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omplications and follow up
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Millions of people were infected by the coronavirus disease (COVID-19) epidemic, which left a huge burden

on the care of post COVID-19 survivors around the globe. The self-reported COVID-19 symptoms were

experienced by an estimated 1.3 million people in the United Kingdom (2% of the population), and these

symptoms persisted for about 4 weeks from the beginning of the infection. The symptoms most

frequently reported were exhaustion, shortness of breath, muscular discomfort, joint pain, headache,

cough, chest pain, cognitive impairment, memory loss, anxiety, sleep difficulties, diarrhea, and

a decreased sense of smell and taste in post-COVID-19 affected people. The post COVID-19

complications were frequently related to the respiratory, cardiac, nervous, psychological and

musculoskeletal systems. The lungs, liver, kidneys, heart, brain and other organs had been impaired by

hypoxia and inflammation in post COVID-19 individuals. The upregulation of substance “P” (SP) and

various cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6), interleukin 10 (IL-10),

interleukin 1 beta (IL-1b), angiotensin-converting enzyme 2 (ACE2) and chemokine C–C motif ligand 3

(CCL3) has muddled respiratory, cardiac, neuropsychiatric, dermatological, endocrine, musculoskeletal,

gastrointestinal, renal and genitourinary complications in post COVID-19 people. To prevent these

complications from worsening, it was therefore important to study how these biomarkers were

upregulated and block their receptors.
1. Introduction and background

The COVID-19 viral infection was rst reported in Wuhan,
China, in December 2019 and its prevalence caused respiratory
distress syndrome worldwide.1–3 It was estimated that 5 million
people were facing COVID-19 across the globe.4 It was reported
on March 5, 2022, that there were 446 511 318 cases globally
recorded with 6 004 421 deaths (WHO, 2022).5 In Pakistan, there
were 1 516 150 cases reported and the number of deaths
increased to 30 287 (NHSRC, 2022).6 The COVID-19 pandemic
infected millions of people around the world, putting a nan-
cial burden on the treatment of COVID-19 survivors. An esti-
mated 1.3 million people living in their houses in the United
Kingdom, which was 2% of the population, experienced self-
reported COVID-19 symptoms and these symptoms persisted
for $4 weeks aer the onset of the COVID-19 infection.7

According to the World Health Organization (WHO), post
COVID-19 is dened as symptoms and complications that
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appeared aer COVID-19 recovery, continued for $12 weeks
and had a worsening impact on the patients' health and quality
of life. The most common symptoms are fatigue, shortness of
breath and neural dysfunction that may worsen over time.8

The post COVID-19 survivors continued to develop physical,
mental and psychological symptoms and complications. It was
reported that fatigue, shortness of breath (SOB), myalgia,
arthralgia, headache, cough, chest pain, anxiety, memory loss
and sleep disorders were present in post COVID-19 people. Post-
COVID-19 individuals experienced impaired quality of life, and
mental health and employment issues.9

Currently, there is limited literature available that reports
possible risk factors, pathophysiology and biomarker expres-
sion in post COVID-19. This review focuses on the post COVID-
19 symptoms, biomarkers, complications of respiratory,
cardiovascular, hematological, neuropsychiatric, dermatolog-
ical, diabetes mellitus, renal, gastrointestinal and genitourinary
diseases. Moreover, we will discuss potential biomarkers that
may escalate health impairments in COVID-19 (Fig. 1).
2. Post COVID-19 symptoms

Post COVID-19 caused systemic inammation and hypoxia
which could damage the kidneys, liver, heart, brain and other
body organs.10,11 It was reported that dyspnea and reduced
Nanoscale Adv., 2023, 5, 5705–5716 | 5705
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Fig. 1 Schematic representation of COVID-19 terms sequelae observed following the COVID-19 infection. This figure has been reproduced
from ref. 30 with permission from American Journal of Physiology-Cell Physiology, copyright 2021.
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exercise tolerance developed in 10–40% of the hospitalized
patients within 2–4 months and shortness of breath developed
in 65% of patients aer discharge from the intensive care unit
(ICU). It was documented that 10–35% of COVID-19 patients did
not require hospitalization aer post-COVID-19 symptoms.12

Hannah et al. (2020) studied responses from 3762 partici-
pants with conrmed COVID-19 from 56 countries and the
duration of COVID-19 was at least 28 days. It was reported that
96% of patients experienced the symptoms of fatigue, dry
cough, shortness of breath, headaches, muscle ache, chest
tightness and sore throat apart from the loss of taste and smell
beyond 90 days. The post COVID-19 symptoms that continued
aer 6 months were fatigue, post-exertional malaise and
cognitive dysfunction. Most of the people recovered approxi-
mately aer seven months from COVID-19, but not all the
symptoms were relieved.13 The common clinical systemic
complications of post COVID-19 were interstitial lung disease
(organized pneumonia and pulmonary brosis), pulmonary
embolism, chronic cough, cavity lesions, lower airway pulmo-
nary hypertension lung brosis, arterial thrombosis, venous
thromboembolism, cardiac thrombosis, strokes, inammation,
dermatological complications and overall neuropsychiatric
dysfunctions14 A meta-analysis of studies involving n = 17 794
patients revealed that troponin and aspartate levels increased
with the worsening of COVID-19 conditions. Furthermore, this
5706 | Nanoscale Adv., 2023, 5, 5705–5716
study described that comorbidities of cerebrovascular diseases,
chronic heart diseases, obstructive pulmonary disease, hyper-
tension, chronic kidney disease, metastatic neoplasm and dia-
betes mellitus increased the risk of mortality and severity in
post COVID-19 patients.15

Post COVID-19 affected survivors at all levels of age including
adults, children and those who were not hospitalized, but
possible risk factors were reported including female sex, early
dyspnea and prior psychiatric disorders.28 Older age, severe
pneumonia, long ICU duration, mechanical ventilation dura-
tion, smoking and chronic alcoholism history were predictors
for lung brosis development.29 These symptoms may be
controlled by overcoming blockage in the expression pathways
of systemic biomarkers which contributed to escalate post
COVID-19 worsening.
3. Post COVID-19 pathological
complications
3.1 Respiratory complications

The most common pulmonary symptom reported following
COVID-19 is dyspnea which persisted in 22.9 to 53% of patients
2 months aer COVID-19.31,32. One of the most serious
complications of the post-acute period is the development of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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pulmonary brosis.33 The post-COVID-19 survivors have the
potential to develop coughs or shortness of breath and if
symptoms worsen, they can develop extensive brosis of the
lungs.34 Oxygen dependency was reported in up to 6.6% of
survivors. Diffuse alveolar damage, cytokines recruiting
lymphocytes, macrophages and neutrophils which recruit
broblasts result in pulmonary brosis.35 Therefore, the risk of
developing brotic lung changes increased in post COVID-19
survivors.36 Aer COVID-19 recovery, most of the lungs would
heal without complications but minimal brosis could develop
which can progress to an advanced phase of brosis.37

In our opinion, strategies should be developed to control the
development of pulmonary brosis by looking at which main
inammatory agents contributed to the production of cytokine
storms at the alveolar level in order to speed up the healing
process and get rid of pulmonary brosis (Table 1).
3.2 Cardiovascular complications

The COVID-19 infection caused systematic inammation,
which further caused cardiovascular complications, morbidity
and mortality. It was reported that troponin levels increased by
7–17% with the severity of the COVID-19 infection.38 Chest pain
Table 1 Clinical symptoms of COVID-19 survivors

Symptoms

% Of symptoms observed

Ref.

16 17 18 19

Fatigue 28 53 52 —
Fever — — — —
Diaphoresis 24 — — —
Post-activity tachypnea 21 — — —
Palpitation — — — 11
Chest pain 12 22 — 13
Psychosocial distress 23 — — —
Anxiety 7 — — —
Depression — — — —
Malaise — — — —
Concentration impairment — — — —
Headache — — — —
Weakness — — — —
Myalgia — — — —
Arthralgia 8 27 — 16
Inability to walk — — — —
Cough 7 — — —
Dyspnea — 43 — 8
Wheezing — — — —
Abdominal pain — — — —
Diarrhea — — — —
Anorexia — — — —
Rhinorrhea — — — —
Ageusia — — — —
Sore throat — — — —
Anosmia — — — —
Sleep disorders 17 — — 23
Dizziness — — — —
Hair loss 29 —
Reduced quality of life — — — —
Number of symptoms observed 10/30 4/30 1/30 5/30

© 2023 The Author(s). Published by the Royal Society of Chemistry
was reported in 21% of patients 60 days aer discharge from the
hospital. The susceptibility to cardiovascular complications
such as ischemic and non-ischemic heart disease, cerebrovas-
cular disorders, pericarditis, heart failure, myocarditis, shocks,
dysrhythmia and thromboembolic complications increased.39,40

The most serious cardiovascular complication in COVID-19
patients was myocarditis, and deaths were reported in 7% of
the patients with myocarditis.41 Eman and Toraih (2020)
concluded that an increase in cardiac enzymes could be used as
a biomarker for the identication of those patients who are at
a higher risk of suffering from post-COVID-19 complications.15

It seems that post-COVID-19 cardiovascular complications
occurred due to inammatory changes caused by the produc-
tion of cytokines and substance P. So, it may be possible to use
systemic anti-inammatory drugs to defeat the causative
agents.
3.3 Hematological complications

It was reported that COVID-19 also invaded vascular endothelial
cells and increases pro-inammatory cytokine release and
vascular endothelial injury which resulted in impaired brino-
lysis, thrombosis and hematological complications.42
20 21 22 23 24 25 26 27

39 — 98 63 — — — 31
— — 75 — — — — —
— — — — — — — —
— — — — — — — —
— — — 11 — — 19 —
— 5 73 — — — 10 —
— 17 — — — 39 — —
— — — 7 — 30 16 —
— — — 23 — 33 — —
— — — — — — — 33
— — — — — — — 26
— — 83 — 6 — — —
— — — — — — — 41
22 6 88 — 9 — — —
— 6 78 9 9 — — —
— — 40 — — — — —
11 — 73 7 6 — — —
39 6 87 26 15 — — 25
— — 48 — — — — —
5 — — — — — — —

— 59 — — — — —
— — — 8 — — — —
— — 34 — — — — —
— — — 7 10 — — —
— — 71 — — — — —
11 5 — 26 12 — — —
24 — — — — — 17 —
— — — 6 5 — — —
— — — 22 — — 24 —
— — — — — — — 26
7/30 6/30 13/30 12/30 8/30 3/30 5/30 6/30

Nanoscale Adv., 2023, 5, 5705–5716 | 5707
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Endothelial pathway activation increased the risk of thrombotic
events in post COVID-19 survivors. The microvascular
dysfunction enhanced the expression of tissue factors in
response to the inammatory cytokines as well as the effects of
hypoxia that contributed to hematological complications.43,44

So, this revealed to us that certain cytokines caused vascular
endothelial injuries which may be reduced by inhibiting the
production of cytokines by using medicines.

3.4 Neuropsychiatric complications

COVID-19 infections invade the neural system and are involved
in hypoxic brain injury, metabolic imbalances and oxidative
stress which lead to worse neurogenic symptoms or complica-
tions in survivors.45 The two-month monitoring revealed that
loss of smell was 13.11% and taste was 11% post-traumatic
stress disorder 28%, depression 31%, anxiety 42% and
insomnia 40% in post COVID-19. Sun et al. (2021) reported that
plasma cytokines IL-4 and IL-6 increased in post COVID-19
recovering individuals from 1 to 3 months. The peripheral
and neuro-inammation in post COVID-19 infection increased
neurological complications. Individuals recovering from
COVID-19 experienced concealed neural and neurological
symptoms.46 It was reported that depression was 31%, anxiety
was 42%, obsessive compulsive disorders were 20% and
insomnia was 40%. A record of n = 402 adults with psychiatric
symptoms aer surviving COVID-19 showed that increased
inammation was related to worsening depression in COVID-19
survivors, and inammation based on peripheral lymphocytes,
neutrophils and platelets can be used as biomarkers for
psychiatric disorders.47

Over 30% of post COVID-19 survivors complained of altered
memory status.48 The neurological symptoms such as headache,
fatigue, brain fog, dizziness, memory loss, confusion, dysauto-
nomia and difficulty focusing, are associated with post COVID-
19 infections.49–51 Therefore, early screening and detailed reha-
bilitation strategies may be necessary to prevent and manage
post-COVID-19 complications and their worsening.

3.5 Dermatological complications

The literature reported that dermatological complications
developed in COVID-19 due to deposition in dermal capil-
laries or interstitials.52 Dermal complications such as mac-
ulopapular rash, vesicular rash microvascular vasculitis,
urticaria, chilblain and petechiae are associated with COVID-
19.53,54 A meta-analysis reported that the most common
complication reported was maculopapular exanthema in
36.1% of patients with COVID-19. The papulovesicular rash
(34.7%), painful red acral purple papules (15.3%) and urti-
caria (9.7%) were reported in the hands and feet in post-
COVID-19 patients.55 It seems that there are certain other
biological components which are related to post-COVID-19
and worsening of dermatology. So we should look further
to see which more components are involved and deposited in
dermal capillaries and interstitials to intensify complica-
tions. Proper medications should be taken to cure these
dermatological ailments.
5708 | Nanoscale Adv., 2023, 5, 5705–5716
3.6 Diabetes mellitus complications

COVID-19 causes increased oxidative stress and the release of
pro-inammatory cytokines in diabetic patients as compared
to healthy individuals. COVID-19 damaged b cells and is
related to an insulin deciency which led to hyperglycemia.56

The post COVID-19 patients with diabetes mellitus types I
and II developed hyperglycemia, loss of acute compensation
for diabetes and diabetic ketoacidosis.57 The data showed
that the prevalence of diabetes was 15.4% in post COVID-19
patients. Therefore, it seems that oxidative stress and cyto-
kine production aer post COVID-19 and other complex
interrelated processes contributed to hyperglycemia and had
an impact on b Langerhans cells and the appearance of
glucose uptake receptors on the cell surface.58,59 Psycho-
therapy and medicines that may minimize the secretions of
cytokines may be helpful.
3.7 Renal complications

The renal function was reported to be abnormal in 35% of
patients at the time of discharge from hospitals, and in those
patients 30% required dialysis. During follow-up in the same
study, 36% of patients with residual kidney disease had
recovered at the time of discharge but 14% of those who had
recovered before discharge had recurrent kidney disease.
Direct COVID-19 viral damage, systemic hypoxia, abnormal
coagulation and effects of inammatory cytokines were the
contributing factors to acute kidney injury.60,61 Renal abnor-
malities occurred in most patients with COVID-19 pneu-
monia. Renal complications in COVID-19 were associated
with higher mortality.62 Kidney dialysis is required in this
situation.
3.8 Gastrointestinal complications

Diarrhea was among the top 10 most common symptoms and
its prevalence was reported to be 6%. Other COVID-19 symp-
toms were nausea, vomiting, abdominal pain and loss of
appetite. In post COVID-19 patients with acute liver injury,
abnormal liver function may persist but improve over time.63

Assessment of dietary intake and personalized dietary recom-
mendations are the best strategies to recover.
3.9 Musculoskeletal complications

Arthritis was associated with some kind of viral infection.
COVID-19 caused myalgia and arthralgia without true inam-
matory arthritis in most patients. Post COVID-19 was less
related to rheumatological diseases in patients.64,65 Fatigue,
myalgia and arthralgia were most commonly reported in post
COVID-19 survivors.66,67 It was documented that musculoskel-
etal complications arise due to high pro-inammatory cytokines
that are related to post COVID-19.68,69 Elevated levels of the pro-
inammatory factor interleukin-6may be related tomyalgia and
joint pain.70 Drugs such as siltuximab, sarilumab, and tocili-
zumab which have antiinammatory effects, and inhibit the
production of IL-6, may be used on the prescription of a doctor
for recovery in post COVID-19 patients.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.10 Genitourinary complications

It was shown by the literature survey that there was a signicant
reduction in dihydrotestosterone, testosterone, and orchitis in
several patients. Viral testicular inammation was reported in
up to 19% of patients. In female patients, luteinizing hormone
levels were elevated and preterm delivery took place with no
vertical transmission.71 COVID-19 is associated with severe
physiological changes in the testes and impairment of sper-
matogenesis, hormonal imbalances secondary to hypogonad-
ism and sexual dysfunction.72 Hypogonadism correlates with
unregulated pro-inammatory cytokines TNF-a, IL-1b and IL-
6.73 A recent study found that 30% of COVID-19 patients still
had persistent symptoms or complications aer nine months
and the majority of non-hospitalized patients (85%) had mild
symptoms.74 So, it seemed that production of TNF-a, IL-1b and
IL-6 resulted in increased post genitourinary complications and
may be stopped by blocking the pathways that cause the
production of these inammatory components. Psychological
support and proper nutrition, including micro and macronu-
trients, are required for recovery, which may upgrade the sexual
functioning of patients.
4. Biomarkers of COVID-19

Humans have approximately 20 000–25 000 protein-encoding
genes.75 There could be over 1 000 000 proteoforms including
splice variants and essential post-translational modications.76

There were 29 predicted proteins in the COVID-19 virus with
four main structural proteins (s, e, m, and n).77 The post
translation proteins (PTMs) could provide additional signatures
to detect COVID-19 and its effects. The consideration of PTMs
such as glycosylation and lipidation could provide more
opportunities for the detection of viral proteins. A concentra-
tion on COVID-19 protein-derived glyco-conjugate peptides may
enable the specicity and sensitivity of detection of the viral
protein to be improved.78

Early biomarker identication improved the management of
COVID-19 patients and the appropriate allocation of healthcare
resources during the pandemic. Anne et al. (2020) systematically
reviewed routine laboratory tests of 45 studies for severe COVID-
19 disease and described that an increased level of lymphocytes,
neutrophil count, C reactive protein (CRP), lactate dehydroge-
nase, D-dimer, and aspartate aminotransferase and a low level
of hemoglobin was observed in severe COVID-19 patients.79 A
signicant association was presented between lymphopenia,
thrombocytopenia, and elevated levels of procalcitonin, CRP,
lactate dehydrogenase (LDH), and D-dimer and COVID-19
severity.80 Protein markers of neuronal dysfunction such as
amyloid beta, neurolament light, neurogranin, total tau and p-
T181-tau increased in COVID-19 compared to historic
controls.81 Raymond's (2020) meta-analysis on n = 967 patients
from six studies concluded that N terminal pro B type natri-
uretic peptide (NTP-BNP) was associated with increased
mortality in COVID-19.82 Li et al. (2020) systematically reviewed
4189 patients with COVID-19 from 28 studies, which revealed
that higher troponin, creatinine kinase myoglobin binding
© 2023 The Author(s). Published by the Royal Society of Chemistry
myoglobin and NT-BNP were associated with higher mortality
in COVID-19.83 NTP-BNP can be used as a biomarker in patients
without chronic heart failure, but has a poor prognosis in
patients with sepsis and acute respiratory distress syndrome
(ARDS).84

Jing et al. (2020) conducted a systematic review regarding the
blood coagulation biomarkers in patients with severe COVID-19
by searching databases from PubMed, Embase, Web of Science
and the Cochrane Library. A record of 13 studies with n = 1341
adult patients showed that low platelets, higher D dimers and
higher brinogen were associated with severity in patients with
COVID-19. No correlation was manifested between activated
partial thromboplastin time (APTT) or prothrombin time (PT)
and the severity of COVID-19.85 Jiaxi Xu and Eric Lazartigues
(2022) studied ACE2 in COVID-19 patients with severe neuro-
logical symptoms and the possibility that COVID-19 can infect
and injure the central nervous system in humans. It was
determined that the expression of ACE2 in human neurons is
related to COVID-19 by using human pluripotent stem cell-
derived neurons and the possibility of a patient's ability to
respire and worsen respiratory failure.86 Interleukin 4 (IL-4) is
a cytokine that is a potent regulator of immunity and is secreted
primarily by mast cells, T helper 2 cells (Th2), eosinophils and
basophils. Interleukin 4 (IL-4) is related to abnormal learning,
memory, neurogenesis and neurological disorders. Sachin
(2012) conducted extensive research on the role of IL-4 in
immunity. The study evidence indicated that it has a critical
role in the central nervous system (CNS) for memory and
learning functions.87

The data suggested that a systematic and longitudinal
assessment of cytokines is required for the COVID-19 disease. A
cytokine storm prole associated with severe COVID-19 disease
was characterized by increased interleukin 2 (IL-2), interleukin
7 (IL-7), granulocyte-colony stimulating factor, interferon-g
inducible protein 10, monocyte chemoattractant protein 1,
macrophage inammatory protein 1 alpha and tumor necrosis
factor alpha.88 Elevated concentrations of immunological
interleukin markers were consistent with the “cytokine storm”

hypothesis, whereas elevated concentrations of D dimer were
related to inappropriate blood coagulation as a possible
contributor to pathogenesis.89 Wenjie et al. (2020) reviewed
published articles according to preferred reporting items for
systematic reviews and meta-analyses (PRISMA) guidelines and
evaluated the risk factors associated with mortality in COVID-
19. Data (n = 4659) retrieved from 14 studies showed that
hypertension, coronary heart disease and diabetes were likely
more associated with mortality in COVID-19 patients. The
greater levels of troponin, CRP, Interleukin-6 (IL-6), D dimer,
creatinine and alanine transaminase and low level of albumin
were presented in the mortality group. The increased acute
response was related to cardiac inammation and renal, liver
and hematologic organ damage in COVID-19.90 Yujun et al.
(2020) provided evidence that interleukin 6 (IL-6) induced the
exhaustion of lymphocytes in COVID-19 and that pro-
inammatory IL-6 levels increased in severely ill COVID-19
patients as compared to moderately ill patients.91 Sun et al.
(2021) studied neurological sequelae in COVID-19 from 1 to 3
Nanoscale Adv., 2023, 5, 5705–5716 | 5709
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Table 2 Predictive immune biomarkers of COVID-19

Type Family Biomarkers Amino acid Ref.

Tachykinin peptides Neuropeptide family SP 11 109 and 110
Cytokines111 Interleukin family IL-6 212 112 and 113

IL-7 177 114
1L-1b 269 115
1L-18 193 114
TNF-a 269 116 and 117

Interferon family IFN-I 166 118
Chemokine family CCR2 374 119

MCP1/CCL2 25 120–122
Anaphylatoxins Glycoproteins C3a, C5a 77, 74 123 and 124
Metalloenzymes Zinc metalloenzyme ACE2 805 86, 125–127
Mucine Glycosylated proteins MUC-1 & SAC 72 128
Brain natriuretic peptide N-terminal prohormone of brain natriuretic peptide NT-proBNP 76 82
Protein Apolipoproteins family SAA1 122 129 and 130

Pentameric protein CRP 187 131 and 132
Cells — T cells 133–137

NK cells 138 and 139
Eosinophils, basophils, andmast
cell

140 and 141

Immunoglobulin protein Antibodies Anti-SARS-CoV-2 N/SIgM/IgG ab 46 and 142
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months and found that cytokines (IL-4 and IL-6), antibody levels
and neuronal enriched extracellular vesicle protein cargo were
increased in COVID-19 patients.81 Piotr Lorkiewicz and Napo-
leon Waszkiewicz (2021) searched PubMed, Scopus and Google
Scholar scientic literature databases to evaluate the develop-
ment of post-COVID depression. They found that increased
levels of IL-6, interleukin 1 b (IL-1b), tumor necrosis factor alpha
(TNF-a), interferon-gamma (IFN-g), interleukin 10 (IL-10),
interleukin 2 (IL-2), soluble interleukin 2 receptor (SIL-2R),
CRP, monocyte chemoattractant protein 1 (MCP-1), and
serum amyloid A1 (SAA1), and a declining level of brain derived
neurotrophic factor (BDNF) and tryptophan were associated
with the development of depression in post-COVID-19.92

The substance “P” (SP) is a neuropeptide related to the
tachykinin peptide family. The SP primary structure consists of
11 amino acids (RPKPQQFFGLM) that have a C terminal
a amidated methionine residue. SP is released in the central
and peripheral nervous systems and distributed in the human
brain (Kast et al., 2015).93 Neurokinin 1 is a receptor for SP
which is distributed in the gastrointestinal tract, lung, urinary
tract, muscles, peripheral tissues, immune cells and thyroid in
mammalians.94,95 SP is involved in the regulation of the
cardiovascular system, dilatation of the vascular system, neural
response, gastric motility, inammation, pain, depression and
respiratory mechanisms.96–98 SP is released from nerves,
macrophages, eosinophils, lymphocytes and dendrites, and
binds to NK1. The mast cells produced histamines, chemokines
and cytokines in response to the SP stimulus. SP inhibited
transforming growth factor beta 1 (TGF-b1), released macro-
phages and acted as an immune suppressor. Like interleukin 4,
interferon gamma (IFN-Y) and TNF-a activated upregulation of
SP-NK1.99–102 An elevated level of SP is involved in inammation
of the respiratory, gastrointestinal and musculoskeletal
systems.103 SP acts as a neuromodulator functioning in an
5710 | Nanoscale Adv., 2023, 5, 5705–5716
autocrine, endocrine, and paracrine manner. It is also released
from non-neural cells like immune cells.104 SP is associated with
inammation in asthma and chronic obstructive lung diseases.
Viral infections like respiratory syncytial virus (RSV) caused
upregulation of SP expression and were linked with inamma-
tion in rat lungs.105

The COVID-19 virus stimulates the trigeminal ganglion (TG)
via trigeminal nerves. The trigeminal nerve has three branches
named ophthalmic, maxillary and mandibular nerves and
noxious stimulus-activated nociceptor afferents that have cell
bodies present in the TG. As a result of nerve injury, neuro-
peptides such as SP are secreted which are involved in inam-
mation (Goto et al., 2017).106

Upregulation of SP impairment of mucociliary transport
helps to secrete mucus or secretion from the airway. Nuclear
factor kappa B (NF-kB) pathways were reported to be involved in
the SP overexpression in airways causing inammation and
inhibition of Interlukin10 (Sponchiado et al., 2020).107 Cytokine
storms were aroused in the COVID-19 infection and contributed
to airway inammation (Riffat, 2021).108

The cytokine storm syndrome is reported in critically ill
COVID-19 patients and presents with high inammatory media-
tors, systemic inammation and multiple organ injury or
failure.143 Pro-inammatory cytokines such as TNF-a, IL-6, IL-10,
IL-1b and chemokines increase in COVID-19 patients.144 There
are certain biomarkers such as TNF-a, IL-6, IL-10, IL-1b chemo-
kines (CCL2 and CCR2) and neuropeptides (substance P) which
are produced systemically in post COVID-19 patients and are
responsible for deregulation of organ functions (Table 2).

Substance P (SP) expression increased with the onset of viral
infections. COVID-19 caused the induction of SP which has
a counterpart in neurogenic inammation in the lung. Stress-
induced effects on intracerebral SP levels were mainly ob-
tained from brain tissue measurements. Substance P
© 2023 The Author(s). Published by the Royal Society of Chemistry
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counterparts escalate the cytokine storm in COVID-19 patients.
Therefore, it may be a good biomarker to follow up with post
COVID-19 patients.

The minimum detectable limit of detection for TNF-a is 10
pg mL−1. TNF-a levels were higher in the SARS-CoV-2 (+)
symptomatic group (16 pg mL−1) compared with the SARS-CoV-
2 (−) symptomatic individuals (7.6 pg mL−1). TNF- a and IL-6
are counterparts of the cytokine storm.145 Since previous nd-
ings suggested the involvement of TNF-a-induced inammation
and the manifestation of long term COVID symptoms,146 as
a biomarker for the prognosis of severe COVID-19, targeting
TNF-a using antibodies or inhibitors is a good biomarker.

The lower limit for the detection of IL-6 is 1.5 pg mL−1,
whereas the upper limit for detection is 5000 pg mL−1 without
any prior dilution.147 But it may vary due to different ELISA kits.
Some studies reported that it may be increased in sepsis (>1000
pg mL−1 at COVID-19 onset).148 In addition, patients with such
complicated forms of COVID-19 had nearly threefold higher
serum IL-6 levels than those with non-complicated disease.149

IL-6 is a suitable biomarker to follow up with post COVID-19
patients. Monoclonal antibodies may be effective in reducing
IL 6 expression in COVID 19.150

COVID-19 patients had higher IL-18 levels compared to
healthy subjects (103 [210] pg mL−1 vs. 310 [502] pg mL−1, p =

0.006). Levels of circulating IL-18 were considered increased in
different diseases in relation to the disease characteristics and
severity.151 High levels of IL-18 have been found in the blood of
patients with many different types of allergic diseases. Serum
IL-18 concentrations have a signicant correlation with COVID-
19 severity.152

In normal healthy adults, an IL-1B concentration in the
serum ranges from 0.5 to 12 pg mL−1. Interleukin-1b (IL-1b) is
a member of the interleukin 1 family of cytokines that are
instrumental in inammatory responses. IL-1b is an important,
robust pro-inammatory cytokine involved in the body's
immune response against infection and injury. In the cytokine
storm, the levels of several cytokines such as IL-1b, IL-10 and
TNF-a increased which correlate with disease severity.153 But the
range of minimum and maximum values was also narrower on
days 3 and 6 than on day 0. Studies on longitudinal cytokine
proles in patients across all severities of COVID-19 are still
limited.154

IFN-I has important roles in protecting the lungs from the
spread of respiratory viruses and reducing inammation in the
lung. Integrated immune analysis, including immune cell
analysis, whole-blood transcriptomics and cytokine quantica-
tion in COVID-19 patients impaired the IFN-I response as
a result of low IFN-I levels. The assay range is approximately 0.4–
298 pg mL−1. The reference range for a healthy population is
less than 2.0.155

Chemokine receptor CCR2 expression causes high monocyte
numbers, which contribute to inammation. During COVID-19
infection, CCR2 stimulates monocytes to enter the lung paren-
chyma and causes monocyte driven cytokine storm inamma-
tion.156 The critical point in this therapeutic approach is to pay
attention to other mechanisms involved in migration of
© 2023 The Author(s). Published by the Royal Society of Chemistry
monocytes and macrophages to the lung and which on wors-
ening, cause brotic changes.

Monocyte chemoattractant protein-1 (MCP-1/CCL2) is one of
the key chemokines that regulate the migration and inltration
of monocytes/macrophages.157 The circulating levels of CCL2
were nearly doubled (264 vs. 134 pg mL−1) in the severe group
compared to the non-severe group of COVID-19.158

Airway mucus from patients with COVID-19 had a higher
level of MUC5AC, which may be detected only when secretions
are taken by bronchoscopy.128 Serum amyloid A (SAA) is the
most prominent acute phase reactant as its serum levels in the
acute phase response demonstrate the most notable increase.
In healthy individuals, SAA is present at a blood concentration
below 3 mg L−1. Its level rises during the COVID-19 infection.159

There is less published data on SAA as a biomarker of COVID-19
severity, and future longitudinal studies should be conducted to
assess the clinical relevance of SAA with the severity of COVID-
19 and follow-up biomarkers.

CRP might be related to the production of inammatory
cytokines, which ght against microbes, but when the immune
system becomes hyperactive, it can damage lung tissue.160 CRP
is a valuable early marker but CRP levels in patients with
COVID-19 who may progress from non-severe to severe cases
need to be further studied in large-scale multicenter studies.

Basophils play an important role in promoting antibody
response and mast cells may take part in the pro-coagulative
status typical of COVID-19 patients. The limitations of this
biomarker are the number and timing of serum sampling that
affect the results in long COVID-19.161

The detection limitations of biomarkers for COVID-19 are
a BSL-3 laboratory, well trained technicians, state of the art
calibrated instruments, and high quality standardized kits that
have high sensitivity and specicity that may detect threshold
value for a biomarker.162 In the longitudinal studies, partici-
pants should be involved in the study from the very beginning to
the end with their consent for COVID-19 biomarkers. Phlebot-
omists should be well trained for sample drawing and samples
should be handled and stored properly and carefully as
prescribed by the kit manufacturer's protocol.163 Some patients
who are PCR negative for COVID-19 have biomarkers for COVID-
19. These results are false positives and they should be reported
clinically in order to retain validity of data. Standardized tech-
niques should be used for biomarker detection. The balance
between assay sensitivity and specicity must be weighed to
reduce the risk of false positives. The limitations of biomarkers
are number and timing of serum sampling that affect result in
long COVID-19. The assay should be performed within the given
time limit mentioned in kit protocol.164 The aforementioned
conditions should be fullled properly to avoid detect limita-
tions of biomarkers for COVID-19. These may be possible
detection limitations for COVID-19 biomarkers and need
further to be explored.

5. Outlook

Although great progress has been made in post COVID-19
complications and biomarkers, there are still several
Nanoscale Adv., 2023, 5, 5705–5716 | 5711
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problems to be addressed. The expression pathways for devel-
oping complications with respect to biomarkers should be
investigated by using inhibitors to reduce and stop the cytokine
storm in post-COVID-19 patients. A release of the substance P
counterpart for worsening symptoms and complications in
post-COVID-19 patients should be sorted out to lessen and cure
COVID-19. It is suggested that patients with COVID-19 who
experience symptoms should manage by blocking mast cells
and their mediators, which could be useful for cure and needed
to be investigated. Currently, themajor constraint to controlling
the symptoms and complications of COVID-19 patients is a lack
of drugs that inhibit the production pathways for biomarkers.
Neurological and musculoskeletal complications remained for
long periods, and other complications were refractory. Drugs
should be developed so that the care of these patients can be
optimized to cure COVID-19 patients and give them a better,
healthier life. Finally, expression pathways of biomarkers
related to post-COIVD-19 complications have not been investi-
gated. We must take more serious steps for patients and be
more concerned about limiting the expression pathways for the
generation of these biomarkers, and there should be nation-
wide surveillance programmes to improve patients' health and
quality of life.

6. Conclusion

Patients' education will be useful in identifying the post COVID-
19 syndrome, which is dened by lingering symptoms and
complications that occur aer 4 weeks. Aer COVID-19, the
expression of SP and several cytokines (TNFa, IL-6, IL-10, IL-1,
ACE2 and CCL3) result in complications involving the respira-
tory system, heart, brain, endocrine system, skin, musculo-
skeletal system, gastrointestinal tract, kidneys and
genitourinary system. Pulmonary brosis development is the
worst complication because it affects the quality of life. We
should rule out and block the SP expression pathway as well as
that of other cytokines, which will help to overcome post
COVID-19 complications.
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A. Rodŕıguez-Villa Lario, I. Navarro Fernández,
R. Ruiz-Villaverde, D. Falkenhain-López and M. Llamas
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