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Significance

Chemical fixation has been 
widely used in the last decades, 
allowing science to unveil the 
complexity of biological 
specimens. However, the lack of 
control over the fixation process 
can lead to cell structure 
alterations. While cryo- fixation 
can offer alternatives, the easy 
and unexpensive chemical 
fixation is often a “necessary 
evil.” To avoid data 
misinterpretation, it is 
paramount to recognize possible 
changes induced by such a 
treatment, especially when fields 
related to cancer investigation 
and therapy are involved. The 
combination of scanning 
electron- assisted dielectric 
microscopy and Raman imaging 
allows an easy detection of 
PFA- induced artifacts, 
emphasizing the differences 
between living and fixed cells. 
The ultimate goal is to provide a 
practical tool ensuring safe data 
analysis for analogous 
specimens.
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Aldehydes fixation was accidentally discovered in the early 20th century and soon 
became a widely adopted practice in the histological field, due to an excellent staining 
enhancement in tissues imaging. However, the fixation process itself entails cell proteins 
denaturation and crosslinking. The possible presence of artifacts, that depends on the 
specific system under observation, must therefore be considered to avoid data misin-
terpretation. This contribution takes advantage of scanning electron assisted- dielectric 
microscopy (SE- ADM) and Raman 2D imaging to reveal the possible presence and the 
nature of artifacts in unstained, and paraformldehyde, PFA, fixed MNT- 1 cells. The high 
resolution of the innovative SE- ADM technique allowed the identification of globular 
protein clusters in the cell cytoplasm, formed after protein denaturation and crosslink-
ing. Concurrently, SE- ADM images showed a preferential melanosome adsorption on 
the cluster’s outer surface. The micron- sized aggregates were discernible in Raman 2D 
images, as the melanosomes signal, extracted through 2D principal component analysis, 
unequivocally mapped their location and distribution within the cells, appearing ran-
domly distributed in the cytoplasm. Protein clusters were not observed in living MNT- 1 
cells. In this case, mature melanosomes accumulate preferentially at the cell periphery 
and are more closely packed than in fixed cells. Our results show that, although PFA 
does not affect the melanin structure, it disrupts melanosome distribution within the 
cells. Proteins secondary structure, conversely, is partially lost, as shown by the Raman 
signals related to α- helix, β- sheets, and specific amino acids that significantly decrease 
after the PFA treatment.

PFA- fixation | MNT- 1 | melanosomes | SE- ADM | Raman imaging

Chemical fixation of culture cells has been known for decades as a method to preserve the 
cell structure in its most fine details, to allow observation through optical or electron 
microscopes (1–3). Aldehydes- based fixatives such as paraformaldehyde (PFA) and glut
araldehyde (GA) are among the most common reagents employed in chemical fixation. 
Aldehydes react with - NH2 or - NH-  groups in proteins to form methylene bridge adducts, 
eventually forming an insoluble network which traps other cell components. However, 
the fixation process is not instantaneous: a redistribution of proteins can occur as long as 
the cell components are not completely immobilized, resulting in clusters not represent
ative of live- cell conditions (4, 5).

The presence of abnormal protein clusters at the cell membrane of fixed cells has been 
proven through confocal laser microscopy (5–7) and atomic force microscopy (AFM) 
(8–11). However, the former requires fluorescent labeling of the proteins and allows 
observing only large objects (>0.3 µm), while the latter provides information about the 
morphology of very restricted areas of the cell membrane, losing track of organization 
inside the cell and at a wider spatial range.

The proteins state and their organization in unlabeled living cells can be investigated 
through the innovative scanning- electron assisted dielectric microscopy (SE- ADM) tech
nique, recently developed by our group (12–15). SE- ADM measurements are performed 
in a conventional scanning electron microscope (SEM). However, the sample holder is 
customized: Liquid samples are sandwiched and sealed between two silicon nitride (SiN) 
films, with one of them further coated by a tungsten (W) film. The W film will absorb 
the electron beam once the sample- holder is placed in the SEM chamber, generating a 
local potential change, which propagates differently in different media. In other words, 
SE- ADM contrast is obtained by harnessing differences in the relative permittivity between 
water and the biological specimen (16). As a result, high- contrast and high- resolution 
imaging is achieved. SE- ADM allowed the investigation of the melanosome morphology 
in living unstained MNT- 1 cells, revealing a toroidal conformation (17).

Melanosome shape and morphology have been thoroughly investigated through electron 
tomography (ET) and four growth stages were identified, with melanin contained only D
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in the most mature melanosomes (stages III, IV) (18, 19). Even 
if extremely informative, ET techniques require cryofixation, an 
expensive method involving several steps that are difficult to 
control. The quality of freezing (vitrification is needed) and sol
vent substitution can affect proteins conformation (20, 21). 
Nonetheless, Cryo- EM stands as an invaluable tool for the struc
tural analysis of proteins and cells, allowing structure determi
nation with atomic, 3D resolutions (22, 23). On the other hand, 
PFA- fixation is largely used in the investigation of proteins loca
tion within the cells, through immunolabeling (5). The afforda
bility and accessibility of chemical fixation methods are points 
of strength to be reckoned: Artifacts can be identified through 
advanced fluorescence microscopy imaging or labeling tech
niques (24, 25), while customized protocols and reagents can 
limit inner cells order disruption (26, 27).

PFA- fixation has been largely used to investigate melanocyte 
structure, as well (28–30).

The study of melanosome location and colocalization with spe
cific proteins are of paramount importance to elucidate the melanin 
formation process and the characteristic of pigmentation- related 
diseases, from congenital disorders to malignant melanoma (31). 
Any disruption of the cells local order, induced by PFA, would 
lead to incorrect information.

In this work we identified specific patterns, that underline 
PFA- induced disruption of MNT- 1 cells local order. SE- ADM 
imaging and confocal raman microscopy (CRM) were combined to 
identify protein aggregation and its effect on the melanosomes dis
tribution within the cells. The comparison between living and 
PFA- fixed cells showed that PFA does not affect the melanin polymer 
itself but alters protein conformation and structure, compromising 

the localization of melanosomes within the cells. Thus, the position 
of melanosomes in PFA- fixed MNT- 1 cells (PFA cells) should be 
interpreted with caution. The effects of PFA on melanosomes’ local
ization are easily identifiable through the combined SE- ADM and 
CRM imaging, making an easily accessible tool for the detection of 
artifacts in PFA- treated cells. The information gained from SE- ADM 
can also be used as a prescreening tool for Cryo- EM imaging, while 
the two imaging methods can be directly compared to investigate 
differences in live/fixed biological specimens.

Results

SE- ADM high- resolution imaging of unstained samples revealed 
new details of protein clusters formed after PFA- fixation of 
MNT- 1 cells. The comparison of living and PFA cells SE- ADM 
images (Fig. 1) shows clear differences. In PFA cells, proteins form 
a thick, crosslinked network in the cell’s cytoplasm (see the area 
in the yellow square, Fig. 1D) that is not observed in living cells 
(Fig. 1A). Higher magnifications showed that the cytoplasm con
tains globular aggregates of denatured, crosslinked proteins. 
Melanosomes, i.e., the 3 to 600 nm black particles in Fig. 1 E and 
F, stick to protein’s surface, partially covering them (see the areas 
circled in yellow). No aggregates were found in living cells (Fig. 1 
B and C). The circular patterns of melanosomes could be easily 
identified also in the Melanin component map of PFA cells: They 
are circled in Fig. 1G; the map was extracted through principal 
component analysis, PCA, of CRM images (see following section). 
Fig. 1H shows a scheme highlighting the inner cells melanosome 
arrangement in living and PFA cells, influenced by the presence 
of protein clusters in the latter case.

Fig. 1. SE- ADM imaging of living (A–C) and PFA (D–F) MNT- 1 cells. Globular protein clusters are circled in yellow in (E and F). (G) Melanin component map in PFA 
cells, extracted from PCA of CRM images: melanosomes are arranged in circular patterns, as well; (H) 2D scheme of proteins and melanosomes distribution in 
live and PFA cells; (I) Melanosomes abundance (number of melanosomes per µm2) in live and PFA cells. Scale bar in (A and D) is 20 µm. Scale bar in (B, C, E, and F)  
is 2 µm. Scale bar in (G) is 5 µm.D
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Besides, in PFA cells, the presence of aggregates leads to an 
increase of the average distance between melanosomes. In other 
words, the number of melanosomes/µm2 is significantly higher  
(P < 0.01) in living cells. From SE- ADM images, we counted  
1.5 ± 0.3 and 0.8 ± 0.1 melanosomes/µm2 for living and PFA cells, 
respectively (Fig. 1I). In the following sections, PFA- induced alter
ation of melanosome distribution, melanin, and protein structures 
will be assessed.

Melanosome Distribution. The melanosome’s location was 
obtained from CRM imaging, and in particular from the analysis 
of 2D maps obtained in different areas of living MNT- 1 cell 
cultures. Raman spectra were acquired at low laser intensity and 
acquisition time, to avoid melanin particles disruption and the 
consequent increase of background fluorescence. Melanin signal 
could be easily identified among those registered inside cells, being 
the most intense. More specifically, the melanin polymer features 
two characteristic Raman bands, centered at approximately 1,380 
and 1,584 cm−1 (17, 32, 33). These bands can be compared to 
the Raman signals of graphite, a carbonaceous layered material 
that shares with melanin characteristic structural features (34, 
35). As Raman spectra of cells are extremely complex, the most 
relevant signals, mainly related to melanin, were initially isolated 
by implementing PCA on Raman 2D maps. Additional details 
about PCA are reported in Materials and Methods.

The most representative components extracted through this 
method feature the characteristic melanin peaks (SI Appendix, 
Fig. S1), for both living and PFA cells. The most intense peak is 
centered around 1,584 to 1,592 cm−1; a second peak is approxi
mately centered at 1,380 cm−1. Fig. 2 shows the optical images 
(Fig. 2 A, D, G, and J) and the PCA- extracted melanin component 
(i.e., the most representative component extracted from each data
set, Fig. 2 B, E, H, and K) in living and PFA cells.

The original Raman spectra showed that the 1,380 cm−1 band 
is characterized by sharper peaks, centered at approximately at 
1,331 to 1,335, 1,351, and 1,404 to 1,412 cm−1. They can be 
related to melanin indole C–N, C–N–C vibrations, and pyrrole 
ring stretching, respectively (33).

The I1584/I1331 ratio (Fig. 2 C, F, I, and L), calculated from the 
PCA reconstructed signals (SI Appendix, Fig. S1), was used to trace 
areas where melanin is more closely packed, i.e., to localize mature 
melanosomes.

These two specific bands were chosen since they are easily iden
tifiable, being 1,584 cm−1 one of the most intense and recurrent 
melanin signals, while 1,331 cm−1 is characteristic of the indole 
ring vibration (33, 36) and lower polymer packing (35). Fig. 2 
suggests that, in living cells, mature melanosomes are preferentially 
located at the cell membrane (see also SI Appendix, Fig. S2, in 
which the 1,584 cm−1 signal is mapped in three samples of live 
and PFA cells).

Fig. 2. Living (A–F) and PFA (G–L) cells optical images and CRM mapping. (A, D, G, and J) Optical microcopy images, in areas where Raman mapping was performed; 
(B, E, H, and K) Melanin component, extracted through PCA; (C, F, I, and L) Normalized map of intensity, showing I1584/I1331 ratio in PCA reconstructed spectra. 
The right panel shows the magnifications of I1584/I1331 maps areas. Scale bar in (A, D, G, and J) is 20 µm. Scale bar in (B, E, H, and K) is 5 µm. Scale bar in (B and C), 
(E and F), (H and I), and (K and L) are the same.D
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However, PFA cells melanosomes show a different distribution. 
In this case, mature melanosomes, characterized by a high I1584/
I1331 ratio (red spots in Fig. 2 I and L), are localized both in the 
internal areas of the cytoplasm and at the membrane. In I1584/I1331 
maps, some circular arrangements of melanosomes, signaling pro
tein clusters, can be identified (see magnifications of Fig. 2 I and 
L, Right panel in Fig. 2) and compared to those in Fig. 1. Such 
patterns were not found in living cells (see magnifications of Fig. 2 
C and F, Right panel in Fig. 2). These observations are reproduc
ible for different cell cultures and in different culture areas, ruling 
out possible artifact in the experimental data obtained with 
SE- ADM images from living and PFA cells.

Melanin Structure. The above SE- ADM and CRM imaging results 
show that the distribution of melanosomes is altered by fixation. To 
further support this point, Raman spectra were analyzed more in 
detail. As the PCA- reconstructed signal is only a rough approximation 
of the original signal, the original datasets were further analyzed. More 
specifically, we focused our attention on the 1,570 to 1,620 cm−1 
range (most intense melanin peaks). Specific signals can be associated 
with different “states” of the melanin polymer; therefore, they can 
ultimately provide information on melanosomes’ degree of maturity 
in specific cell areas. As already pointed out by PCA, melanosomes 
are characterized by two main signals, associated with the melanin: 
1,584 cm−1 and 1,592 cm−1. Both signals have been largely reported 
in the literature as the main Raman signals of melanin, from synthetic 
and natural sources (17, 34, 37–40). However, other two recurring 
signals were also identified at 1,572 and 1,619 cm−1, probably 

indicating defects or holes in a dense polymer matrix (38, 41, 42). 
In addition to the previous absorption, a signal at 1,292 cm−1, related 
to the precursor 3- 4 dihydroxyphenilalanine (DOPA), was detected 
(38). Fig. 3 shows 3D maps of the above- mentioned signals (1,572, 
1,584, 1,592, and 1,619 cm−1 for melanin, 1,292 cm−1 for DOPA) 
in a live cell culture. In general, signals are more intense at the cell 
membrane.

Melanin signals in PFA cells were sorted by using the same 
approach (Fig. 4). SI Appendix, Table S1 reports the average relative 
intensity of melanin- related signal in specific points of several sample 
maps (see Figs. 3F and 4F as examples), calculated as a ratio to the 
main 1,584 cm−1 peak. About 75 spots were probed in 13 samples, 
while spots at the cell membrane and in the cytoplasm were con
sidered separately. Data in SI Appendix, Table S1 show that 1,584 
and 1,592 cm−1 are the most intense signals in all probed areas. This 
is expected, as they are generic melanin signals. In living cells, 1,572 
and 1,619 cm−1 signals show the same trend with higher intensity 
at the membrane. Moreover, 1,572 cm−1 signal is significantly higher 
(P < 0.05) in PFA than live cells cytoplasm (SI Appendix, Table S1) 
suggesting that the concentration of highly packed, defected mela
nin in the cytoplasm increases after fixation.

To explore this finding, the signals were further analyzed. 
Specifically, the 1,572 to 1,619 and 1,584 to 1,592 cm−1 pairs 
were considered separately. The paired signals were normalized to 
their total intensity, ITOT = I1572 + I1584 + I1592 + I1619 cm−1 
(SI Appendix, Table S2). As the 1,572 to 1,619 cm−1 pair indicates 
closely- PaCKed melanin its normalized intensity will be herein
after referred to as IPCK (IPCK = I1572+1619/ITOT). On the other hand, 

Fig. 3. 3D CRM maps of specific melanin- related signals in living cells. (A–D) Melanin polymer signals; (E) DOPA (precursor) signal; black scale bar: 10 µm. (F) 
Points of sampling for signals comparison. White scale bar: 5 µm.D
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the intensity of the Generic Melanin signals 1,584 to 1,592 cm−1 
will be indicated as IGM (IGM = I1584+1592/ITOT).

Fig. 5 shows IPCK and IGM trends in living and PFA cells. Cells 
were probed in the cytoplasm and at the membrane (see Figs. 3F 
and 4F as examples of probing spots). In living cells, IPCK is 
significantly higher at the membrane than in the cytoplasm 
(Fig. 5A, P < 0.01); conversely, IGM is significantly higher in the 
cytoplasm (Fig. 5C, P < 0.05). Such difference was not found in 
PFA cells (Fig. 5 B and D), highlighting that highly packed, 
defected melanin can be found both at the membrane and in the 
cytoplasm of PFA cells, or preferentially accumulating at the 
membrane of living cells. This suggests that IPCK signals the pres
ence of mature melanosomes.

The local abundance of the precursor DOPA (IDOPA = I1292/
I1292+1619) with respect to the mature polymer (IMature Mel = I1619/
I1292+1619) was evaluated in the cytoplasm of living cells. More 
specifically, high Raman signal (HS) and low Raman signal (LS) 
areas were considered separately (Fig. 5 F and G). As a matter of 
fact, IDOPA is higher than IMature Mel (P < 0.01) in LS spots, while 
the opposite occurs in HS areas.

Proteins Structure Alteration. Since we have shown that protein 
denaturation occurs due to PFA fixation, protein Raman signals 
are expected to change.

Raman spectra of MNT1 cells are extremely complex, displaying 
hundreds of signals; several protein signals overlap with those of 
melanin, and a complete separation of each contribution is not 

trivial. Nevertheless, recurrent peaks, not related to melanin but 
colocalized with melanosomes, were detected in the spectra. Several 
signals were identified. Peaks at 1,212 + 1,572, 1,212 + 1,552, and 
1,212 + 1,615 cm−1 can be associated with His, Trp, and Tyr, 
respectively (43–48). Then, 1,572 and 1,616 cm−1 signals are 
superimposed to melanin signals (see previous sections). Generic 
protein signals at 1,550, 1,265, and 1,456 cm−1 can be related to 
Amide II, Amide III, and C–H stretching (both proteins and 
lipids), respectively (49, 50). Then, 1,265 and 1,552 cm−1 signal 
maps are shown in SI Appendix, Fig. S3.

Proteins- melanosomes colocalization is expected for different 
proteins, the most important being Pmel17 and TYRP1 (51, 52). 
According to the literature, Raman signals referable to Pmel17 
were found at 1,552 (Trp), 1,248, and 1,655 to 1,665 cm−1 
(β- sheet conformation) (49, 53). TYRP1 is characterized by a 
transmembrane α- helix domain (54), with signals at approxi
mately 1,270 cm−1 (55) and in the 1,650 to 1,655 cm−1 range 
(56). Moreover, zinc domains (54) may give rise to a peak around 
420 cm−1 (57). Intensity maps of 1,248, 1,270, and 420 cm−1 
peaks are shown in SI Appendix, Fig. S4.

Fig. 6 A–F show the intensity maps, probed in the whole cells, 
of the signals related to His–Trp–Tyr, proteins–lipids backbone, 
and α- helix—β- sheet conformation of Pmel17 and TYRP (1,212, 
1,456, and 1,655 cm−1, respectively).

Signals normalized to the 1,584 cm−1 melanin peak were com
pared, and those significantly different are shown in the bar plots 
(Fig. 6 G and H; IHis- Trp- Tyr = I1212/I1584, Iα- helix- β- sheet = I1655/I1584).

Fig. 4. 3D CRM maps of specific melanin- related signals in PFA cells. (A–D) Melanin polymer signals; (E) DOPA (precursor) signal; black scale bar: 10 µm. (F) Points 
of sampling for signals comparison. White scale bar: 5 µm.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

A
 D

E
G

L
I 

ST
U

D
I 

D
I 

FI
R

E
N

Z
E

, B
IB

L
IO

T
E

C
A

 B
IO

M
E

D
IC

A
" 

on
 A

pr
il 

30
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
0.

21
7.

25
1.

65
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2308088120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308088120#supplementary-materials


6 of 9   https://doi.org/10.1073/pnas.2308088120 pnas.org

PFA- fixation leads to a general decrease of signal intensity: both 
IHis- Trp- Tyr and Iα- helix- β- sheet are lower in PFA cells (Fig. 6 G and H). 
As expected 1,456 cm−1 signal, simply related to proteins and 
lipids concentration, does not vary significantly after fixation 
(SI Appendix, Table S2).

Discussion

In this work, melanosome distribution and MNT- 1 cells protein 
structure alterations, following PFA- fixation, were investigated. 
SE- ADM and confocal Raman imaging revealed the formation of 
micron- sized, globular aggregates, due to crosslinking of denatured 
proteins. The adsorption of melanosomes on the surface of such 
aggregates caused a disruption in the melanosome distribution 
within the cell. As a matter of fact, the formation of protein clusters 
after chemical fixation has already been observed through confocal 
laser microscopy (5–7) and AFM (8–11). However, while confocal 
microscopy required protein labeling, AFM allowed only the inves
tigation of the external morphology of the cell membrane, leaving 
proteins organization in the cytoplasm unexplored. The SE- ADM 
method allows the direct observation of unstained samples in both 
fixed and live conditions. The comparison of SE- ADM and CRM 
images allowed the identification of clusters also in the PCA- 
extracted melanin components of fixed cells. Such aggregates were 
not detected in living MNT- 1 cells. Therefore, Raman 2D imaging 
can be used as an easy diagnostic tool, to get a prompt response 
about inner cells alterations due to chemical fixation in melano
cytes. PFA alteration to melanosomes distributions, melanin, and 
proteins structures were investigated sequentially.

Melanosomes Distribution and Melanin Raman Signals. Melano
somes go through four different growth stages (18, 19, 58, 
59). Melanin is contained only in the latter stages: in type III 

melanosomes, it forms a layered structure, while in type IV, it is 
arranged in a closely packed, dense matrix (18, 60–62). Mature 
melanosomes are transported, trough the cytoskeleton, to the 
cell membrane, accumulating in the cell peripheral areas (63). As 
melanin can be easily identified through SE- ADM and CRM, we 
focused our attention on type III–IV melanosomes.

Melanin Raman signal was initially identified and isolated by 
implementing PCA on Raman maps: two bands, centered at 
1,584 to 1,592 cm−1 and about 1,380 cm−1, emerged. The 1,584 
cm−1 signal can be related to the C=C in- plane vibrations of the 
aromatic structures constituting the polymer. This absorption is 
referred to as G band in the literature (from Graphite, that shares 
some structural features with melanin). The 1,380 cm−1 is referred 
to as D band and can be linked to loosely packed melanin chains, 
i.e., to younger melanosomes (35). In general, the lower the pol
ymer packing, the higher the D band intensity (41). Therefore, 
the IG/ID ratio was used to gain information about the degree of 
melanin local packing inside melanosomes, i.e., the melanosomes’ 
growth stage. The D band was further analyzed in the original 
spectra that report sharper peaks centered at approximately 1,331 
to 1,335, 1,351, and 1,404 to 1,412 cm−1. They can be related 
to melanin indole C–N, C–N–C vibrations and pyrrole ring 
stretching (33). The I1584/I1331 signals ratio (Fig. 2 C, F, I, and L) 
in living and PFA cells CRM maps indicated the areas where 
closely packed melanin was localized, i.e., the mature melano
somes. Mature melanosomes preferentially accumulate at the 
membrane in living cells. This is due to the active transport, 
through microtubule motors, from the perinuclear to peripheral 
areas (51, 61, 64). In PFA cells, after protein denaturation and 
crosslinking, active transport no longer occurred. As a result, 
melanosomes are evenly distributed in the cytoplasm and at the 
membrane.

Fig. 5. Relative intensity of (A–E) melanin closely packed chains (ICP) and generic (IMel) signals in living and PFA cells and (F and G) Relative abundance of DOPA 
precursor (1,292 cm−1) and mature melanin (1,619 cm−1) in the cytoplasm of live cells. Error bars show the SDs. Signals marked by stars are significantly different: 
*(P < 0.05), **(P < 0.01).
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A deeper analysis of melanin G band (Raman signals in the 1,572 
to 1,619 cm−1 range) showed that melanin itself is not affected by 
PFA, as the signals characterizing mature melanosomes in live and 
PFA cells are the same. More specifically, two signal pairs were con
sidered: IPCK and IGM, indicating closely packed melanin and a 
generic melanin signal, respectively. In living cells, IPCK is more 
intense at the membrane than in the cytoplasm. No difference in 
IPCK intensity was detected when the same areas were probed in PFA 
cells. As a matter of fact, IPCK can be related to an increased number 
of structural defects (38, 41, 42), which occur when melanin is 
highly packed and concentrated, i.e., in mature melanosomes. IPCK 
intensity does not significantly vary at the membrane of live and 
PFA cells and in PFA cells cytoplasm. As mentioned above, the active 
transport in living cells drives mature melanosomes toward the mem
brane; therefore, the inner areas of the cytoplasm are expected to be 
richer in younger melanosomes and melanin precursors. The analysis 
of IDOPA and IMature Mel signals in the cytoplasm (Fig. 5 F and G)  
supported this hypothesis, as higher concentrations of DOPA were 
not colocalized with the most mature melanosomes.

Proteins Structure. Formaldehyde is known to react with proteins 
(65, 66) and lipids (67, 68), forming an insoluble network which 
traps other cell components. Tyrosine rings are among the most 
reactive moieties, followed by phenylalanine and tryptophan (66). 
Therefore, being tyrosine also one of the precursors of melanin, 
melanosome environment is expected to be significantly affected 
by PFA fixation. Moreover, protein denaturation implies the 
disruption of proteins’ secondary structures. Pmel17 and TYRP1, 
two of the most important proteins (51, 52) colocalized with 
melanosomes, are characterized by β- sheet (49, 53) and α- helix 
(54) domains.

Our data show that PFA fixation led to an intensity loss of all 
the above- mentioned protein signals. From the previous arguments, 
it could be argued that protein denaturation, PFA- crosslinking, 
and α- helix–β- sheet unfolding occurred. As a result, melanosomes 
that were being transported toward the cell membranes through 
the fibrils ended up being trapped in a network of denatured and 
crosslinked proteins, located in random areas of the cells; this alters 
melanosome distribution in PFA- treated cell cultures. On the other 
hand, Raman signals related to protein backbone remained unal
tered: a lower chemical reactivity toward PFA is expected in this 
case.

PFA- fixation is still widely used to immobilize cell cultures, 
being a readily accessible, low- cost method. Our results, far from 
invalidating the method itself, suggest that in specific circum
stances (such as the presence of solid- like, nanometric particles 
inside the cytoplasm) surface energies may drive the rearrange
ments of the cells’ inner structure. Such phenomenon must be 
considered to avoid data misinterpretation not only in the imaging 
of melanocytes but also in the investigation of solid- like nanocar
riers or nanoparticles (e.g., for specific cell therapies) location 
within cells.

Furthermore, our approach is promising to investigate cell 
properties in live specimens in general: The high resolution of 
SE- ADM technique allows the investigation of biological mech
anisms in unstained systems.

Conclusions

In this paper, we used the innovative SE- ADM technique to unveil 
the proteins state and their organization in unlabeled living cells, 
and Raman 2D imaging to confirm the possible presence and the 

Fig. 6. (A–F) 3D Raman maps of specific protein signals (ratio to 1,584 cm−1 signal) in living and PFA cells: (A and B) His–Trp–Tyr related signal; (C and D) Generic 
protein/lipid signal; (E and F) β- sheet–α- helix related signal. (G and H) Comparison of His–Trp–Tyr and β- sheet–α- helix signals in live and PFA cells. Error bars 
show the SDs. **(P < 0.01). (Scale bar: 10 µm.)
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nature of artifacts in unstained, and paraformaldehyde, PFA, fixed 
MNT- 1 cells. To the best of our knowledge we demonstrated for 
the first time that the paraformaldehyde fixation practice, com
monly used in the histological field, might produce significant cell 
structure alteration in MNT- 1 cells, as chemical fixation disrupts 
melanosomes distribution within the cells without affecting the 
melanin structure. Proteins secondary structure is partially lost. 
The high- resolution SE- ADM images suggest that this technique 
would be a suitable low- cost and easily accessible tool for the 
prescreening of fixed biological specimens. Moreover, these find
ings are of paramount importance to elucidate the melanin for
mation process and the characteristic of pigmentation- related 
diseases, from congenital disorders to malignant melanoma, and 
in general in the characterization of all the biological systems 
where fixation is routinely employed.

Materials and Methods

MNT- 1 Cell Cultures. MNT- 1 human melanoma cell line (61) was obtained 
from American Type Culture Collection (ATCC) (CRL- 3450). MNT- 1 cells were 
 cultured in D- MEM (Thermo Fisher Scientific #11995065) containing 10 % AIM- V 
(Thermo Fisher Scientific #31035025), 10% MEM NEAA (Thermo Fisher Scientific 
#10370021), and 20% fetal bovine serum (Thermo Fisher Scientific), at 37 °C, 
under 5% CO2. Cells (4 × 104, 1.5 mL/dish) were seeded in dish holders or glass 
bottom dishes, 4 d before Raman or SE- ADM imaging.

SE- ADM. The SE- ADM used in the current study is a handmade system. It was 
connected to a field- emission SEM (SU5000, Hitachi High- Tech Corp., Japan). 
A hand- made liquid sample holder was mounted into the SEM chamber, while 
the detector terminal was connected to a preamplifier under the holder (15, 
16). The preamplifier electrical signal was fed into the SEM external input. SEM 
images (1,280 × 1,020 pixels) were acquired at 2,000 to 20,000× magnifi-
cation. Scanning time was set to 40 s, working distance to 7 mm, with an EB 
acceleration voltage of 6 to 10 kV and a current of 1 to 10 pA. High- resolution 
SE- ADM images were processed from the LPF signal and scanning signal 
using the image- processing toolbox of MATLAB R2021a (Math Works Inc.). 
The original SE- ADM images were filtered using a 2D Gaussian filter (GF) with 
a kernel size of 11 × 11 pixels and a radius of 1.2 s. Background subtraction 
was achieved by subtracting SE- ADM images from the filtered images using 
a broad GF (400 × 400 pixels, 200σ). Melanosomes in SE- ADM images were 
counted through Fiji- Image J “Particle Analysis” tool. Seven images per sample 
were analyzed.

Melanosomes Extraction from MNT- 1 Cells. MNT- 1 cells (5 ×106) were sus-
pended in water (1 mL) and sonicated for 6 h. Then, they were centrifuged by a 
5.0- µm Poly Vinylidene DiFluoride (PVDF) centrifugal filter (Ultrafree Centrifugal 
Filter UFC30SV00, Merk Millipore) at 12,000 rpm for 5 min. The pellet was har-
vested, suspended in water (5.0 µL), and observed through CRM and SE- ADM. 
For the extraction of melanosomes from fixed cells, cells were fixed by 4% PFA 
(FUJIFILM Wako Pure Chemical Co.) for 10 min and washed twice before the 
sonication. SE- ADM images, shown in SI Appendix, Fig. S5, prove the successful 
extraction of melanosomes from both living and PFA- fixed cells.

CRM. MNT- 1 cell cultures were prepared in a glass- bottomed dish (Matsunami 
glass Ltd.). The dish, containing also the culture medium, was sealed with a 
handmade glass lid and set in the field of the Raman microscope. Raman imag-
ing was performed through a Raman Confocal microscope, equipped with a 
532 nm Nd:YAG laser (alpha300R, WITech). Raman signal was acquired with a 
Peltier- cooled charge- coupled device detector (DV401- BV, Andor, UK) featuring 
600 gratings/mm (UHTS 600, WITec). Raman spectra were acquired at very 
low laser power (0.2 mW) with a 4.5 cm−1 accuracy to reduce the measuring 
time, a critical parameter to avoid melanin disruption. For Raman mapping, 
24 × 24, 30 × 30, 50 × 50 μm areas were probed, 120 × 120 pixel. 50× 
objective lens was used, with a 0.2 mW laser power. Raman 2D maps consist 
of 10,000 to 40,000 spectra. The probing area did not affect the accuracy of 
spot sampling as the size of the laser spot remained constant (diameter of 
approximately 400 nm).

Raman maps were analyzed through the WITec suite (version 5.0, Lab Co.). 
Cosmic rays removal, smoothing (Average, window: 4 points), and background 
subtraction were performed. MATLAB R2021a was used to plot signal maps and 
spectra. Single spectra were extracted from maps to compare the signal com-
position in specific cell areas. Data extracted from images with different areas 
did not differ significantly. Datasets were tested through the two- tailed t test, 
assuming different variances.

PCA. The WITec suite also features 2D PCA analysis. PCA was run independently 
on each dataset, to preserve the inner variability of melanocytes samples. PCA was 
used to reduce data dimensionality, achieving an oversimplification of Raman 
spectra (in the “reconstructed” signal), useful to identify the most representative 
peaks, characteristic of melanin. Moreover, the S/N ratio improved, allowing the 
identification of melanosomes shape and distribution within the cells.

Details of PCA data processing are given below and exemplified by SI Appendix, 
Fig. S6.

SI  Appendix, Fig.  S6A shows 250 of the 22,500 Raman spectra randomly 
extracted from an original 2D Raman map (PFA- fixed cell sample in Fig. 2, third 
row), after cosmic rays removal, smoothing, and subtraction. In spite of spectra 
complexity, peaks around 1,380 and 1,580 cm−1 are evident, signaling the pres-
ence of melanin. The 2D map in the 1,560 to 1,630 cm−1 range, SI Appendix, 
Fig. S6B, shows low S/N ratio, preventing a clear identification of melanosomes 
within the cell. Principal components, extracted through PCA, are plotted in 
SI Appendix, Fig. S6C. Component 1 (Comp1, green solid line) is the most rep-
resentative of melanin polymer signals. Such a profile is strictly comparable to 
Raman spectra acquired on purified melanosomes, extracted from living and 
PCA- fixed cells (SI Appendix, Fig. S6 D and E, respectively). Here, prominent peaks 
at about 1,331 and 1,584 cm−1 clearly emerge, among many others. Then, 3 to 5 
PCA components were considered for each dataset, chosen in accordance to the 
Scree plot. PC maps associated with Comp1, 2, and 3 are shown in SI Appendix, 
Fig. S6 F–H, respectively. In Comp1 map, melanosome shapes and arrangement 
can be clearly distinguished. For illustrative purposes only, Comp1 map (i.e., the 
map related to the main principal component, ascribed to melanin) was referred 
to as “melanin component” in Fig. 2 and throughout the text.

SI Appendix, Fig. S6I shows 250/22,500 PCA reconstructed spectra, match-
ing those reported in SI Appendix, Fig. S6A. Reconstructed spectra are an over-
simplification of the original signals, but peaks associated with melanin can be 
clearly identified. The calculation of the I1584/I1331 ratio from reconstructed spectra 
allowed a first coarse, but fundamental step of data analysis. The 2D map of the 
reconstructed signal (1,560 to 1,630 cm−1 range, SI Appendix, Fig. S6J) shows a 
significantly higher S/N ratio than the original data map (SI Appendix, Fig. S6B), 
allowing the identification of melanosomes within the cell.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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