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Background: Although essential trace elements (ETEs) play pivotal roles in life-supporting biochemical processes, 
their function in innate and adaptive immunity has not been fully elucidated, particularly during immunization. 
Furthermore, the association between anti-SARS-CoV-2 specific IgG antibodies and ETE levels with vaccine 
responsiveness has not been investigated. 
Methods: The present study explored the status of ETEs (Mn, Cu, Zn, and Se) in sera of healthy women before and 
after vaccination with the anti-SARS-CoV-2 BNT162b2 mRNA vaccine in a follow-up period of six months. The 
main aim was to explore links between ETE levels and IgG antibodies produced against Spike glycoprotein’s 
Receptor-Binding Domain (RBD). 
Results: A recombinant protein of SARS-CoV-2 comprising the receptor binding domain was successfully 
expressed in HEK-293 T cells. The purified protein was suitable for producing a sensitive antibody detection 
assay for human serum and monitored seropositivity, indicating a transient response with peak anti-SARS-CoV-2 
IgG levels 2 months after vaccination. In parallel to increasing antibody titers, serum concentrations of Cu, Mn, 
and Se were not affected by vaccination, and concentrations remained relatively constant at the different sam-
pling times during the 6-month observation period. Total serum Zn concentrations were slightly elevated when 
compared between the first and last sampling dates. Overall, no consistent effects of vaccination on any of the 
three trace elements analyzed in our study were observed. 
Conclusion: Vaccination of adult healthy female volunteers with an mRNA vaccine was not associated with 
consistent changes in serum trace element concentrations over a six-month observation period.   

1. Introduction 

The novel severe acute respiratory syndrome-coronavirus-2 (SARS- 
CoV-2), the cause of the coronavirus disease (COVID-19) pandemic, is 
the most dangerous coronavirus identified [1]. On March 11, 2020, the 
current coronavirus-mediated infection was officially declared a global 
pandemic by the World Health Organization (WHO). 
Еstimates of SARS-CoV-2 infection is over 506 million people 

worldwide, causing more than 6.2 million deaths [2]. With quite 

heterogeneous clinical presentations, it is a global priority to encourage 
collaborative efforts toward developing meaningful and effective ther-
apeutic strategies to treat and reduce disease morbidity [3]. Therapeutic 
strategies against COVID-19 focus on 1) enhancing the immune system 
to minimize the intensity of SARS-CoV-2 infection and 2) developing 
specific virucidal agents against SARS-CoV-2 [1,4,5]. The total number 
of worldwide administered vaccines is over 11 billion doses [2]. 

The first officially registered case in Serbia occurred on March 06, 
2020, and vaccination was initiated on December 24, 2020. As a result, 
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five vaccines are at the disposal of the general population, i.e., Com-
irnaty (BNT162b2, BioNTech – Pfizer), BBIBP-CorV – Inactivated 
(Sinopharm), Vaxzevria (ChAdOx1-S [recombinant], AstraZeneca), 
Sputnik V (Gam-COVID-Vac, Gamaleya), and mRNA-1273 (Moderna). 
This calls for clinical evaluation and follow-up studies of each available 
Vaccine to estimate its safety and efficacy profile in the Serbian popu-
lation. BNT162b2 is a lipid nanoparticle–formulated, nucleoside- 
modified RNA vaccine encodes a prefusion stabilized, SARS-CoV-2 
full-length spike glycoprotein [6]. A two-dose regimen of BNT162b2 
conferred 95% protection against COVID-19. At the same time, reports 
on safety were similar to that of other viral vaccines, including eliciting 
high SARS-CoV-2 neutralizing antibody titers and robust 
antigen-specific CD8 + and Th1-type CD4 + T-cell responses [6,7]. 

Following a SARS-CoV-2 infection, most patients develop detectable 
specific IgG antibodies to the receptor-binding domain (RBD) of the viral 
spike glycoprotein and associated neutralizing activities [1,3,5,8,9]. In 
addition, most infected persons develop detectable IgG levels to struc-
tural SARS-CoV-2 antigens that can persist for more than six months 
post-acute infection [10–13]. 

The function of the immune system is supported by essential trace 
elements (ETEs), which play a pivotal role in maintaining its homeo-
stasis [4,14]. Deregulation of ETE levels adversely affects the immune 
system and increases susceptibility to various bacterial and viral mi-
croorganisms [12]. Furthermore, ETEs mediate vital biochemical func-
tions by acting as cofactors for many enzymes, such as glutathione 
peroxidase (GPx), superoxide dismutase (SOD), RNA, and DNA poly-
merases, but also modulate signaling pathways, including the NF-kB 
pathway [15,16]. Zinc (Zn) is an essential dietary ETE that delicately 
regulates the immune cell functions, including T-dependent antibody 
response [12], that could be utilized to reduce the intensity of 
SARS-CoV-2 infection and lessen the respiratory tract infection through 
antiviral actions [4]. 

The association between anti-SARS-Cov-2 specific IgG antibodies 
and ETE levels with vaccine responsiveness has not been fully eluci-
dated. Thus, the present study explored the status of ETEs (Mn, Cu, Zn, 
and Se) in the sera of healthy women (n = 20) before and after vacci-
nation with the anti-SARS-CoV-2 BNT162b2 mRNA vaccine in a follow- 
up period of six months (six-time points) and aimed to explore links 
between ETEs with specific IgG antibodies produced against RBD of 
Spike glycoprotein. 

2. Material and methods 

2.1. Study design, sample collection, and processing 

Initially, 50 women vaccinated with the BNT162b2 mRNA vaccine 
were included in this study. However, after strict exclusion criteria 
(consumers of mineral supplements containing Mn, Cu, Zn, and/or Se, 
participants with reported liver or kidney diseases, or with signs of 
respiratory infections), 20 women (SARS-CoV-2 naive, mean age: 47 ±
7) met the criteria for enrollment according to the study design. This 

created a homogeneous group of participants to gain the best possible 
insight into their element and immune statuses. Furthermore, all 
enrolled participants were epidemiologically monitored for six months 
regarding diet, drug consumption, and other factors that could affect the 
elemental profile. 

Participants were vaccinated with two doses of the BNT162b2 mRNA 
vaccine (primary and secondary vaccination, three weeks apart). After 
fasting overnight, a peripheral whole blood specimen (5 mL) was 
collected by classical venipuncture in the morning. All blood specimens 
were allowed to coagulate spontaneously, after which they were 
centrifuged (3000 × g). The resulting serum was separated from the cell 
fraction into Eppendorf tubes. This protocol was applied six times, 
starting from the pre-vaccination baseline to six months after the first 
vaccination point. Blood was collected at six-time points (Fig. 1.): point 
1, pre-vaccination (baseline); point 2, 14 days after primary vaccination; 
point 3, one month after primary vaccination; point 4, two months after 
primary vaccination; point 5, three months after primary vaccination, 
and point 6, six months after primary vaccination. Sera were frozen at 
− 80 ◦C until analysis. 

The Ethics Committee approved the study led by the Institute for 
Oncology and Radiology of Serbia (No. 899–01), and all participants 
voluntarily agreed to participate in this study. 

2.2. Production and purification of the recombinant RBD of SARS-CoV-2 

According to the previously published procedure, RBD of the SARS- 
CoV-2 Spike glycoprotein (UniProt P0DTC2) was expressed in the HEK- 
293 T cell line [17]. In brief, on day seven post-transfection, the cells 
were centrifuged (4000 ×g for 10 min), and the supernatant was 
collected. Then, the supernatant containing the recombinant protein 
was loaded on an immobilized metal affinity chromatography (IMAC) 
column (HiTrap FF, 1 mL, G.E. Healthcare, Little Chalfont, U.K.) on Akta 
Purifier (G.E. Healthcare, Little Chalfont, U.K.). The buffer consisting of 
25 mM of Na2HPO4, 25 mM of NaH2PO4, 500 mM of NaCl, and five mM 
of imidazole was used for the equilibration of the column. Subsequently, 
elution was carried out using a concentration gradient with a buffer 
composed of 25 mM of Na2HPO4, 25 mM of NaH2PO4, 500 mM of NaCl, 
and 500 mM of imidazole. The pH of the buffers was 7.4. Finally, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 
employed to analyze the purity of obtained fractions. 

2.3. Quantification of circulating SARS-CoV-2 RBD-specific IgG 
antibodies 

Briefly, for antibody quantification, the RBD of the Spike glycopro-
tein produced in HEK-293 T cells was used to coat flat-bottom 96-well 
plates (Thermo Scientific NUNC-MaxiSorp, USA) at a final concentra-
tion of 10 μg/mL (50 μL/well) in coating buffer (15 mM Na2CO3/35 mM 
NaHCO3, pH 9.5) at four ◦C overnight. The plates were then washed with 
TBS-T (20 mM TRIS, pH 7.4,0.14 M NaCl, 2.7 mM KCI, 0.05% vol/vol 
Tween 20) and blocked with 1% BSA in TBS-T for two h at 37 ◦C. Sera 

Fig. 1. Sample collection timeline.  
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were diluted (1:1000 in TBS-T containing 0.1% BSA), added to the wells 
(50 μL/well), and incubated at 37 ◦C for one h. The plates were then 
washed five times with TBS-T. For specific IgG determination, goat anti- 
Human-IgG-AP conjugated antibody (Novus Biologicals, USA) was 
diluted 1:1000 in blocking solution and added to the wells (50 μL/well). 
After incubation for one h at 37 ◦C, plates were washed five times with 
TBS-T. The reaction was visualized using p-nitrophenyl phosphate 
[Sigma–Aldrich, St. Luis, USA] (1.0 mg /mL, 50 μL/well) in 100 mM 
diethanolamine buffer pH 9.6, and the plate was incubated at 37 ◦C for 
0.5 h. Color development was stopped with 3 M NaOH (50 μL/well). 
ODs were read by a microplate reader (LKB Vertriebs GmbH, Austria) at 
405 nm (minus the OD at 620 nm). 

Seropositivity was established using the generated standard curve 
described in the published procedure [18]. In brief, six standard solu-
tions were prepared by serial dilution based on two COVID-19 patient 
sera. The undiluted serum and five consecutive two-fold serial dilutions 
of the serum made in TBS with 0.5% BSA were stored in small aliquots at 
− 80 ⁰C as standard solutions S1 to S6. Upon thawing each solution was 
diluted 1:10 to obtain the final standard solution (S1 = 1:10; S2 = 1:20; 
S3 = 1:40; S4 = 1:80; S5 = 1:160 and S6 = 1:320). These solutions were 
further diluted 1:101 as part of the ELISA assay, just as any other sample 
to be tested. 4-parameter logistic (4PL) regression analysis (software: 
GraphPad Prism 8) of the standard curve was used to calculate arbitrary 
units/milliliter (AU/mL) for the positive samples. Seropositivity was 
defined as 50 AU/mL or higher. 

2.4. Analysis of trace elements 

All chemicals used were of high-grade purity and supplied by Merck 
(Darmstadt, Germany). The purity of concentrated high-grade nitric acid 
was improved using a Berghof-acid apparatus (BSB-939-IR, Germany). 
Milli-Q water (resistance of 18.2 MΩ) was prepared using a Milli Q Plus 
system (Merck, Germany). Glass and plastic materials were immersed in 
10% nitric acid for at least 24 h and thoroughly washed with Milli-Q 
water before use. Medium standard solutions were prepared from 
stock solutions containing test elements. The standard stock solutions 
used (10 mg/L) were supplied by VHG Labs (Manchester, USA). Certi-
fied reference materials (CRMs) of human blood were provided by 
Seronorm (Sero AS, Norway) (SERO210105 Level-1 and SERO210205 
Level-2). An internal standard solution (100 μg/mL of Sc and 20 μg/mL 
of In) was supplied by VHG Labs (Manchester, USA). 

Sera were diluted 10-fold with an aqueous solution containing 0.01% 
nitric acid, 0.1% Triton X-100, and 1.5% n-butanol. Four elements (Mn, 
Cu, Zn, and Se) were quantified using inductively coupled plasma- 
quadrupole-mass spectrometry, ICP-Q-MS (iCAP Qc, Thermo Scientific, 
U.K.) in the collision mode. Recorded recoveries for selected isotopes 
(55Mn, 65Cu, 66Zn, 82Se) ranged from 93.4% to 115%. Also, excellent 
agreement in detecting the selected isotopes was recorded using the 
standard addition method (ranging from 96.6% to 103%). 

2.5. Data analysis 

Parameters of descriptive statistics, Shapiro-Wilk’s test, One-way 
ANOVA, and Pearson’s correlation test were performed at a signifi-
cance level of P = 0.05 using SPSS statistical software (IBM SPSS Sta-
tistics v.20). Since the data were normally distributed, the results are 
presented as the mean ± standard deviation of three independent rep-
licates. Using GraphPad Prism v.5.0 (GraphPad, CA, USA), figures were 
drawn. 

3. Results and discussion 

3.1. Expression of the recombinant SARS-CoV-2 RBD in mammalian cells 

The SARS-CoV-2 RBD (222 amino acids) is a key part of a virus 
located on the SARS-CoV-2 Spike glycoprotein (1273 amino acids), 

which allows the virus to attach to the angiotensin-converting enzyme 2 
(ACE2) receptor to entry into host cells. SARS-CoV-2 RBD-specific 
polyclonal antibodies cross-neutralize SARS-CoV-2 pseudovirus infec-
tion [19,20]. 

Human embryonic kidney (HEK)− 293 T cells were transiently 
transfected to produce recombinant RBD. On day seven, after trans-
fection, the cells were centrifuged, and the obtained protein fraction was 
purified by IMAC. Purified protein was confirmed by SDS-PAGE analysis 
(Fig. 2). 

3.2. Quantification of SARS-CoV-2 RBD-specific IgG antibodies 

The levels of specific anti-RBD IgG antibodies were analyzed in the 
sera of the women who entered the study (Fig. 3). A significant rise in 
IgG (P ≤ 0.001) was already observed 14 days after the first vaccine 
dose with a value of 4133 ± 3668 AU/mL. The sera levels of anti-RBD 
IgG were even higher one-month post-vaccination reaching the 
maximum of 155,353 ± 17,514 AU/mL. Then a further decrease was 
detected at six months when the final value measured was 479 
± 429 AU/mL. 

The duration of response to the SARS-CoV-2 BNT162b2 vaccine 
(Pfizer-BioNTech) in adults in Serbia has yet to be determined. Among 
the study participants who received two doses of BNT162b2, a decline in 
the specific IgG immune response was recorded six months after the first 
dose. Two doses of the BNT162b2 vaccine in adults were previously 
associated with remarkably increased IgG titers, especially two weeks 
after the first dose [1,3]. 

Anti-RBD IgG antibody titers were seropositive before and six 
months after the first dose of BNT162b2 in individuals tested. Although 
evidence suggests that IgG response correlates with disease protection, 
cellular immunity also plays an essential role in protecting against SARS- 
CoV-2 [21]. 

3.3. Essential trace elements 

Maintaining an adequate micronutrient balance should strengthen 
the host’s immune homeostasis and protection against viral infections. 
ETEs, primarily manganese (Mn), copper (Cu), zinc (Zn), and selenium 
(Se), have immunomodulatory functions and thus influence the sus-
ceptibility to the course and the outcome of a variety of viral infections 
[12,22–24]. 

3.4. Manganese (Mn) 

Mean sera Mn levels are given in Fig. 4 and were within the reference 
levels (0.5 – 1.3 µg/L) [25]. Compared to pre-immunization, no 

Fig. 2. SDS-PAGE analysis of the purified recombinant RBD: 1) molecular 
markers (kDa), 2) purified recombinant SARS-CoV-2 RBD produced in HEK-293 
T cells. 
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statistically significant changes in serum Mn levels were recorded before 
and after vaccination, which could be explained by Mn having a primary 
role in mitochondrial rather than nuclear metabolism [26,27]. All 
calculated Mn level correlations with specific anti-SARS-CoV-2 IgG had 
negative signs immediately after vaccination and up until three months 
post-vaccination and were of strong intensity (> − 0.70). Furthermore, 
the strength of the negative correlation was lost six months after the first 
dose and became insignificant (Supplementary Table 1). These findings 
need to be further elucidated to understand the mechanism of these 
effects. 

3.5. Copper (Cu) 

Copper is an important trace element in many metalloproteins and in 
the mitochondrial metabolic cascades for energy production to supply 
different processes, including those of the immune system [28]. The 
acute-phase reactant ceruloplasmin is a Cu-containing enzyme in plasma 
whose production strongly increases during inflammation due to the 
necessity of scavenging oxygen radicals released by immune cells [29]. 
Copper deficiency results in decreased antibody-producing plasma cell 
response and increased susceptibility to various microorganisms [24]. 

Sera Cu levels are given in Fig. 5, and the mean value before 

immunization (931 ± 157 µg/L) was in the reference range 
(700–1300 µg/L) [25]. No significant changes in serum Cu levels were 
recorded before and after vaccination. As Cu and Zn are antagonists 
during the absorption process in the gastrointestinal tract (GIT), higher 
Cu levels in the GIT could be expected to reduce Zn levels [9]. However, 
the opposite is also true, as zinc intake in high doses (> 150 mg/day) 
can result in Cu deficiency in healthy individuals [30]. 

A negative coefficient between Cu levels and specific anti-RBD IgG 
antibodies (r = − 0.75) was observed before the vaccination. In contrast, 
post-vaccination analysis at point two (14 days after primary vaccina-
tion) showed a positive coefficient of correlation (r = 0.81) between 
sera Cu levels and specific anti-RBD IgG antibodies. Another interesting 
finding was detected two months after primary vaccination when the 
highest correlation coefficient of Cu with serum-specific IgG levels was 
recorded (r = 0.83) (Supplementary Table 1). 

As an ETE, Cu is needed in the body to protect DNA from oxidative 
stress [31]. Therefore, higher Cu intake (7.8 mg/day) caused greater 
increases in ceruloplasmin activity, benzylamine oxidase, and SOD 
compared to lower Cu intake (1.6 mg/day) [32–34]. Nevertheless, as no 
Cu deficiency was observed, there is no need for supplemental intake of 
this trace element, considering the induced immune response to the 
mRNA vaccine. 

3.6. Zinc (Zn) 

Zinc is an important trace element that has a critical role in the body. 
Zn can protect cells from reactive oxygen species (ROS) [34] and is 
involved in controlling the common cold via its inhibitory mechanism in 
viral replication [35] and attachment to the nasopharyngeal mucous 
membrane. There is evidence that Zn decreases the duration of the 
common cold by about 1.65 days on average [35]. In vitro studies 
showed that some respiratory pathogens like rhinovirus, respiratory 
syncytial virus, and SARS-CoV-2 were modified by Zn [36]. Develop-
ment and maintenance of both the innate and adaptive immune systems 
require this trace element. The proliferation and function of natural 
killer (NK) cells, macrophages, neutrophils, and T and B cells depend on 
optimal Zn amounts [37]. Zn deficiency causes dysfunction in the acti-
vation and maturation of lymphocytes, impairment in cellular commu-
nication by cytokines, and reduced innate and T- dependent antigen 
immunity [12,14,38,39]. 

A serum Zn level of 800–1200 µg/L is considered a normal range, 
< 800 µg/L is considered moderate, while < 400 µg/L is regarded as a 
clinical Zn deficiency [25]. Serum Zn levels in the analyzed population 
are shown in Fig. 6 and were found before immunization to be below 
(544 ± 79 µg/L) the normal reference range (800–1200 µg/L) [25]. This 
finding indicates moderate Zn deficiency in the study participants, 
which is in line with the previously reported deficiency of this trace 

Fig. 3. Levels of SARS-CoV-2 RBD-specific IgG antibodies in the time frame of 6 
months: point 1, pre-vaccination (baseline); point 2, 14 days after primary 
vaccination; point 3, one month after primary vaccination; point 4, two months 
after primary vaccination; point 5, three months after primary vaccination, and 
point 6, six months after primary vaccination. Statistically significant differ-
ences were found between all points (presented with asterisks, ** P ≤ 0.01, 
*** P ≤ 0.001 **** P ≤ 0.0001). 

Fig. 4. Mn levels in participants’ sera (6-month follow-up): point 1, pre- 
vaccination (baseline); point 2, 14 days after primary vaccination; point 3, 
one month after primary vaccination; point 4, two months after primary 
vaccination; point 5, three months after primary vaccination; and; point 6, six 
months after primary vaccination. 

Fig. 5. Copper levels in the sera (6-month follow-up): point 1, pre-vaccination 
(baseline); point 2, 14 days after primary vaccination; point 3, one month after 
primary vaccination; point 4, two months after primary vaccination; point 5, 
three months after primary vaccination; and point 6, six months after primary 
vaccination. 
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metal in the adult Serbian population [40]. 
We noticed that the correlation coefficient of Zn behaved similarly to 

that of Cu, with a remarkable change (from minus to plus) immediately 
after immunization. An increase in serum Zn level two weeks after the 
first dose of the Vaccine indicated the release of this ETE from its storage 
(Fig. 6). The results suggest a positive contribution of Zn to the synthesis 
of specific anti-RBD IgG antibodies. 

3.7. Selenium (Se) 

Selenium deficiency is known to negatively impact the host’s im-
mune system [41–44]. Selenium deficiency causes an increase in viral 
replication and mutation and contributes to pathogenicity and mortality 
[45]. It has been demonstrated that high Se intake (50–100 μg/day) 
causes better, especially cellular, immune responses in adults [46]. In 
this regard, Demicran et al. investigated the possible association of se-
lenium sera levels with the immune response following vaccination with 
BNT162b2 anti-SARS-CoV-2 vaccine in study participants that were 
followed for up to 24 weeks, while blood samples were taken at the first 
and second dose, and at 3 and 21 weeks after the second dose [47]. 
Serum SARS-CoV-2 IgG titers were significantly correlated at all the time 
points. In addition, participants subjected to the supplemental intake of 
Se showed higher sera levels. Our findings suggest low to moderate 
correlations of selenium levels with specific IgG, in accordance with the 
results of the previously mentioned study. 

We observed no significant differences in serum Se levels between 
the time points over the six-month observation period (Fig. 7). This is in 
accordance with the study of Demicran et al., where there was no sig-
nificant association of Se status with the humoral immune response to 
BNT162b2 Vaccine was observed. 

The role of Se in immunity has been recognized [15,42,46]. Selenium 
appears important for initiating innate immunity and migration of 
neutrophils into tissues and triggering inflammation [41]. This ETE is a 
component of glutathione peroxidase, which inactivates ROS produc-
tion, prevents its release, and cellular damage. Selenium deficiencies 
have been associated with reduced neutrophil migration and reduced 
B-cell response and antibody production. Moreover, after supplemen-
tation, higher Se levels contribute to humoral and cell-mediated immune 
responses [12,15,16]. 

However, our study limitations include the small sample size, short 
follow-up, and lack of cellular immunity testing. In this paper, we 
correlated the titer of IgG antibodies produced against RBD, a relatively 
small part of the Spike glycoprotein (hence a relatively small repertoire 
of epitopes), the only produced structural antigen upon vaccination with 
the SARS-CoV-2 BNT162b2 vaccine. In such a study design, only specific 
IgG production as a component of the humoral immune response was 
correlated with the concentration of ETEs in the serum. Still, induction 
of adaptive immunity by the vaccination itself is a much more complex 
process. The production of specific antibodies necessitates a complex 
interplay and the activation of antigen-specific B and T cells, a complex 
network of cytokines that this study has not analyzed. Thus, both hu-
moral and cellular immunity should be evaluated to understand the 
effects of vaccination and ETEs better. Fig. 8. 

4. Conclusions 

The deficiency of ETEs is an important public health concern in the 
world. Nevertheless, the molecular mechanisms of many ETEs related to 
innate and adaptive immunity remain unknown and need to be further 
explored and elucidated. This is the first longitudinal study highlighting 
the ETE levels in sera pre- and post-SARS-CoV-2 vaccination with the 
mRNA vaccine. Only Zn levels in sera differed before and six months 
after the first immunization. However, the major hallmark of this 
finding refers to the shift of the correlation sign immediately after 
vaccination. These alterations are most reflected in both Cu and Zn 
levels with specific IgG levels (post-vaccinal effects), which could 
highlight their impact on IgG production. Also, we observed low to 
moderate correlations of Se status with the humoral immune response to 
the BNT162b2 vaccine in this study. This study highlighted Cu and Zn 
status in the adaptive immune response in vaccinated participants with 
the anti-SARS-CoV-2 BNT162b2 mRNA vaccine. Despite the small 
sample size representing a limiting factor, longitudinal analysis with 
several time points after vaccination was conducted. Our study 
demonstrated that Zn deficiency is observed in adult women in Serbia. 
Yet, the expected humoral immune response was observed, and no gross 
alterations in ETE are detectable in healthy vaccinated women with time 
after vaccination. 
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