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Summary 
This study aimed to identify neutrophil membrane characteristics that could serve as clinical biomarkers 

for the development of infectious complications in newborns. 
Materials and Methods. Neutrophils isolated from healthy donors were used as a model system. The cells 

were incubated with plasma samples (S) isolated from blood of newborns categorized into three groups: ap-
parently healthy (normal) (NS) (N=6), with localized infection (LIS) (N=7), and with generalized 
infection (GIS) (N=8). We assessed cellular morphology and membrane roughness before and after stimula-
tion with phorbol 12-myristate 13-acetate (PMA) using fluorescence and atomic force microscopy. We quan-
tified nuclear and membrane surface areas, the intensity of neutrophil extracellular trap (NET) formation, 
and membrane arithmetic average roughness (Ra). 

Results. A standardized protocol for neutrophil preparation and evaluation was developed. Optimal incu-
bation conditions were established; 1% bovine serum albumin (BSA) yielded minimal background activation. 
Dose-dependent activation of neutrophils by PMA was observed in the presence of 1% plasma. PMA stimula-
tion significantly increased nuclear area (P�0.001), membrane area (P�0.001), and Ra (P�0.001), regardless of 
plasma sample group. The most significant changes occurred in neutrophils incubated with plasma from the 
GIS group. Generalized infection was associated with enhanced NET activation, which may contribute to the 
pathogenesis of thrombotic complications in neonatal sepsis. 

Conclusion. Microscopy-based neutrophil characteristics are promising biomarkers for evaluating infec-
tion including sepsis in newborns. 
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Introduction 
Inflammation is a universal pathological process 

triggered by infectious agents, mechanical or thermal 
injury, or major surgical interventions [1,2]. According 
to the epidemiological data from 2019–2020, the 
incidence of sepsis in the European region is ap-
proximately 750 cases per 100,000 people in devel-
oped countries [3]. 

Neonatal sepsis remains a major medical con-
cern due to its high mortality rate and poor response 
to treatment. This is largely attributed to the im-
maturity of the innate immune system, which in-

cludes impaired functional activity of neutrophils 
and monocytes [4–6]. 

Studies have shown that, in cases of neonatal 
sepsis and multi-organ failure of mixed etiology, 
there is increased expression of CD64 and decreased 
expression of CD16 on neutrophils, which is an im-
portant diagnostic biomarker [7]. 

Stimulating neutrophils with physiological and 
pharmacological agents, such as hydrogen peroxide, 
lipopolysaccharides (LPS), phorbol 12-myristate 
13-acetate (PMA), and calcium ionophore A23187, 
enhances their effector functions and induces sig-
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nificant morphological changes, including transi-
tioning from spherical to flattened shapes. This 
transformation is a critical component of the cell's 
adaptation to its protective role [8–13]. 

Recent studies have demonstrated that septic 
serum profoundly impacts neutrophils by inducing 
their activation and apoptosis and altering their 
functional properties [14, 15]. 

These findings underscore the importance of 
investigating modulatory factors that could mitigate 
the harmful effects of septic serum on neutrophils, 
with the ultimate goal of developing novel therapeutic 
approaches to sepsis [16]. 

In the present study, we performed a thorough 
analysis of neutrophil alterations using advanced 
microscopy techniques. 

Despite the considerable existing research, 
many structural and functional aspects of neutrophils 
remain poorly understood. Modern optical methods 
are limited in their ability to elucidate neutrophil 
function and investigate intracellular processes [14]. 

In recent years, atomic force microscopy (AFM) 
has become increasingly utilized for investigating 
biological samples [17, 18], particularly cells [19–22]. 
AFM provides a distinct advantage by enabling the 
acquisition of topographic images alongside high-
resolution maps of the physical properties of the 
cell surface [23, 24], making it a powerful tool for 
identifying biophysical markers. 

This study aimed to identify neutrophil mem-
brane characteristics that could serve as clinical 
biomarkers for the development of infectious and 
septic complications in neonates. 

Materials and Methods 
Neutrophils were isolated from the peripheral 

blood of a healthy adult donor. All experimental 
procedures, including the collection and analysis 
of biological samples, were conducted in strict ac-
cordance with international ethical standards, in-
cluding the 2000 Declaration of Helsinki on prin-
ciples of medical research and the 1999 Council of 
Europe Convention on Human Rights and Bio-
medicine. This study was conducted in accordance 
with the regulatory framework and protocols of 
the Federal Research and Clinical Center of Intensive 
Care Medicine and Rehabilitology (protocol no. 427, 
dated October 17, 2023) and was approved by the 
Speransky Children’s City Clinical Hospital No. 9's 
local ethics committee (protocol no. 45, dated May 
31, 2022). 

For neutrophil isolation, freshly collected donor 
blood was layered onto a two-step Ficoll gradient 
(Paneco, Russia) with densities of 1.119 g/cm³ and 
1.077 g/cm³. Centrifugation was performed at 400×g 
for 40 minutes at room temperature. The resulting 
fraction containing neutrophils and residual ery-
throcytes was collected. The erythrocytes were lysed 

in ice-cold water for 30 seconds and then double-
strength phosphate-buffered saline (PBS) was added 
to restore osmotic balance [25, 26]. The isolated 
neutrophils were resuspended in PBS for counting. 
Light microscopy confirmed that the neutrophil 
purity exceeded 98%, and cell viability, as assessed 
by trypan blue exclusion, was greater than 96%. 

Experiments were conducted in 24-well plates 
with sterile, round coverslips in each well. To promote 
cell adhesion, 2×10⁵ neutrophils were resuspended 
in RPMI 1640 medium (Paneco, Russia), supple-
mented with 10 mM HEPES (Paneco, Russia). The 
cells were then allowed to adhere to the coverslips 
for 30 minutes at 37°C in a 5% CO₂ atmosphere. 

In all experiments, plasma samples were ob-
tained from three groups of neonatal patients: 

• NS (normal sample): apparently healthy 
neonates without confirmed infectious or inflam-
matory complications (N=6); 

• LIS (localized infection sample): neonates 
with laboratory- and imaging-confirmed localized 
infection and no signs of organ dysfunction (N=7); 

• GIS (generalized infection sample): neonates 
with a confirmed infection focus and organ dys-
function (pSOFA score�8) (N=8). 

A total of 21 plasma samples were analyzed. 
A preliminary experiment was performed to 

optimize the culture medium. The basal medium 
(RPMI 1640 + 10 mM HEPES) was compared to the 
same medium supplemented with 1% fetal bovine 
serum (FBS), 1% heat-inactivated FBS (hiFBS), or 
1% bovine serum albumin (BSA) (all from Paneco, 
Russia). The incubation time was three hours. Based 
on the results, the basal medium was selected as 
RPMI 1640 supplemented with 10 mM HEPES and 
1% BSA for subsequent experiments. 

To determine the optimal plasma concentra-
tion, the basal medium was supplemented with 
1%, 10%, or 50% plasma from apparently healthy 
neonates. The cells were then activated with 25nM 
PMA for three hours. 

To optimize the activator concentration, 1%, 
10%, or 50% normal or septic plasma was added to 
the basal medium. Then, the cells were activated 
with PMA at concentrations of 5, 10, or 25 nM for 
three hours. 

In the main experiment, neutrophils were in-
cubated in the basal medium supplemented with 
1% plasma from each patient group. To assess acti-
vation, the cells were stimulated with 25nM PMA. 
The incubation period was three hours. 

After the incubation period, the cells were 
fixed with 4% paraformaldehyde at 37°C for 30 min-
utes, followed by three washes with 1× PBS. 

Neutrophil morphology and surface roughness 
were assessed using atomic force microscopy (AFM). 
Prior to scanning, the samples were washed three 
times with distilled water for 30 seconds each to re-
move residual salts and then dried in a Jeio Tech 
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VDC-11U vacuum desiccator at a pressure of 1×10–³ 
MPa for one hour. 

To acquire 2D and 3D images, we performed 
AFM scanning in semicontact mode using NTEGRA 
Prima and NTEGRA BIO microscopes (NT-MDT SI, 
Russia). NSG01 cantilevers (NT-MDT SI, Russia) 
with a spring constant of 5 N/m and a tip radius of 
10 nm were used. Scanning was conducted at various 
settings: scan areas of 100×100 µm² and 2×2 µm², 
with 512 data points, and a scanning frequency 
ranging from 0.3 to 0.7 Hz. 

Image analysis was performed using Gwyd-
dion  2.65 and Image Analysis software (NT-MDT 
SI, Russia). The surface roughness (Ra) of the cells 
was quantified using a cutoff value of 0.440 µm to 
ensure maximum sensitivity and consistent analysis 
of all images obtained. 

Widefield fluorescence microscopy was em-
ployed to evaluate neutrophil activation and measure 
the area of the cell membrane and nucleus. Imaging 
was performed using a Leica Microsystems (Germany) 
Thunder microscope equipped with an LED excitation 
source and a ×63 oil-immersion objective. 

Image processing was performed using LAS X 
software (Leica Microsystems, Germany) and ImageJ 
[29]. ImageJ was used specifically for quantitative 
analysis of cell activation and measurement of cel-
lular structure areas. 

For widefield fluorescence microscopy, the 
cells were fixed and permeabilized in a solution of 
0.05% Triton X-100 (Sigma, USA) in PBS for five 
minutes at 4°C. The cells were then washed with 
PBS and incubated with 3% BSA to block non-
specific binding. 

DNA was stained with 1:1000 diluted Hoechst 
33342 (Sigma, USA) in PBS and incubated for 30 min-
utes. Neutrophil membranes were visualized using 
a 1:500 dilution of Alexa Fluor 594-conjugated wheat 
germ agglutinin (WGA; Thermo Fisher Scientific, 
USA), and F-actin was stained with a 1:1000 dilution 
of Alexa Fluor 488-conjugated phalloidin (Thermo 
Fisher Scientific, USA). All staining steps were per-
formed in the dark. After staining, the coverslips 
were washed three times with PBS, mounted onto 
microscope slides, and fixed using ibidi mounting 
medium (ibidi, Germany). 

Statistical analysis was conducted using Orig-
inPro 2019 (OriginLab Corporation, USA). Quan-
titative data were expressed as the median (Me) 
and interquartile range (Q1; Q3). The Shapiro–
Wilk test was used to assess the distribution of 
variables. Since most parameters did not follow a 
normal distribution, nonparametric methods were 
employed. The Mann–Whitney U test was used to 
compare two independent groups and the Wilcoxon 
signed-rank test was used for paired data. The 

Fig. 1. Fluorescence images of neutrophils under different incubation conditions: effect of medium components (a) and plasma 
concentration (b). 
Note. Blue indicates the nucleus, green indicates F-actin, and red indicates the membrane. Scale bar: 20 µm. FBS — fetal bovine 
serum; hiFBS — heat-inactivated fetal bovine serum; BSA — bovine serum albumin; NS — serum from apparently healthy (normal) 
newborns. 



Kruskal–Wallis test was used to compare three in-
dependent groups, followed by a Dunn's multiple 
comparison test for post hoc analysis. Differences 
were considered statistically significant at P�0.05 
(two-tailed). 

Results and Discussion 
The initial phase of the study focused on opti-

mizing the experimental conditions for the main 
investigation. The basal medium was RPMI sup-
plemented with HEPES. The goal was to determine 
the appropriate additional components of the medi-
um and the optimal concentrations of neonatal 
plasma and PMA. 

As part of the preliminary experiments, we 
compared the effects of 1% fetal bovine serum (FBS), 
1% heat-inactivated FBS (hiFBS), 1% bovine serum 
albumin (BSA), and the basal medium alone on neu-
trophil status. Neutrophil morphology was assessed 
under each condition. Incubation of neutrophils in 
the basal medium alone resulted in widespread ad-
hesion to the glass surface, indicating premature 
cell activation. Adding 1% FBS, hiFBS, or BSA equally 
suppressed this premature activation (Fig. 1, a). 

BSA at 1% produced the most suitable reduction 
in neutrophil adhesion under our experimental 
conditions. 

To determine the optimal dose of neonatal plas-
ma, we assessed the effect of varying plasma concen-
trations on neutrophils (Fig. 1, b). Specifically, we 
compared the effects of 1%, 10%, and 50% plasma 
supplementation versus the basal medium. Repre-
sentative images of neutrophils are shown in Fig. 1, b. 

Adding 1% plasma to the working medium 
best preserved neutrophils in their intact state, 
while 10% and 50% plasma concentrations promoted 
adhesion to the surface. 

Neutrophils were activated using PMA. In stud-
ies on NETs, PMA is commonly applied at concen-
trations ranging from 1 to 100 nM. For this experi-
ment, the optimal PMA concentration was defined 
as the minimal dose that induces neutrophil acti-
vation in the presence of plasma. 

Representative images of control and PMA-
activated neutrophils are presented in Fig. 2. 

Fluorescence microscopy data were used to 
quantify the number of activated neutrophils that 
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Fig. 2. Fluorescence images of neutrophils in working medium with added plasma from an apparently healthy newborn, at 
varying PMA concentrations. 
Note. a — control neutrophils; b — neutrophils after activation. Blue indicates the nucleus, green indicates F-actin, and red 
indicates the membrane. Scale bar: 20 µm. NS — plasma samples from apparently healthy (normal) newborns; GIS — plasma 
samples from generalized infection group. 
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released NETs in each group. The analysis revealed 
that higher plasma concentrations, regardless of 
type, inhibited NET formation by neutrophils. The 
most effective condition for NET induction was ob-
served with 1% plasma supplementation. 

The number of NET-activated cells was calcu-
lated based on morphology and nuclear status. 
Representative fluorescence images used for quan-
tification are shown in Fig. 3, a and 3, b. 

Cells were considered NET-activated if they ex-
hibited the following features: (1) disrupted segmented 
nuclear morphology, where the nucleus appeared 
as either a large «cloud» lacking structural organization 

or an elongated «arrow»-like shape; (2) absence of 
the actin cytoskeleton, where the presence of cortical 
actin is an indirect marker of functional integrity; 
and (3) the membrane no longer maintained a con-
tinuous structure. All other cells were classified as 
non-activated and intact. These included round or 
oval neutrophils with a diameter of 6–9 µm that ex-
hibited segmented nuclei and cortical actin, as well 
as adherent cells with segmented nuclei that were 
spread across the glass surface and displayed promi-
nent filopodia. 

We analyzed morphological changes in neu-
trophils following incubation with various types of 

Fig. 3. Effect of different plasma types on neutrophil morphological changes following PMA stimulation. 
Note: a, b — fluorescence images of neutrophils incubated with 1% plasma of various types, without stimulation (a) and after 
addition of PMA (b). Blue indicates the nucleus, green indicates F-actin, and red indicates the membrane. Scale bar: 20 µm. c, d — 
quantitative analysis of nuclear and membrane areas of neutrophils under different conditions. NS — serum from apparently 
healthy (normal) newborns; LIS — serum from newborns with localized infection; GIS — serum from newborns with generalized 
infection. Statistically significant differences within groups are indicated (P�0.001). 



plasma and subsequent PMA stimulation. To this 
end, we examined the obtained fluorescent images 
and measured the areas of neutrophil nuclei and 
cytoplasmic membranes. It is well established that 
NET activation is accompanied by nuclear swelling 
and an increase in overall cell size [26] (Fig. 3, c, d). 
Following PMA stimulation, we observed a significant 
increase in nuclear area: in the NS group, from 
37  µm² (33–42 µm²) to 203 µm² (135–273 µm²) 
(P�0.001); in the LIS group, from 37 µm² (32–44 µm²) 
to 134 µm² (101–180 µm²) (P�0.001); and in the 
GIS group, from 39 µm² (32–44 µm²) to 173 µm² 
(124–210 µm²) (P�0.001). Similar trends were ob-
served for membrane area: NS, from 83 (70; 97) to 
286 (205; 361) µm² (P�0.001); LIS, from 79 (67; 90) 
to 263 (194; 326) µm² (P�0.001); and GIS, from 85 
(70; 95) to 256 (195; 318) µm² (P�0.001). 

Analysis of the graphs revealed that non-acti-
vated neutrophils retained their segmented nuclear 
morphology and spherical shape. Following PMA 
stimulation, neutrophils exhibited a significant in-
crease in nuclear and membrane area. At the same 
time, there was considerable variation in morpho-
logical parameters within the same plasma group, 

indicating heterogeneity in the effect of plasma on 
cells. Despite this variability, the general trend of 
morphological changes associated with NET acti-
vation was observed across all examined samples. 

Figure 4 presents distribution plots of all meas-
ured nuclear and membrane areas of neutrophils 
before and after PMA stimulation, stratified by plas-
ma type. Neutrophils incubated with plasma from 
neonates with generalized infection exhibited a sig-
nificantly larger nuclear area prior to PMA stimula-
tion compared to those treated with control plasma 
(χ²=9.366; P=0.009). 

After PMA activation, the distribution pattern 
of nuclear area values changed. The largest nuclear 
area was recorded in neutrophils incubated with 
plasma from apparently healthy neonates. Next 
were those exposed to plasma from the GIS group, 
followed by those treated with plasma from patients 
with localized infection (χ²=339.295; P�0.001).  

A similar trend was observed for the membrane 
area. Before PMA activation, the smallest membrane 
areas were found in neutrophils incubated with 
plasma from the LIS group (χ² = 26.396; P�0.001). 
However, after PMA stimulation, the largest mem-
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Fig. 4. Graphs showing changes in neutrophil nuclear and membrane areas. 
 Note. a, b — values prior to PMA stimulation; c, d — values after addition of PMA.
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brane areas were found in neutrophils treated with 
control plasma (χ²=37.663; P�0.001). 

Fig. 5 shows the mean membrane roughness 
values of neutrophils measured by AFM. Comparing 
non-activated groups, neutrophils incubated with 
plasma from apparently healthy donors, as well as 
those from LIS and GIS patients, demonstrated 
comparable roughness values. Ra values were 1.4 
(1.2; 2.0) nm for NS, 1.8 (1.6; 2.1) nm for LIS, and 
1.5 (1.2; 2.4) nm for GIS. Differences between groups 
were not statistically significant (χ²=4.001; P=0.135). 

Detailed topographic images of neutrophil 
surfaces obtained by AFM were used for further 
analysis of cell surface features (Fig. 5, a–c). 

After PMA activation, the membrane's shape 
changed significantly. All the studied groups had 
significantly higher Ra values than their non-activated 
controls. Neutrophils exposed to plasma from the 
NS group in the presence of PMA increased in Ra to 
3.1 (2.7; 3.7) nm. The Ra values were 3.1 (2.5; 4.0) 
and 3.7 (3.0; 4.0) nm in the LIS and GIS PMA groups, 
respectively. While there was a general trend towards 
higher roughness, an intergroup comparison revealed 
a P-value of 0.072 (χ²=5.255), indicating no significant 

differences across groups. However, pairwise com-
parisons of PMA-activated and non-activated groups 
showed significant differences (P�0.001), indicating 
that activation affects membrane roughness char-
acteristics. 

The increase in Ra reflects the increased hetero-
geneity of the neutrophil surface after activation. 
Furthermore, PMA stimulation caused significant 
lateral expansion of the cells, consistent with recognized 
morphological characteristics of NET activation. 

Fluorescence microscopy results showed that 
none of the plasma samples examined, regardless 
of patient group, had a deleterious effect on neu-
trophil morphology. The vast majority of cells in 
the control group, which did not receive PMA stim-
ulation, maintained their morphology. 

Neutrophils incubated with plasma from pa-
tients with localized infections exhibited the weakest 
response to stimulation, as indicated by nuclear 
area measurements. In contrast, neutrophils exposed 
to plasma from patients with generalized infections 
demonstrated comparable levels of NET activation 
to those in the control group. These results imply 
that the soluble factor profile in plasma from 

Fig. 5. AFM images of neutrophils and analysis of membrane roughness after exposure to plasma from different groups. 
Note. a–c — 3D images of neutrophils (first column), membrane surface fragments (second column), and corresponding Ra maps 
(third column), obtained by atomic force microscopy (AFM) after incubation with plasma from the control group (NS) and from 
patients with localized (LIS) or generalized (GIS) infection, before and after PMA stimulation. d — graph showing changes in 
average membrane surface roughness across all experimental groups. Statistically significant within-group differences are 
indicated (P�0.001).



localized infections stabilizes neutrophils within 
the circulation. Conversely, neutrophils appear more 
susceptible to chromatin network formation in the 
context of systemic infection, which may increase 
the risk of thrombosis and disseminated intravascular 
coagulation (DIC) in septic patients [30]. 

The results of the AFM analysis confirmed that, 
regardless of its origin, plasma did not have a significant 
damaging effect on neutrophils. In the absence of 
stimulation, neutrophils incubated with different 
plasma types maintained comparable membrane 
roughness values, indicating no substantial structural 
alterations. Upon PMA stimulation, all groups exhibited 
a similar increase in Ra values, reflecting a consistent 
rise in membrane surface heterogeneity. These ob-
servations suggest that NET-associated morphological 
changes to the cell surface occur to a similar extent, 
regardless of plasma origin. 

Limitations. This study is limited by its relatively 
small sample size and the absence of neutrophil 
phenotypic characterization following incubation 
with plasma from neonates with varying degrees of 
infectious and septic complications. 

Conclusion 
Our findings shed light on the mechanisms 

underlying neutrophil alterations in neonates during 
infectious and septic conditions. These findings 

may also aid in developing new diagnostic and 
therapeutic approaches. We showed that plasma 
has different effects on neutrophil NET activation 
depending on the severity of the infectious and 
septic condition. 

Based on these findings, future research could 
employ advanced biochemical and biophysical as-
says, along with flow cytometry, to examine the 
molecular composition of plasma and its influence 
on neutrophil responses. These approaches could 
help us better understand the signaling pathways 
and effector mechanisms that control neutrophil 
activation. 

The methodology used here and its refinement 
pave the way for more in-depth investigations into 
the pathophysiology of neonatal sepsis. Changes 
in neutrophil membrane properties induced by 
plasma may be useful biomarkers for determining 
the severity of infectious and septic conditions in 
newborns. 
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