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Abstract

This study aimed to compare the levels of sialic acid (SA) in saliva during pregnancy between groups
of women with preeclampsia (PE) without severity criteria and with severity criteria. 60 pregnant
women diagnosed with PE were studied in total. The patients were divided into two groups: 30
women with PE without severity criteria (PEOS) and 30 women with PE diagnosis with severity
criteria (PEWS). Salivary SA levels were determined using surface-enhanced Raman spectroscopy
(SERS), and citrate-covered silver nanoparticles as an amplifying substrate. The mean SA
concentrations of PEOS and PEWS patients were 34 +15.6 vs 75 + 22 mg/dL, respectively. Participants
with severity criteria had more than twice the median SA levels as those without severity criteria, as
determined by the SERS-calibrated technique. Our results indicate that SA determination from saliva
using SERS may become a very effective, rapid, and cost-effective diagnostic tool for PE severity.

Keywords: preeclampsia; PE with severity criteria; sialic acid; Ag nanoparticles; Raman
spectroscopy; SERS

1. Introduction

Preeclampsia (PE) is a serious hypertensive disease of pregnancy (HDP). PE presents two basic
symptoms, hypertension (blood pressure >140/90 mmHg) and, on many occasions, proteinuria [1],
associated with edema and, on occasion, end-organ damage. Both manifestations define PE disease.
Untreated PE may develop into the life-threatening condition of eclampsia [2]. PE is relieved only by
delivery [1]. HDP is classified into chronic hypertension, gestational hypertension, PE without
severity criteria, PE with severity criteria, eclampsia, and HELLP syndrome, which stands for
hypertension associated with red blood cell breakdown (hemolysis), elevated liver function, and low
platelet counts [3].

Eclampsia is the occurrence of seizures in preeclamptic women [2]. Causing significant rates of
morbidity and mortality to both the mother and the perinatal baby. PE often begins after the twentieth
week of pregnancy. PE can appear as early-onset (before 34 weeks) or late-onset (beyond 34 weeks)
conditions [4].

HDP occurs in up to 10-15% of pregnancies in Mexico and is also one of the leading causes of
maternal and fetal morbidity and mortality. Predictive tests allow for the identification of patients at
risk of developing PE and the implementation of prevention strategies. Currently, biochemical and
ultrasound markers are available to determine the risk of developing PE. The search continues for
other tools that allow for the prediction of development and the prediction of the severity of
presentation.
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Risk factors include obesity and overweight, which in countries like Mexico have a high degree
of prevalence, in addition to family or personal history of hypertension or hypertensive diseases of
pregnancy, maternal age at the extremes of reproductive life, women under 20 years or over 35,
multiple pregnancy and the existence of previous diseases such as diabetes, kidney diseases or
autoimmune diseases, increasing the risk of developing HDP in its various degrees of severity [1,2].
Other risk factors include previous pregnancies with PE, numerous pregnancies, nulliparity, obesity,
a body mass index BMI >30, a family history of PE (mother, sister), age >35, low sociodemographic
level, and a long interpregnancy period >10 years [1-4].

Eclampsia, developed from poorly attended PE, is one of the main causes of maternal and
newborn mortality [5,6]. PE/Eclampsia ranks among the 3 main causes of maternal death worldwide
[7]. Eclampsia develops in roughly 0.8% of HDP-affected women [7]. Globally, the rate of maternal
death due to PE/E varies greatly, and it has been correlated with the level of economic development
in nations or regions [6,7]. PE/Eclampsia reaches up to 15 percent in low-income countries [6].

It is well established that PE reduces placental perfusion [3]. In the human placenta, fetal
trophoblast cells of the fetus line the vascular gaps where the mother's blood flows [8]. These
trophoblasts are permanently in proximity to maternal blood. As the embryo cells are half identical
to those of the mother and half alien, the fetal trophoblasts are consequently exposed to possible
immunological assault at the fetal-maternal interface [8] by the mother's biological immunity arsenal.

Numerous immune-protective mechanisms have developed alongside human evolution to
prevent this immunological onslaught, creating a delicate biological balance that allows the
coexistence of the trophoblasts in close contact with the mother immune system. Physical closeness
is prone to imbalances of damaging consequences for both mother and fetus. Recently, Markus Abeln
et al. [8] demonstrated that sialic acid (SA) is essential for the fetal-maternal human immunological
protection during pregnancy, among other physiological substances. Thence, SA contributes to
shielding the human placenta from an attack by the maternal immune system.

Sialic acids are a family of nine-carbon acidic monosaccharides that occur at the end of
oligosaccharide chains of mucins, glycoproteins and glycolipids attached to the surfaces of cells and
soluble proteins [9]. The main form of SA and almost the only type that can be found in human bodily
fluids and tissues is N-acetylneuraminic acid (Neu5AC) [10]. Sialic acid can suppress the immune
system, according to several research studies [11].

The presence of SA in PE patient serum has been studied and compared between PE and healthy
non-pregnant women of reproductive age [12]. Similarly, a study comparing the concentration levels
between women who are normally pregnant and those who have PE has been recently published by
our group [13]. In this last study, saliva was used for detection rather than serum when determining
SA levels. Saliva frequently shows favorable correlations between various parameters of both serum
and saliva [12.14]. In that study, it was found that there is a positive link between the SA concentration
in saliva and PE [13,14], corroborating the previous studies that established this correlation of SA
concentration in serum and PE by Giil Oetal [12].

As aresult of the three studies mentioned above, sialic acid in either serum or saliva has emerged
as a potential marker for early determination of PE-prone patients, adding to the other predictive
tests in existence. Saliva is a very convenient subject for PE follow-up tests because it has the
advantage of being easily accessible, and most patients have few reservations, if any, to offer their
samples.

Considering these studies, we conducted a follow-up study comparing the SA levels in saliva
samples taken from 30 pregnant women PE patients without severity criteria, and 30 with PE who
fulfill the severity criteria, 60 in total, to determine whether there are any differences in the SA levels
between these two groups of patients. We used silver-citrate functionalized nanoparticles and surface
enhanced Raman spectroscopy (SERS) to assess the SA levels in female patients as applied
successfully in [9,13,15].
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2. Materials and Methods
2.1. Study Population

A total of 60 patients with a diagnosis of preeclampsia, 30 PEOS, and 30 PEWS diagnosed who
attended the maternity emergency, hospitalization, or outpatient departments of the Hospital Central
"Dr. Ignacio Morones Prieto" (HC) in San Luis Potosi City, San Luis Potosi, Mexico. The Declaration
of Helsinki's ethical guidelines were followed while conducting this study. All subjects gave their
written informed consent. The HC Ethics and Research Committee also gave its approval to the study.

Inclusion criteria: Pregnancy of 20 or more weeks of gestation with PE diagnosis, preeclampsia
according to the CENETEC 2017 clinical practice guideline criteria [16].

Exclusion criteria:

e  Patients under 18 years of age.
e  Patients diagnosed with an active infectious process, pregestational diabetes, or autoimmune
diseases.

The relevant data of the subjects are included in Table 1.

2.2. Data Collection and Measurements

Participants were asked to complete a questionnaire collecting relevant information about their
systemic health and oral conditions, following the methodology described in references [9,13,15].
Subsequently, they underwent a two-step oral hygiene procedure, which included tooth brushing
followed by rinsing with an alcohol-free mouthwash. Each participant was then provided with a
sterile plastic vial and instructed to deposit 1-1.5 mL of saliva. The collected samples were stored at
4 °C until analysis. For the study, the supernatants obtained from centrifuged saliva samples (3,580
g, 6,000 rpm, 15 minutes) were used to quantify SA levels.

2.3. Materials and SERS Measurements of Sialic Acid Levels

Analytical reagent-grade salicylic acid (SA) was obtained from Sigma-Aldrich and used to
calibrate the SA concentration curve during each measurement session. Calibration was based on the
relative intensities of three Raman bands corresponding to controlled increases in dissolved SA
concentrations, as described in reference [9]. A detailed protocol for the synthesis of silver citrate-
functionalized nanoparticles is also provided in [9].

2.3.1. Ag Nanoparticles (NP) for SERS Measurements

One of the most widely employed silver colloids is prepared by reducing silver nitrate with
trisodium citrate, extending the Turkevich Method from gold to silver NPs [9]. The chemical
preparation process results in Ag-NP with a surface covered by a layer of negatively charged citrate
ions to compensate for the positive charge of the NP surface. Citrate-reduced Ag-NP have been
demonstrated to be effective in SERS detection of not only positively charged analytes [17,18], but
also some negatively charged molecules, including SA [19-21].

This study aimed to examine the extension of SERS Raman spectroscopy to measure SA levels
in human saliva using a colloidal suspension of citrate-reduced Ag-NP as a SERS substrate, applying
it to compare the levels of sialic acid (SA) in saliva during pregnancy between groups of women
diagnosed with preeclampsia (PE) without severity criteria, and with severity criteria.

2.3.2. Ag SERS Measurements

Raman measurements were performed using a Horiba XploRA ONE Raman spectrometer
coupled to an Olympus BX41 microscope. A 20-mW green laser with an excitation wavelength of 532
nm was directed onto the sample. The laser beam was focused to a spot approximately 2-3 um in
diameter using a 10x microscope objective.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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To acquire the SERS spectra, 50 pL of 2.5 x 10 M citrate-reduced silver nanoparticles (Ag-NPs)
were mixed with 25 uL of centrifuged saliva or, for calibration purposes, a reference SA solution. The
mixture was placed in an aluminum container. A flowchart of the procedure and additional details
on data processing can be found in references [9,15]. SERS spectra were recorded over a spectral range
of 400-1800 cm™. After fluorescence subtraction, the intensities of three characteristic Raman shift
peaks (1002, 1237, and 1391 cm™?) from each saliva sample were compared to the SA calibration curve
obtained at the beginning of the session. The final SA concentration was determined by averaging
the interpolated values from these three peaks.

2.4. Statistical Analysis

For statistical analysis, the R Commander 2.9-5 package, R software version 4.3.2, was used with
a 95% confidence interval. A descriptive analysis of the variables was performed, with continuous
variables expressed as mean + standard deviation. Inferential analysis was performed based on the
normality of the variables, determined using the Shapiro-Wilk test, to inquire if the measured SA
levels followed a normal distribution. A significance level P<0.05 indicated that the SA data are not
normally distributed for the PEOS. Thence, all subsequent analyses on the SA expression PE subjects
were performed using non-parametric statistics. We evaluated the median plus/minus the
interquartile range on the SA. Parameters such as age and body mass index BMI are normally
distributed. For these, the mean and the standard deviation are reported, in Table 1, as well as their
statistical significance levels (p-values). For continuous variables, as applicable, the Student t test or
Mann-Whitney U test (for the SA, being non-parametrically distributed) was used. For categorical
variables, the chi-square test or Fisher's exact test was used, according to the reported frequency.

Table 1. Study subject’s clinical parameters, and P values.

Preeclampsia without Preeclampsia with  t-Student/Mann- Comparison between PE

Patient severity criteria (PEOS) severity criteria (PEWS) Whitney and NP distributions
(n=30) (n=30) (P value) Statistical Significance
Parameters Units Mean+SD/ Median MeanzSD/ Median
(DQR1,DQR3) (DQR1,DQR3)
Age (years) 272+74 28+7.1 0.683& No difference
Pregnancy (weeks) 37.6+2.7 36.1+29 0.03~ Significantly different
Gravida # 24+14 22+14 0.612& No difference
Natural # 1.1£(02) 1.0+(0,2) 0.681& No difference
Deliveries
Cesarean- # 1£09 1110 0.678& No difference
sections
Abortions # 02+05 02+0.5 0.681& No difference
BMI (kg\m?) 30.1+4.5 30.7+5.7 0.642& No difference
Weight Kg 73.0£19.5 742+15 0.863& No difference
Systolic (mmHg) 141.5+7.1 158.9 +15.3 <0.001" Significantly different
Diastolic (mmHg) 89.6 £4.9 98.7+10.3 <0.001" Significantly different
Proteinuria frequency 30 19 <0.001" Significantly different
Sialic Acid SA  mg/dL 34+15.6 75+22 The PEOS&PEWS SA
Median SA 31.6 + (21.6,40.4) 78.2 + (62.2,90.0) <0.0001% distributions are

significantly different

& T de Student test; # U Mann-Whitney test.

The differences in the levels of SA between the median values observed in patients diagnosed
with PEOS and PEWS were assessed using the Mann—-Whitney U test (Table 1). A P<0.05 value was
considered statistically significant. The Mann-Whitney U test supported the hypothesis that the
median levels of SA in the saliva of PEOS and PEWS subjects were significantly different, as can be
seen in Table 1.

Figure 1 shows the frequency plots of SA concentrations with an interval width of 10 mg/dl in
both PEOS (green bars) and POWS diagnosed patients (red bars). The Figure shows how the SA
concentrations of the PEOS pregnant women are mostly clustered between SA values of 10 to 50
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mg/dL, with a mean (or median) above 20 mg/dL. In contrast, in the case of PEWS patients, there
exists a broad spread in SA concentrations ranging from 20 to 110 mg/dL. The median value of the
SA concentration in saliva of PEOS and PEWS is 31.6 and 78.2 mg/dL, respectively, i.e. they differ by
more than two and a half times as seen from Table 1. The mean values for SA are 34 and 75 mg/dL,
respectively, again almost exactly two times more expression of SA in the saliva of PEWS women.
These values for SA in the two types of PE affected women should be compared with the mean value
6.7 +7.3 mg/dL, in the general female population, as established in [15].
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Figure 1. Frequency of sialic acid concentrations in saliva, for patients with preeclampsia without sever criteria

PEOS (green bars), and preeclampsia sever criteria PEWS patients (red bars).

Figure 2 shows the boxplot of sialic acid concentration in both PEOS/PEWS groups. The very
different median and mean (black squares, at the center of the boxes) SA concentrations are
immediately evident in this Figure. An inset with a scatter plot of the overall data is also visible in
this Figure.
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Figure 2. Boxplot of sialic acid concentration in pregnant women with preeclampsia without severe PEOS (green
box) and with severe PEWS symptoms (red box). Inset: SA concentrations scatter plot. The small diamond stands
for a statistical outlier in the PEOS data.

3. Discussion

The results showed a significant increase in the median levels of SA in participants with PEWS,
at least two times higher on average than those found in cases of PEOS. The subject of SA
concentration increases in pregnant and/or PE-affected women has been treated in the literature, and
our findings in this work are in line with several studies that looked at the levels of SA in PE patients'
serum. As compared to healthy non-pregnant women, Giil O et al. [12], PE patients had higher serum
total SA levels (p< 0.00001), and the SIAE gene variant enhanced PE risk by 10.4 times. In another
study, Sydow et al. [22] found that only during the last trimester of pregnancy —exactly when PE
typically manifests —serum SA levels did increase. A considerable increase (~27%) in the serum SA
concentration during pregnancy was noted by Alvi and Armer [23] in another study that looked at
the SA levels in pregnant women. Similar findings were made by Goni et al. [24], who discovered
that the serum SA level gradually increased during pregnancy as the number of gestation weeks
elapsed. A recent study by D’souza et. al. [25] found a significant enhancement in total serum and
saliva SA (TSA) in PE patients compared to a control group of healthy pregnant women; this increase
correlated with the severity of the disease. All these earlier reports corroborate that there is strong
evidence that SA levels rise during pregnancy compared to women in healthy conditions, together
with our previous work [13], and that in PE patients this rise is enhanced to even higher degrees, a
result corroborated by the findings in either serum or saliva.

4. Conclusions

Using a SERS-calibrated approach, we found that pregnant women with PE meeting severity
criteria had higher levels of SA in their saliva (median: 78.2 mg/dL) compared to participants with
PE without severity criteria (median: 31.6 mg/dL). The mean SA values were 75 mg/dL and 34 mg/dL,
respectively, indicating nearly a twofold increase in salivary SA expression among women with
severe PE. These findings are consistent with previous reports in the literature, which measured SA
using traditional HPLC absorbance techniques in serum and, more recently, in saliva when
comparing PE patients with healthy pregnant women. The SERS method may therefore serve as a
useful tool for determining salivary SA concentrations to evaluate the effectiveness of prenatal care
monitoring in patients with PE symptoms, as well as in assessing recurrence.
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