all. This is due to a lack of tools available that can 
sensitively assess collagen structure and composition.

Approaches for evaluation of collagen composition and translational 
regulation of specific collagen types are primarily qualitative. Second 
harmonic generation microscopy, super resolution microscopy, and 
atomic force microscopy measure physical changes to collagen in cell 
culture, but very little information is extracted about specific chemical 
translational and post-translational modifications [19–23]. Immuno
fluorescence staining provides remarkable sensitivity for collagen 
detection and defining collagen types with low numbers of cells; 
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however, they lack information about specific chemical translational 
and post-translational modifications as well [24,25]. In vitro analysis on 
ECM expressed by cell culture are limited and require large numbers of 
cells to produce sufficient ECM to characterize by conventional prote
omic methods. The majority of proteomic approaches use liquid chro
matography tandem mass spectrometry (LC-MS/MS) to measure 
collagen deposition in vitro, including post translational modifications 
[26–33]. These experiments can be time consuming, lack spatial infor
mation about the distribution of collagen types in cell culture, and 
require specialized enrichment procedures prior to analysis. Extracel
lular visualization by secondary ion mass spectrometry has demon
strated the ability to detect amino acid changes associated with collagen 
regulation in cytokine challenged matrices [34]. There is continued 
need for approaches that can report compositional changes from the 
minimal cell numbers used in basic biology or bioengineering 
experiments.

We have adopted previously published approaches for collagen tar
geted tissue imaging on fresh frozen and formalin-fixed, paraffin 
embedded samples [35,36]. This methodology scans tissue by matrix- 
assisted laser desorption ionization (MALDI) mass spectrometry imag
ing to define collagen composition in ex-vivo, biopsy, and resected tissue 
sections. The current study reports In vitro ExtraCellular Matrix Mass 
Spectrometry Imaging (ivECM-MSI). This approach adapts the MALDI 
mass spectrometry imaging platform with reference libraries as a scan
ning proteomics tool to define the spatial distribution of ECM compo
sition in coatings and in cultured cells. The developed workflow is 
demonstrated in four different applications in this study spanning 
different cell types and scenarios in cultured cells, including 

measurement of collagen surface coating, time courses, gene silencing, 
and drug treatment. This work provides a significant advancement to
wards holistic evaluation of collagen protein composition in biomedical 
and bioengineering research.

Results

Approach overview

The goal of the current study was to develop approaches that can 
report on the extracellular matrix composition secreted by low numbers 
of cells used in biomedical and bioengineering research studies. The 
approach, termed In vitro ExtraCellular Matrix Mass Spectrometry Im
aging (ivECM-MSI) (Fig. 1), allows assessment of collagen protein 
composition from as few as 2,500 cells per well. The approach was 
purposefully developed to be highly integrative with conventional bio
logical experiments. As such, the method uses common glass slides with 
wells for cell culture, followed by decellularization using basic pH 
washes. After rinsing and drying, a mixture of proteases that target the 
extracellular matrix is applied to the slide and incubated for digestion. A 
chemical matrix is applied to the slide to facilitate rapid scanning by 
MALDI coupled with high mass resolution, high mass accuracy instru
mentation. Similar to the MALDI Biotyper [37,38], rapid scanning is 
coupled with reference libraries that are curated lists of sequenced 
peptides derived from same-sample sources such as cells, tissues or 
coating solution. The scanning approach using the mass spectrometry 
imaging platform coupled with reference libraries allows multiple types 
of experiments on ECM from minimal numbers of cells such as time 

Fig. 1. Workflow for in Vitro ExtraCellular Matrix Mass Spectrometry Imaging (ivECM-MSI). 1.) Cells are seeded on Nunc Lab-Tek II glass chamber slides. Gelatin can 
be used as a coating prior to seeding if certain cell lines are not adhering to the glass. 2.) Cells are incubated in the glass chambers slides until confluence. 3.) The 
medium is removed and each well in the chamber slide is then decellularized with a 20 mM ammonium hydroxide solution for 5 min. Each well is then rinsed 4 times 
with sterile water. Next, the chambers are removed from the slide. Afterword, the slide is dried in a vacuum desiccator. Slides can be stored in a − 20 ◦C freezer for 
temporary storage if needed. 4.) A 0.1 mg/mL solution of collagenase III is sprayed evenly onto the slides. The collagenase sprayed slides are then incubated in a 
37 ◦C humidity chamber for 5 h to digest the collagen into peptides. Afterword, the slides are dried in a vacuum desiccator. Slides can be stored in a − 20 ◦C freezer for 
temporary storage if needed. 5.) The collagenase digested slides are then sprayed evenly with a 7 mg/mL α-cyano-4-hydroxycinnamic acid (CHCA) solution. 
Immediately after CHCA spraying, a 5 mM ammonium phosphate solution is sprayed on top of the MALDI matrix to minimize matrix cluster formation. Slides at this 
stage can be temporarily stored in a vacuum desiccator if needed. 6.) The matrix sprayed slides are loaded into the MALDI mass spectrometer for MALDI mass 
spectrometry analysis. 7.) Finally, the data is visualized through mass spectrometry imaging heatmaps, m/z features are searched through a collagen peptide 
database, and statistics are performed. Created with BioRender.com.
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course, drug dosing and genetic variation. The spatial aspect may be 
further leveraged against migration assays, co-culture, differentiation, 
and drug diffusion work. We envision using rapid scanning experiments 
to identify ECM variations as targets of the biology. This can be followed 
by the standard approach growing of millions of cells for comprehensive 
systems biology at a specific point, e.g., time, drug dose. The starting 
points for building the rapid scanning and reference libraries are com
mon biomedical and bioengineering experiments, evaluating collagen 
surface coatings and monitoring time courses of deposition. The ivECM- 
MSI approach shows the ability to distinguish ECM secreted by geneti
cally modified fibroblasts and cells that were drug treated.

Quantitative measurement of collagen as a surface coating

Surface coatings play a critical role in cell signaling, migration and 
differentiation, used in implant biology and cell growth [39–41]. The 
protein composition of most surface coatings are largely undefined, 
leading to batch effects and inconsistencies in cell culture. To evaluate 
ivECM-MSI as an approach to reporting on surface coating composition, 

a titration of rat tail collagen coatings was measured from 0 µg/cm2 to 
160 µg/cm2 on four separate slides following the manufacturers pro
tocols for coating wells (Fig. 2). Significantly, the approach allows data 
visualization of coating distribution which can be leveraged for quality 
control in biomanufacturing to understand the role of uneven coatings 
on cellular genomic, proteomic, and metabolomic homogeneity 
(Fig. 2A). In this example, although coating was applied uniformly 
through careful protocols, the actual distribution in each well reflects 
some left-to-right differences in distribution. Spectral detection directly 
from the surface of each well shows highly multiplexed feature detection 
(Fig. 2B). Differential feature detection at 16X the concentration of 
conventional surface coating concentrations for cell culture may be due 
to diffusive processes associated with more concentrated coatings. 
Reference libraries provide curated same-sample peptide collections to 
match to rapid scanning approaches, including compositional and post- 
translational modification differences (Fig. 2C, Supplemental Fig. S1). 
Reference libraries are constructed by same-sample collagenase diges
tion and curated into peak lists that allow matching of the high 
throughput collected data to collagen peptides including post- 

Fig. 2. Evaluating the performance of ivECM-MSI using rat tail type I collagen coatings on 4 separate slides and development of a reference database. A) Example 
surface coating visualization to detect differential surface coating distribution. The image is a heatmap of the feature 1180.5593 m/z, collagen α1(I) (GPQ(de) 
GVRGEPGPP [HYP 2]). B) Spectral feature detection by slide scanning using mass spectrometry imaging. Example spectra from typical surface coating concentrations 
used in cell surface coating (10 mg/cm2) compared to highly concentrated amounts (160 mg/cm2) are shown. The internal standard is (Glu1)-Fibrinopeptide B 
human used to normalize signal intensities between experiments. C) Reference library matching image data. Reference library reports detection of differences in 
collagen composition and in variable post-translational modifications. D) Example quantification for typical concentrations tested for cell culture coatings with 
conventional coating protocols. Each data point is a measurement from one of the slides, n = 4 technical replicates (n = slide). [HYP] = 1x hydroxylated proline site; 
(de) = deamidation of asparagine or glutamine; (ox) = methionine oxidation; ppm- parts per million match by mass accuracy.
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translational modification and compositional changes. This strategy is 
analogous to the MALDI BioTyper strategies (reviewed in [37]) that use 
bacterial signatures by high throughput scanning to identify microor
ganisms in clinical microbiology. For coating, the majority of collagen 
detected was collagen alpha-1(I) chain (COL1A1), composition included 
Collagen alpha-2(I) chain (COL1A2), collagen alpha-1(IV) chain 
(COL4A1), and collagen alpha-1(XIV) chain (COL14A1). Biology spe
cific collagen triple helical formation involves variation in 

hydroxylation of proline (HYP) that contributes to cell binding with 
subsequent downstream signaling effects [42]. The ivECM-MSI 
approach demonstrated detection of post-translational modifications. 
Importantly, not all prolines in each were modified, thus representing 
new information that can be used in refining experiments and under
standing how coating composition may contribute to cellular expres
sion. Not all peptides showed a linear response (Fig. 2D, Supplemental 
Fig. S2, Supplemental Table S1) supporting that at certain coating levels 

Fig. 3. Monitoring the deposition of various oncogenic collagen peptides in MDA-MB-231 triple negative breast cancer (TNBC) cells over 7 days using ivECM-MSI on 
four separate slides and our tissue reference database. A) 10x brightfield microscope images monitoring the confluence of each well over the 7-day period. Response 
curves for the incubation titration experiment monitoring oncogenic collagen type putative [M+H]+ peptide feature deposited over 7 days for B) collagen α6(VI) and 
C) collagen α2(I). Day 0 on the scatter plots is the blank well 1. The center of each data point is the mean and error bars equate to the standard deviation, n = 4 
technical replicates (n = slide). D) Normalized heatmap of the 7-day deposition of MDA-MB-231, from 4 technical replicates (n = slide) for 16 [M+H]+ collagen 
peptide features detected. All the features are putatively identified within 2.5 ppm mass accuracy. Each feature label includes detected m/z, putative protein ID, 
putative peptide sequence with post translational modifications, and parts per million mass deviation from the theoretical [M+H]+ value. [HYP] = 1x hydroxylated 
proline site; (de) = deamidation of asparagine or glutamine; (ox) = methionine oxidation; ppm- parts per million match by mass accuracy.
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there may be differential diffusion of certain collagen types due to a 
selective affinity from the culture surface and collagen solution. Here, 
the collagen coating concentrations ranged from 0 µg/cm2 to 10 µg/cm2 

which are typical coating concentrations for cell culture conditions. 
Further analysis showed reported high multiplexing with the identifi
cation and quantification of up to 79 features derived from surface 
coating composition (Supplemental Fig. S2, S3, & S4; Supplemental 
Table S2 & S3). Overall, the approach demonstrated the ability to 
visually detect distribution of relevant amounts of collagen applied as 
surface coating and detail critical protein composition contributing to 
cellular response.

Collagen deposition time course study over 7 days

Time-course monitoring is used to evaluate effects such as cell 
quality, differentiation patterns, and drug treatment [43–45]. To test the 
approach for time course monitoring, collagen deposition from triple 
negative breast cancer cells MDA-MB-231 was characterized over a 7- 
day period with 10,000 cells seeded per well on four separate slides 
(Fig. 3). Detection of collagen deposition occurred over a variety of 
confluence points throughout the 7-day time course as shown in the 
brightfield images (Fig. 3A). The response curve of a putative peptide 
feature from the tissue reference database for beaded filament forming 
collagen α6(VI) is shown in Fig. 3B. The collagen α6(VI) peptide shows 
an increasing peak intensity up to day 5, with the signal plateauing at 
days 6 & 7. Lower COL6A6 gene expression has been associated with a 
later pathological stage and larger tumor size in breast cancer, thus 
supporting higher detection during the time course [46].

A plateauing effect was seen in a putative peptide feature of fibril 
forming collagen α2(I) (Fig. 3C). The response curve shows an increasing 
deposition of the putative peptide for collagen α2(I) (Fig. 3C) up to day 
6, with the intensity of the putative peptide signal plateauing off at day 
7. Increased COL1A2 gene expression has been linked to worse prog
nosis in many cancers [47–49]. A heatmap of 16 putatively identified 
collagen peptide features from the tissue reference database show that 
collagen composition changes during the time course, likely in response 
to decreasing distance to nearby cells (Fig. 3D, Supplemental Fig. S5-8). 
Interestingly, the approach was able to detect cell-secreted collagen 
domains modified by hydroxylated proline, useful for understanding 
modulation of cell binding domains. Reference database building for 
MDA-MB-231 further detected 6 features not found in published tissue 
databases (Supplemental Fig. S9 & S10). Further, other extracellular 
matrix proteins and cell culture media components were also detected 
(Supplemental Tables S4 and S5). In summary, the approach allowed 
detection, time course monitoring, and relative quantification of 
changes in collagen composition from minimal numbers of a single cell 
type.

Collagen deposition modulated by drug treatment

Many drug therapies have been developed to regulate collagen 
deposition in a variety of diseases such as pancreatic cancer, non- 
alcoholic steatohepatitis, idiopathic pulmonary fibrosis, and colorectal 
cancer [50–53]. The developed approach was tested for monitoring 
collagen deposition changes during activation of the cellular senescence 
program in human-derived lung cancer cells by stimulation of the 
Kv11.1 potassium channel with the selective activator molecule NS1643 
in three separate wells (Fig. 4) [54–56]. A senescent-like phenotype was 
achieved after 24 h treatment with NS1643 compared with untreated 
cells (Fig. 4A–B) as demonstrated by an arrest of the cell cycle in G0/G1 
and upregulation of the senescent marker and tumor suppressor p21cif1/ 

waf1 after treatment (Fig. 4C). Treated cells stains positive for SA-β-gal, a 
marker associated with senescence (Fig. 4D). After treatment, ivECM- 
MS was completed on the same wells, following protocols for decellu
larization and scanning. An example of increased deposition of the pu
tative peptide features for fibrillar collagen α1(I) (Fig. 4E) and fibril- 

associated collagen α1(XIV) (Fig. 4F, Supplemental S11). Importantly, 
this also demonstrates capabilities in capturing cell signaling informa
tion by immunostaining from the same wells for simultaneous in
vestigations of both cellular and extracellular biology. The data shows 
that along with phenotypic changes induced by drug treatment the 
deposition of collagen composition is altered.

Collagen deposition influenced by high blood pressure medication 
spironolactone treatment of primary cardiac fibroblasts from left ven
tricular assisted device patients was used as a further case study testing 
stability in storage when evaluating drug treated samples. Here, drug 
treatment altered fibroblast output; evaluation of the same sample after 
three-day vacuum storage demonstrated no difference in signal intensity 
detected by the approach (Supplemental Fig. S12). In total, the approach 
was able to detect compositional changes due to drug treatment from as 
few as 2500 cells shown in both primary cell types derived from patients.

Collagen deposition by models of genetic deletion

Gene knockout studies can provide valuable insight into the con
struction of the extracellular matrix network through differential pro
tein expression. Previous work has demonstrated that loss of PTEN 
expression in cancer changed collagen fiber measurements and is asso
ciated with poor outcomes [57]. Collagen deposition by fibroblasts from 
a STAT3 knockout mouse (n = 2) and its wild type parent (WT1; n = 2), 
and fibroblasts from a PTEN knockout mouse (n = 4) and its wild type 
parent (WT2; n = 4) were compared to one another (Fig. 5). After 3 days 
of expansion, morphological changes were observed (Fig. 5A). Immu
nofluorescent staining of the PCAF cells demonstrated uniform secretion 
of vimentin, an intermediate filament marker for cells of mesenchymal 
origin, including fibroblasts [58] (Fig. 5B). STAT3 and PTEN proteins 
expression were observed in all wild type cells, indicating a predomi
nantly cytoplasmic localization for STAT3 protein and a nuclear locali
zation for PTEN protein. The Western blot analysis further confirmed 
gene deletion of STAT3 and PTEN expression (Fig. 5C).

Type 1 collagen plays numerous roles in pancreatic cancer and 
deletion of the collagen α-1(I) gene in myofibroblasts can accelerate 
disease progression [59,60]. Here, the PTEN knockout fibroblasts 
demonstrated increased deposition of the putative peptide feature for 
collagen α1(I) (GPIGNVGAP; unmodified) (Fig. 5D). Examples of 50 
collagen peptides secreted by the fibroblasts with reference to the tissue 
database shows differential deposition by the genetically modified cell 
types, 11 additional collagen and other extracellular matrix protein & 
media features not found in the published tissue databases (Fig. 5E, 
Supplemental Table S6 S5 & S7, Supplemental Fig. S13 & S14, Supple
mental Fig. S15 & S16). The bovine gelatin coating surface used for 
adherence did not contribute significantly to the background. The 
approach performed on mouse fibroblasts demonstrates that using an 
enzyme such as bacterially derived collagenase in the workflow pro
duces activity unbiased to species and thus differentiates coating derived 
from another species. In total, ivECM-MSI detected significant compo
sitional changes due to genetic manipulation, unbiased to species 
without changes to the basic biological experimental strategies, e.g., no 
special growth conditions or surfaces for mass spectrometry scanning. 
The approach thus allows for a controlled method to understand the 
changes to the extracellular proteome produced by altering gene 
expression in any species.

Discussion

In this work, we present a new analytical approach, In vitro Extra
Cellular Matrix Mass Spectrometry Imaging (ivECM-MSI) designed to 
report on proteomic composition of the extracellular microenvironment 
produced by cells in culture. Enzyme-specific targeting of collagen 
protein composition is accessed through the use of collagenase type III, 
which by tissue imaging mass spectrometry specifically reports on 
collagen types and 40–60 other extracellular proteins [36,61–64]. 
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Collagenase III binds to the collagen structure with a strong protease 
specificity towards G-P-X or G-X-P regions, where P can be unmodified 
or modified proline [65,66]. An advantage of using enzymes, not anti
bodies to access the extracellular proteome is multifold. There are few 
antibodies that have epitope recognition to the complexities of the 
collagen structure, to include post-translational modifications. 
Antibody-based assays are species specific and few antibodies exist for 
reporting the complete complexities of collagen types within a single 
experiment. The concept of enzyme specific targeting for proteomic 
building and mass spectrometry imaging further allows significant 
multiplexing with other enzymes, imaging, and molecular modalities 
[67–70]. This approach also produces a tiered system for study pur
poses. Rapid scanning by mass spectrometry imaging may be used to 
evaluate for changes in extracellular response to treatments. The use of 
the mass spectrometry imaging platform produces output data that may 
be read as both visual output for quality control and/or numerical data, 
useful in multiple types of advanced data modeling. Peptide m/z refer
ence libraries generated from previous LC-MS/MS studies built using an 
independent workflow represents a significant amount of initial work 
but can be leveraged downstream for high throughput screening and 
fingerprinting. This study leveraged previous publications reporting 
collagen structure as well as building peptide m/z reference libraries 
specific to each experiment. For cell culture studies, reference libraries 
were built from very small cell numbers (2,000–10,000) at specific time 
points. This was done to capture profiles from relevant cell numbers at 
very specific timepoints. It is possible to build comprehensive databases 
from larger cell numbers that can then be used as a reference library in 
monitoring experimental conditions. However, it is known that extra
cellular composition changes with numbers of cells and over time [71]; 
thus larger cell numbers may yield different composition. A combination 
of a large and small cell number database may be necessary for 
comprehensive sequence coverage of the collagen and better highlight 
heterogeneity between experiments, respectively. The developed pro
teomic approach leveraged ion mobility for sensitive reference library 
building. Ion mobility is used as a parallel separation technique with 
mass spectrometry that leverages molecular surface area to separate 
isomers from one another. Ion mobility produces information which 
may be used to distinguish sites of collagen hydroxylated proline vari
ation. Development of collision cross sections for use in monitoring 
extracellular composition by mass spectrometry imaging uses systematic 
synthesis and collision cross section measurement of hydroxylated 
proline variants [36]. The overall findings demonstrate that ivECM-MSI 
is a tool that facilitates investigations of extracellular matrix composi
tion secreted by single cell types at the translational and post- 
translational level.

ivECM-MSI was tested over a variety of applications relevant to 
understanding composition of the extracellular microenvironment. The 
tool was purposefully built to integrate with current approaches without 
changes to how the biological experiments were completed over both 
human-derived cell lines and rodent model systems. Surface coating 
composition is an important topic in cell culture growth with significant 
influences on how cells adhere and migrate along the surface. Collagen 
as a cell coating is frequently used to optimize cell adherence to culture 
surfaces and guide cells towards distinct phenotypes. An understanding 
of the composition of collagen coatings for these culture effects are 

unknown at the spatial and post translational level. The current study 
profiled that relevant amounts of commercial rat tail collagen that is 
commonly used for coating of surfaces or preparing thin layers for 
cultured cells, was compositionally complex. Several types of collagen 
were found, including collagen α1(XIV) chain, a collagen implicated in 
enhancing tumor development [72,73]. Specific domains along the 
collagen structure influence cellular mechanisms, and this finding 
highlighted new capabilities to define composition and earmark specific 
domains for further testing in controlling cell culture. Although this 
approach focused on the visualization and interpretation of collagen 
composition and distribution as a surface coating, other types of extra
cellular matrix proteins used in surface coatings should be readily 
accessible by the combination of enzyme application and scanning 
approach.

Application demonstrations illustrated the applicability of defining 
compositional changes in typical biological experiments using cultured 
cells. A standard 8 chamber well plate was used in these applications. 
Cells were grown and tested by the collaborative basic research labo
ratory personnel before handing off the well plate for extracellular 
analysis. Importantly, cells were seeded at typical low numbers, in this 
case at 2,500–10,000 cells over cell types of fibroblasts and epithelial 
cells. Results show that cultured cells secrete compositionally complex 
collagen types. Collagen compositions were shown to vary by time and 
were modulated by both drug treatment and genetic knockout. The 
peptides detected with this method are derived primarily from amino 
acid protein sequence of triple helical regions and include other 
conserved domains of collagen structure. Collagen domains have many 
different types of cellular interactions and exist as a feedback mecha
nism to the cell microenvironment [74,75]. In time course studies, not 
all domains showed a linear response, expected if the extracellular 
microenvironment acts as a feedback mechanism. Certain domains 
appeared to alter with increases in cell density over time, drug treatment 
or genetic knockout. Intriguing research has reported that at the coding 
and noncoding transcription level, collagen types, particularly collagen 
α1(I) and collagen α2(I) collagen differentially regulate to control pro
cesses of proliferation and apoptosis [76,77]. These collective data 
demonstrated ivECM-MSI as a viable approach to evaluating both cell 
processes and specific collagen domains. We expect that ivECM-MSI will 
allow a more detailed view of bioactive domains that work in accor
dance with cellular status.

The ivECM-MSI approach can readily be adapted for use in many 
other types of studies. Cell derived extracellular matrix information 
helps show how cells control their localized extracellular niche and how 
cells change collagen deposition adapt to the environment. Here visu
alization by scanning mass spectrometry imaging is an advantage for 
evaluating the microenvironment secreted by cells. This may be lever
aged in co-cultured studies investigating how cell types manipulate the 
microenvironment in the presence of different cell types. Evaluating the 
collagen surface during migration and invasion studies may help pur
poseful design of composition that facilitates specific cell processes 
across substrates [78,79]. The exploration of 3D cell cultures using 
ivECM-MSI collagen mass spectrometry imaging may be used to improve 
in vitro systems that progressively mimic the tissue microenvironment 
[80,81]. The ability to leverage visual quality control checks on collagen 
domains during facilitates improved consistency of culture conditions 

Fig. 4. Deposition of collagen in H1299 lung carcinoma cells treated with DMSO and NS1643 Kv11.1 potassium channel activator. A) Identification and quanti
fication of cellular senescence by flow cytometry of representative DNA content in H1299 cells before and after NS1643 treatment (50 µM for 24 h). Protein level is 
p21 in control (C) vs NS1643 treated cells. B) Percent change of cell accumulation for G0/G1, S and G2/M phases of the cell cycle (n = 3 technical replicates (n =
well); *=p < 0.05). C) Example western blots showing the expression level of Kv11.1 and senescent marker p21cip1/waf1 in H1299 cells treated with DMSO and 
NS1643 (50 µM/24 h; n = 3; *=p < 0.05). No change of Kv11.1 protein was observed after treatment (control). D) Senescence-associated β-galactosidase (SA-β-gal) 
staining. Representative images of H1299 cells treated with (DMSO, left) or NS1643 (50uM/24hr, right) as indicated. Cells were treated with the Kv11.1 activator 
NS1643 (50 μM/48 hr) to induce cellular senescence. Histogram of average well peak intensities for the putative [M+H]+ peptide for E) fibril forming collagen α1(I) 
and F) fibril-associated collagen α1(XIV) for both slides seeded at 2E5 cells. The center of each data point is the mean and error bars equate to the standard deviation. 
After one-way ANOVA analysis and Tukey multiple comparisons test, only significant Tukey p-values ≤ 0.05 are displayed. (ox) = methionine oxidation; ppm- parts 
per million match by mass accuracy. ivECM-MSI measurements were on two four chamber well slides three separate wells.
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due to surface coating, media conditioning and exchange [82].
There is significant need for continued development of technologies 

that can report ECM composition from cultured cells. Larger cohorts of 
samples can be easily measured with other commercial MSI instruments 
reaching 5x the sampling frequency of our scimaX™. While this work 
focused on scanning by MSI to profile ECM secretion with combined 
reference libraries, further work enhancing detection around single cell 
types can improve and understand deposition particularly in mixed-cell 
experiments. Many of the collagen peptides reported in the current 
reference lists are isobaric species with variable sites of hydroxylation of 
proline. The ability to simultaneously track exact sites of hydroxylated 
proline using ion mobility or tandem MS/MS imaging as a profiling 
approach would improve targeting capabilities of the technology to
wards use in evaluating cell quality or cell changes [83,84]. Continued 
work is being done to develop LC-MS/MS protocols that build out 
reference libraries with the ability to confirm sequence details of pep
tides found in cell culture and correlate to those seen in the tissue 
microenvironment. The current study focused on developing ivECM-MSI 
using glass as a substrate due to compatibility with instrumentation. The 
glass slides used in the scanning approach were not conductively coated 
and are suitable only for charge-decoupled MALDI sources like our in
strument. Another option to perform ivECM-MSI on tissue culture plastic 
would be developing the approach using ionization sources such as 
desorption electrospray ionization [85,86], nanospray-desorption elec
trospray ionization [87,88], or the liquid microjunction surface- 
sampling probe [89,90] mass spectrometry. These electro-spraying 
ionization sources can be performed in ambient atmosphere and do 
not require the precise flatness of a glass surface to accurately sample the 
target. The spectra from MALDI to an electrospray ionization (ESI) 
source may change due to chemical properties such as hydrophobicity 
and charge-related parameters of the peptides that influence ionization 
efficiency [91]. With ESI sources, the MALDI matrix would not be 
needed, potentially boosting sensitivity and limiting delocalization. 
Collagen is also not the only component of the extracellular matrix. The 
extracellular matrix is also composed of elastin, fibronectin, laminins, 
tenascins, proteoglycans, and other components to name a few [92,93]. 
A serial application of chondroitinase ABC, PNGaseF, elastase, and 
collagenase type III to analyze chondroitin sulfate, N-glycans, elastin, 
and collagen in the same tissue, respectively, was published [94]. With 
development, the tissue serial enzyme series could be applied to define 
the in vitro extracellular matrix. Other enzymes may be opportunities to 
specifically target other components of the extracellular matrix.

To conclude, ivECM-MSI offers a new approach to answer hypothe
ses directed at understanding in vitro deposition of extracellular matrix 
in basic biomedical and bioengineering research. Many disease pro
cesses are defined by distinctive and predictive collagen stroma regu
lation that historically have only been defined at the genetic or 
transcriptomics level or by ambiguous chemical stains. The spatial 
aspect of this technology may be leveraged against migration assays, co- 
culture, monitoring transformative processes such as differentiation, 

and impacts of drug diffusion on ECM secretion. Thus, this proteomic 
approach provides a way to obtain significant information on the 
working extracellular microenvironment that is produced and interac
tive with distinct cell types. Further integration with microscopy mo
dalities and multiplexing targeted enzyme approaches will advance the 
ability to investigate the complete cellular microenvironment. ivECM- 
MSI expands capabilities for research to include an understanding of 
how cells produce and interact with the extracellular 
microenvironment.

Materials and methods

Rat tail type I collagen coating titrations

Nunc Lab Tek II RS glass 8-chamber slides (Thermo Scientific, 
154534) were coated at various concentrations of rat tail collagen type I 
(EMD Millipore, 08–115). Each well on the 8 chamber slides was coated 
with a collagen concentration of 0.0 µg/cm2, 2.5 µg/cm2, 5.0 µg/cm2, 
10.0 µg/cm2, 20.0 µg/cm2, 40.0 µg/cm2, 80.0 µg/cm2, or 160.0 µg/cm2. 
The collagen stock was diluted to the appropriate concentrations using 
HPLC grade water (Fisher Scientific, W5-4) so that each well received 
200 µL of corresponding solution. After 200 µL of diluted gel solution 
was dispensed into the corresponding well, the slides were incubated at 
37 ◦C/5% CO2 for 30 min. After removing and cooling the slides at room 
temperature, the remaining water was removed by pipette from the 
slides. The chambers from the slides were removed and remaining water 
wicked away by a delicate task wipe (Kimberly-Clark, 34120). Slides 
were then dried in a vacuum desiccator for an hour. Afterwards, the rat 
tail collagen coated slides were stored in a − 20 ◦C freezer until mass 
spectrometry imaging preparations.

MDA-MB-231 triple negative breast cancer culture and 7 day titration

Collagen deposition of the poorly differentiated triple negative 
breast cancer cell line MDA-MB-231 (ATCC, HTB-26) was monitored 
over a 7-day period. For expansion, stock was thawed in a 37 ◦C water 
bath and seeded into a T75 flask with 15 mL of freshly prepared 1x 
Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose, L- 
glutamine, sodium pyruvate (Corning, 10–0136-CV) with 10 % fetal 
bovine serum (FBS, Corning, 35–010-CV). The cells were maintained in 
a humidified incubator at 37 ◦C with 5 % CO2 for 5 days and fed daily for 
expansion. To harvest adhered cells, the media was removed from the 
flask and 5 mL of Versene (Gibco, 15040066) was added to the flask, 
incubating at 37 ◦C for 15 min. Then 2 mL of 1x DMEM with 10 % FBS 
media was added to the flask and a cell scraper was used to remove any 
remaining adhered cells from the surface. A portion of the cells were 
resuspended in a trypan blue solution (Corning, 24-900-COBackspaceI) 
and counted with a hemacytometer (Hausser Scientific, 1492). After 
counting, the cells were pelleted at 2000 rpm for 8 min. The supernatant 
was removed and the cells resuspended to a concentration of 4*105 

Fig. 5. Monitoring the deposition of collagen in mouse primary pancreatic cancer associated fibroblasts on 3 slides using ivECM-MSI and our tissue reference 
database. A) Phase-contrast microscopy reveals the morphological characteristics of CAFs in culture. These primary fibroblast cells, isolated from mouse pancreatic 
tissues, exhibit typical spindle-shaped morphology, indicative of their fibroblastic nature. The red scale bar is 100 µm. B) Immunofluorescence staining results 
depicting the expression patterns of STAT3, PTEN, and the cytoskeletal marker Vimentin in CAFs. Fluorescent signals provide insights into the subcellular localization 
and relative expression levels of these proteins, contributing to a comprehensive understanding of their roles in CAFs within the context of pancreatic cancer. The 
magenta scale bar is 50 µm C) Western blot results demonstrating the protein expression levels of STAT3, PTEN, and the housekeeping control GAPDH in CAFs. D) A 
mass spectrometry imaging heatmap for the peptide relative peak intensities of 1 well per condition/cell line for the putative fibril forming [M+H] + peptide for 
collagen α1(I) (GPIGNVGAP) from our tissue reference database. E) Heatmap of the normalized well intensities of 50 features that had putative database matches 
within 2 ppm mass accuracy. The heatmap includes the following number of samples: a media control with 3 technical replicates (n = wells), a gelatin control with 3 
technical replicates (n = wells), fibroblasts from a STAT3 knockout mouse with 2 technical replicates (n = wells) and its wild type parent with 2 technical replicates 
(WT1; n = wells), and fibroblasts from a PTEN knockout mouse with 4 technical replicates (n = wells) and it’s wild type parent with 4 technical replicates (WT2; n =
wells). Each feature label includes detected m/z, putative protein ID, and parts per million mass deviation from the theoretical [M+H]+ value. Darker blue colors 
indicate low intensity while brighter yellow colors indicate higher intensities. [HYP] = 1x hydroxylated proline site; (de) = deamidation of asparagine or glutamine; 
(ox) = methionine oxidation; ppm- parts per million match by mass accuracy. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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cells/mL in FBS with 10 % dimethyl sulfoxide (DMSO, Fisher Chemical, 
BP231-100). Aliquots of the cell suspension were dispensed into 7 
cryogenic vials (Corning, 430659). Cells were aliquoted in each cryo
genic vial to ensure that each well had a 25 µL seed of the cell stock for 
Lab Tek II 8-chamber slides (1*104 cells/well). The cryogenic vials were 
initially frozen in a freezing container (Nalgene, 5100–0001) as per 
manufacturer’s protocol. Aliquots were stored in a liquid nitrogen 
Dewar until seeding.

To begin monitoring the deposition of collagen over a 7-day exper
iment, the 1x DMEM with 10 % FBS media and 1 of the 7 aliquoted 
frozen cell stocks was warmed in a 37 ◦C water bath. Well #8 in the Lab 
Tek II 8-chamber slides was filled with 325 µL 1x DMEM with 10 % FBS 
and seeded with 25 µL of the thawed aliquoted cell stock. Well #1 was 
filled with 350 µL 1x DMEM with 10 % FBS as a blank control with no 
cells. The slides were incubated overnight at 37 ◦C with 5 % CO2. The 
next day, 1x DMEM with 10 % FBS and 1 of the remaining 6 aliquoted 
frozen cell stocks was thawed in a 37 ◦C water bath. Well #7 in the Lab 
Tek II 8-chamber slides was filled with 325 µL 1x DMEM with 10 % FBS 
and seeded with 25 µL of the aliquoted cell stock. The day-old media 
incubating in the slides were replaced with fresh media. The slides were 
incubated overnight in at 37 ◦C with 5 % CO2. These steps are repeated 
until the 7th day so that wells #8 through #2 have been seeded incre
mentally daily and day-old media replaced. Microscope images were 
acquired a day after the last well (#2) was seeded. Brightfield micro
scope images were acquired on a AmScope IN200TB Inverted Tissue 
Culture Microscope using a Samsung Galaxy A52 5G set to 64 mega
pixels. A 3D printed phone adapter for the microscope was made with 
PET plastic using files from thingiverse.com (OE-1, OpenOcular). Af
terwards, the media was removed from all wells and the slides were 
placed on ice until mass spectrometry preparation the same day.

H1299 lung carcinoma cell treatment with NS1643 Kv11.1 potassium 
channel activator

H1299 lung carcinoma cell cycle assay
The H1299 cell line (ATCC; CRL-5803) was cultured in DMEM with 

4.5 g/L glucose (Corning, 10-013-CM) supplemented with 10 % FBS 
(Gemini Bio, 900-208) and 1 % penicillin/streptomycin (Gibco, 15140- 
122) at 37 ◦C and 5 % CO2. Cells were seeded in 6-well plates. After 24 h, 
cells were treated with DMSO (control) or 50 µM of the Kv11.1 potas
sium channel activator NS1643 (Alomone Labs, N-115) for 48 h. A cell 
cycle assay was performed in cells harvested and washed twice with cold 
PBS. The pellets were resuspended in PBS with 1 % formaldehyde and 
0.2 % Triton X-100. Then, the cells were incubated in PBS with DAPI for 
2 h. The samples were analyzed with a flow cytometer (LSR Fortessa 
with HTS, BD Biosciences) and FlowJo (BD Biosciences).

H1299 lung carcinoma cell western blot
Cells were harvested, suspended in PBS (Gibco, 10010–031), and 

then centrifuged at 3500 rpm for 3 min. The protein pellets were 
resuspended in 75 µL water and mixed with 25 µL Laemmli sample 
buffer (Bio-Rad, 1610747) containing β-mercaptoethanol (Thermo Sci
entific, 125470100). Then, samples were heated at 95 ◦C for 10 min and 
centrifuged at 13,000 × g for 5 min. An equal amount of protein were 
loaded onto SDS-polyacrylamide gel and transferred onto a PVDF 
membrane. Membranes were blocked with 5 % skimmed milk (RPI, 
M17200-500) in Tris-Buffered Saline (TBS) (Thermo Scientific, 28358) 
containing 0.1 % Tween 20 (TBST) for 1 h and then overnight with 
primary antibodies at 4 ◦C. All antibodies were purchased from Cell 
Signaling Technologies, Inc (p21cip1/waf1 Cat# 2947; Histone H3 Cat# 
4499). The anti-KCNH2 antibody was purchased from Alomone Lab 
(APC-016). Membranes were washed three times in TBST and then 
incubated with a secondary antibody (Cell Signaling Technologies, 
7074) for 1 h at room temperature, followed by washing with TBST. 
Proteins were visualized by the Imager (ChemiDoc MP Imaging System, 
Bio-Rad). Histone H3 was evaluated for normalization of protein 

expression.

H1299 lung carcinoma cell senescence β-galactosidase staining kit
H1299 cells were treated with NS1643 for 24hr before staining for 

β-galactosidase to measure senescence. The Senescence β-Galactosidase 
Staining Kit was used according to manufacturer’s instructions (Cell 
signaling Technology, Cat. #9860).

H1299 lung carcinoma cell collagen deposition
Two RS glass Lab-Tek II 4-chamber slides (Thermo Scientific, 

154526) were seeded with H1299 lung carcinoma cells at 2*106 cells in 
3 wells and cultured for 72 h in DMEM supplemented with 10 % FBS and 
1 % Penicillin/streptomycin. The fourth chamber only contained media 
as a blank control with no cells. On day 4, the H1299 cells on one of the 
slides were treated with 50 µM of NS1643 and the other slide with DMSO 
for 24 h. On day 5, the media was removed from all wells on both slides. 
Afterwards, the slides were immediately placed on ice for transport until 
mass spectrometry preparation the same day.

Human cardiac fibroblast cell culture and spironolactone treatment

Human biopsies were collected in the University hospital at the time 
of the left ventricular assist device (LVAD) implant and received by the 
lab. The biopsy was then bisected, and half was used for cell isolation 
(avg tissue weight for isolation ~ 500 mg). The heart tissue was weighed 
and then finely minced and incubated with successive changes of 
collagenase (Liberase Blendzyme 3, Roche No. 05401020001) over two 
hours with intermittent trituration until digestion was complete. Pooled 
collagenase fractions were placed in Fibroblast Growth Medium 2 
(Promocell, C-23020) with 10 % FBS and 1 % antibiotics/antimycotics 
to halt collagenase digestion, and then subjected to centrifugation at 
1000 rpm for 5 mins at room temperature. Collagenase containing 
media was removed and cell pellets resuspended in growth media. 
Cultures were plated at 37 ◦C. Nonadherent cells were removed ~ 
12–18 h after initial plating.

Primary human cardiac fibroblasts untreated and treated with spi
ronolactone were cultured to see the effect of high blood pressure 
medications on collagen deposition. Primary LVAD human cardiac fi
broblasts were seeded at 2,500 cells per well in growth media on Lab Tek 
II 8-chambered glass slides. Cells were allowed to proliferate for 24 h. 
Then, 3 wells on each slide were treated with 0.1 mM spironolactone 
(Sigma-Aldrich, S3378) dissolved in DMSO and 3 wells on each slide 
were treated with DMSO only. Two wells on each slide contained only 
media and no cells as a control. Cells were allowed to deposit matrix for 
7 days. After deposition, the media was removed from all wells and 
slides were placed on ice for transport until mass spectrometry prepa
ration the same day.

Mouse pancreatic cancer associated fibroblast cell culture and gene 
knockout

Pancreatic cancer associated fibroblasts (PCAF) were harvested from 
pancreatic tissues of KPF model (Pdx1Flpo/+; KrasG12D/+;p53frt/+) 
[95], KPF Stat3cKO (PdxFlpOki/+; FSF-KrasG12D/+; Trp53frt/frt; FSP- 
Cre; Stat3fl/fl) [96] and PTENcKO [97] mice specimens, as previously 
described [98]. Note in this study that wild-type #1 (WT1) fibroblasts 
are the parent of the STAT3 knockout mouse. The wild type # 2 (WT2) 
fibroblasts are the parent of the PTEN knockout cell line. In brief, tumor- 
bearing pancreas was dissected and minced before being dissociated 
using the Tumor Dissociation Kit (Miltenyi Biotec, 130-096-730) with a 
program of 37 m-TDK-1. The resulting digested tissue was then sus
pended in medium and subjected to gravity-based purification for 10 
min. After aspirating the supernatants, the pellets underwent three 
washes and two additional rounds of gravity sedimentation before being 
seeded onto tissue culture dishes. This combined approach was used for 
the isolation of cancer-associated fibroblasts [98]. To ensure complete 
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STAT3 and PTEN gene knockout from the harvested PCAFs derived from 
primary culture, a lentiviral-based approach was employed as previ
ously described [96].

Mouse PCAF immunofluorescence staining and confocal microscopy imaging
To assess the protein expression levels of STAT3, PTEN, and 

Vimentin within PCAFs, immunofluorescence staining was performed. 
PCAFs were seeded onto sterile 8-well chamber slides (ibidi, 80806) and 
allowed to adhere. Following fixation in 4 % paraformaldehyde for 15 
min, cells were permeabilized with 0.1 % Triton X-100 for 10 min at 
room temperature. Non-specific binding sites were blocked with 5 % 
bovine serum albumin (BSA) in PBS for 1 h. Primary antibodies specific 
to STAT3 (1:100; Cell Signaling, Cat. no. 9139S), PTEN (1:100; Cell 
Signaling, Cat. no. 9559S), and Vimentin (1:100; R&D SYSTEMS, Cat. 
no. MAB2105) were then applied to the cells and incubated overnight at 
4 ◦C. After thorough washing with PBS, secondary antibodies conju
gated with fluorescent tags (Invitrogen, Alexa Fluor™ 647, Cat. no. 
A21235; Alexa Fluor™ 594, Cat. no. A32754; & Alexa Fluor™ 488, Cat. 
no. A21208) were added and incubated for 1 h at room temperature. The 
mounting medium containing DAPI (4′,6-diamidino-2-phenylindole, 
Invitrogen, D3571) to stain cell nuclei were added to each well. Zeiss 
880 LSM NLO confocal microscope was used to image the fibroblasts. 
The acquired images were processed using image analysis software 
(Zeiss, Zen black edition 2.0) to quantify fluorescence intensity and 
assess protein localization patterns.

Mouse PCAF western blotting
To corroborate the immunofluorescence findings in the mouse 

pancreatic PCAF and quantify protein expression levels, western blot
ting was conducted. Total protein was extracted from PCAFs using 1x 
RIPA buffer (Cell Signaling Technology, 9806) supplemented with 
phosphatase inhibitors (Sigma, Cat. no. P5726 & P0044:). Protein con
centrations were determined using a BCA protein assay kit (Pierce, 
23225). Equal amounts of protein were separated by SDS-PAGE and 
transferred onto PVDF membranes. Membranes were blocked with 5 % 
non-fat milk in Tris-buffered saline with Tween-20 (TBST) and probed 
with primary antibodies against STAT3 (1:100; Cell Signaling, Cat. no. 
4904S), PTEN (1:100; Cell Signaling, Cat. no. 9559S), and GAPDH 
(1:100; Cell Signaling, Cat. no. 9559S) overnight at 4 ◦C. After washing, 
membranes were incubated with horseradish peroxidase-conjugated 
secondary antibody Goat Anti-Rabbit IgG (H&L) (Jackson Immunor
esearch, 111-035-003) for 1 h at room temperature. Protein bands were 
visualized using enhanced chemiluminescence reagents (Bio-Rad Labo
ratories) and quantified using gel documentation iBright software 
(ThermoFisher). The western blotting analysis provided quantitative 
data on the expression levels of STAT3 and PTEN in PCAFs, normalized 
to the GAPDH control.

Mouse PCAF collagen deposition
For the Mouse PCAF collagen deposition monitoring experiment, 

wells 2 through 8 on the Lab Tek II 8-chamber slides were coated with 
bovine gel (Sigma, G9136) at a concentration of 0.1 %. Well #1 was not 
coated with bovine gel as a control. Then, mouse PCAF were seeded in 
all chambers except #1 and #5 at 2,500 cells per well in 300 µl mL of 1x 
DMEM, 10 % FBS, 1 % penicillin–streptomycin, and 2 mM L-glutamine 
media. The blank well #1 and the gel control well #5 were not seeded 
and were only filled with media. The PCAF were allowed to deposit 
matrix for 3 days. After deposition, the media was removed from all 
wells and slides were placed on ice for transport until mass spectrometry 
preparation the same day.

MALDI mass spectrometry imaging and preparations

Spraying and mass spectrometry protocols were optimized for cell 
culture collagen deposition based on previous studies in tissue analysis 
and the workflow has been summarized in Fig. 1 [35,69,94,99–101]. 

After the cells have been grown on the Lab Tek II 8-chamber slides, 
media was removed and slides kept on ice for immediate preparation. 
Slides were decellularized by rinsing each well with one 350 µL aliquot 
of HPLC grade water. Next, 125 µL of 20 mM ammonium hydroxide 
(Fisher Chemical, A669S) in water was pipetted in each well and incu
bated for 5 min [102]. The ammonium hydroxide solution was removed 
and each well was rinsed with 350 µL of HPLC grade water 4 times to 
remove any residual debris or base. The slides were air dried for at least 
10 min uncovered in the biosafety cabinet. The slides can be stored in a 
− 20 ◦C freezer if not immediately proceeding to the collagenase diges
tion. The rat tail collagen coating titration slides did not go through the 
decellularization process.

A 0.1 mg/mL collagenase III (Worthington, CAT# LSOO4180) so
lution was made in a 1 mM calcium chloride (Sigma Aldrich, C1016) and 
10 mM ammonium bicarbonate (Sigma Aldrich, A6141) buffer. The 
collagenase solution was then auto sprayed (HTX Technologies, M5) 
using 7 passes at 40 ◦C, flow rate of 25 µL/min, nozzle speed of 1200 
mm/min, nozzle height of 40 mm, 10 psi nitrogen gas pressure (Airgas, 
NI UHP300), and with 3 mm track spacing. After collagenase III spray
ing, the slides were placed in a humidity chamber in a 37 ◦C oven to 
incubate for 5 h for digestion of the collagen. After incubation the slides 
were dried in a vacuum desiccator for 10 min. The slides were stored up 
to 3 days in a − 20 ◦C freezer if not immediately proceeding to matrix 
spraying.

After digestion, the MALDI matrix layer was sprayed as a 7 mg/mL 
α-Cyano-4-hydroxycinnamic acid (CHCA, Millipore, 70990) solution in 
1:1 acetonitrile (Fisher Chemical, A998) and HPLC grade water with 0.1 
% trifluoroacetic acid (Sigma-Aldrich, T6508). The CHCA matrix solu
tion was then sonicated for 10 min and filtered through a 0.2 µm syringe 
filter (Millipore, SLLGX13NL) to remove any potential undissolved 
crystals. (Glu1)-Fibrinopeptide B human (Sigma-Aldrich, F3261) at 
0.106 pmol/µL was added as an internal standard for mass accuracy 
verification, system suitability evaluation of the instrument, and peak 
intensity normalization. Matrix was applied by automated sprayer (HTX 
Technologies, M5) using 4 passes at 79 ◦C, flow rate of 70 µL/min, nozzle 
speed of 1300 mm/min, nozzle height of 40 mm, 10 psi nitrogen gas 
pressure, and with 2.5 mm track spacing. Immediately after spraying the 
matrix solution, a 5 mM ammonium phosphate (Sigma-Aldrich, 216003) 
solution was sprayed on top of the matrix on the slides to help reduce 
matrix cluster formation [103,104]. This was done using 4 passes with 5 
mM ammonium phosphate solution over the slides at 60 ◦C, flow rate of 
70 µL/min, nozzle speed of 1300 mm/min, nozzle height of 40 mm, 10 
psi of nitrogen gas pressure, and with 3 mm track spacing. The slides 
were then removed from the sprayer and stored in a vacuum desiccator 
until mass spectrometry imaging.

Scanning by mass spectrometry imaging was conducted on a Fourier 
Transform Ion Cyclotron Resonance mass spectrometer (FT-ICR, sci
maX™, Bruker Daltonics). Mass spectra were acquired in positive ion 
mode from a mass range of 630 m/z to 2500 m/z and FID transient of 
0.8389 s. The resolving power was measured to be 35,128 at 1570.6768 
m/z. The mass spectrometry images were acquired with a laser focus set 
to small (≈30 µm diameter laser shot), 300 shots per pixel, frequency of 
2000 Hz, and raster of 300 µm. This frequency and resolution allowed us 
to process a slide in the mass spectrometer in less than an hour. Data for 
mass spectrometry imaging was visualized and extracted using SCiLS 
Lab 2023c Pro. Putative reference library match identities were made by 
constructing a script in R Studio 2023.03.1 + 446 to search for feature 
identities matching a reference database of collagen peptides generated 
from previous tissue studies [69,99,100] and the LC-MS/MS Reference 
database we began generating described in the next section. The script to 
automatically search a reference database by accurate mass is hosted on 
GitHub in the Angelmslab/CellECMPaper repository (https://github. 
com/Angelmslab/CellECMPaper). GraphPad Prism 10.0.1 was used to 
process statistics and visualize the data. Raw mass spectra from MSI 
were visualized and displayed using mMass version 5.5.0 [105].
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LC-MS/MS reference database creation

For de novo LC-MS/MS reference database building, cells were 
grown on Lab Tek II 8-chamber slides and decellularized as described 
previously. For each experiment, four wells of an 8-chamber slide were 
prepared for proteomics. Rat tail collagen experiments were prepared 
with coating concentrations of 2.5 µg/cm2 for each well without 
decellularization. MDA-MB-231 8-chamber slides were grown to 
confluence for 7 days. PCAF cell line were prepared and grown to 
confluence as described in the previous section. Afterwards, 300 μL of 7 
μg/mL collagenase III solution in 3 mM calcium chloride and 10 mM 
ammonium bicarbonate buffer was added to each well on the slide. 
Slides were covered and incubated in a 37 ◦C oven for 24 h for digestion. 
After incubation, the peptide solution of each well was desalted using a 
StageTip (Thermo, SP301) as per manufacturer’s protocol. After the 
StageTip, 4 wells were pooled together for rat tail collagen and MDA- 
MB-231. Eight wells were pooled together after StageTip for the 
mouse PCAF cell lines. The pooled samples were dried down via Speed 
Vac Concentrator (Savant, SVC100H) and reconstituted to extract 2 μg 
of peptides from solution using a ZipTip (Millipore, ZTC18M096) as per 
manufacturer’s protocol. The 2 μg dried down peptides extracted from 
the ZipTip were reconstituted in 10 μL of water with 0.1 % formic acid 
(Fisher Chemical, LS118-4, mobile phase A) for LC-MS/MS analysis. 
Remaining sample was qualitatively analyzed by pooling all remaining 
solution from each slide that was left over after the preliminary ZipTip 
extraction.

LC-MS/MS experiments were performed on a nanoElute high- 
performance nanoflow liquid chromatography system with trapped 
ion mobility mass spectrometer (timsTOF flex, Bruker Daltonics). Liquid 
chromatography separations were performed on a 25 cm × 75 μm ID 
C18 column (AUR2-25075C18A-CSI, IonOpticks) at a spray voltage of 
1600 V and column temperature of 50 ◦C. Mobile phase A was UHPLC 
water with 0.1 % formic acid (Fisher Chemical, LS118-4). Mobile phase 
B was acetonitrile with 0.1 % formic acid (Fisher Chemical, LS120-4). 
Composition gradient was increased from 2 % to 30 % B from 0 to 40 
min and then ramped to 95 % for 7.25 min more until the end at a flow 
rate of 300 nL/min. Mass spectra were acquired in positive ion mode at a 
mass range from 100 m/z to 1700 m/z. MS/MS spectra were acquired in 
Parallel accumulation–serial fragmentation (PASEF) data dependent 
acquisition mode. The collisions energies were 20.0 eV at 0.60 1/K0 and 
59.0 eV at 1.60 1/K0. Th target PASEF mode was 2.0E5 intensity units 
with a threshold of 2500 intensity units. The number of PASEF ramps 
was set to 8. The trapped ion mobility spectrometry range for the sam
ples ranged from 0.85 1/K0 to 1.45 1/K0. Additional qualitative analysis 
varied ion mobility range from 0.45 1/K0 to 1.85 1/K0. LC-MS/MS data 
was processed through FragPipe v20.0 [106,107]. Reviewed Swiss-Prot 
[108] entries from UniProt [109] were used to generate the FASTA 
sequence database for the FragPipe search downloaded on December 
26th, 2023. The UniProt FASTA entries were further filtered using the 
keyword “extracellular matrix” (KW-0272; GO:0031012) and for the 
corresponding species for rat (103 entries), human (275 entries), and 
mouse (247 entries) for the rat tail collagen coatings, MDA-MB-231, and 
PCAFs LC-MS/MS data, respectively. Variable modifications include 
proline hydroxylation (P; mass delta 15.9949), asparagine & glutamine 
deamidation (NQ; mass delta 0.984016), and methionine oxidation (M; 
mass delta 15.9949). FragPipe search settings included a peptide false 
discovery rate (FDR) threshold of 0.01, protein FDR threshold of 0.01, 
and probability threshold of 0.5.
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