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Abstract
Parylenes are a family of polymers derived from poly(p-xylylene). The most commonly used member of this family is parylene 
C, which contains one chlorine substituent per monomer unit. It is used as a passivation layer in bioanalytical devices, among 
other applications. However, parylene C is chemically inert. This limits its use in bioanalytical applications and other fields that 
require chemical functionalization of the surface. Therefore, various methods have been developed to functionalize parylene C 
surfaces. Other approaches have aimed to develop parylenes with other moieties that are easier to functionalize. Depending on 
their functional group, parylenes have different characteristics, fields of application, and adjustment possibilities. In this work, 
four groups of parylenes are discussed: (1) parylene C and parylene N (poly(p-xylylene)) as the most common representatives 
of this polymer family, (2) heat-resistant parylenes, which include fluorinated parylenes, (3) parylenes with functional groups 
for protein coupling, such as amino groups and formyl groups, and (4) parylenes with moieties for click chemistry, allowing for 
a wide variety of functionalization and application. Applications include cell culture, biosensors, immunoassays, and enzyme 
assays, among others. A comparison of the performance of the respective parylenes is made, if possible, with regard to a specific 
analytical task. Though many tasks have been accomplished with available parylenes, limitations regarding functional groups, 
including the ability to undergo functionalization, still exist. This paves the way for new parylenes or new methods of surface 
modification that have not yet been widely adopted and are ready to be investigated.
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Introduction

Poly(p-xylylenes) are polymers made from [2.2] paracy-
clophanes via chemical vapor deposition (CVD). While the 
term “poly(p-xylylene)” is sometimes abbreviated as “PPX,” 
the term “parylene” is much more common for this class 
of polymers [1]. The CVD process developed by Gorham 
for the deposition of parylene layers is depicted in Fig. 1 
[2, 3]. First, the precursor is sublimated at temperatures 
between 120 and 160 °C and a pressure of 1 mbar. Then, it 
is pyrolyzed at temperatures between 650 and 700 °C and 
a pressure of 0.5 mbar, resulting in reactive monomers. In 

the deposition zone, the monomer polymerizes near room 
temperature at a pressure of 0.1 mbar [4]. The exact process 
parameters depend on which precursor is used, while the 
layer thickness is mainly determined by the amount of pre-
cursor applied in the process [2, 3, 5–7].

The parylene deposition process typically produces high-
molecular-weight linear polymer chains that form semi-crys-
talline parylene films [2, 8]. In the CVD process, the conven-
tional method of cracking the gaseous precursor is thermal 
pyrolysis. However, the use of plasma in this step has also 
been investigated because it allows for a faster CVD process. 
Parylene layers obtained with plasma deposition exhibited 
lower contact angles than the parylene layers obtained by 
thermal deposition since the functional groups on the surface 
were partly complemented by oxygen- and nitrogen-contain-
ing species. Furthermore, plasma-deposited parylenes were 
more amorphous than the thermally deposited counterparts 
[4, 9, 10]. The crystallinity of parylene films is influenced 
by both pyrolysis and deposition parameters [7, 9]. While 
annealing the films after CVD can improve their crystallin-
ity, it can also negatively affect their adhesion to underlying 
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materials [11, 12]. The roughness of parylene films is also 
influenced by the deposition parameters of the CVD process 
[1, 11]. If required, the roughness can be increased by treat-
ment with physical plasma after the CVD [13].

Table 1 lists the names of the most common commer-
cially available parylenes. These are homopolymers, i.e., the 
underlying precursors are dimers consisting of two identical 
monomers. This results in the CVD process shown on the 
left in Fig. 1. The molecular structures of the parylenes are 
presented in the subsequent chapters.

The name “parylene” was originally introduced in the 
USA by Union Carbide Corporation (UCC) and later trans-
ferred to Specialty Coating Systems (SCS), along with all 
related information and patents [2, 20]. In Japan, Daisan 
Kasei Co., a partner company of Kisco, registered the 
brand name “diX” for parylenes [21, 22]. “PPX” stands for 

“poly(p-xylylene)” [1]. The name “parylene F” is usually 
associated with the parylene containing fluorinated benzene 
rings (parylene VT4 in Table 1). However, in some publica-
tions, “parylene F” refers to the parylene with fluorinated 
methylene groups (CF2) between the benzene rings (par-
ylene AF4 in Table 1) [23]. To avoid any ambiguity, the 
names “parylene AF4” and “parylene VT4” (as depicted in 
Table 1) are used in the following. Two Chemical Abstracts 
Service Registry Numbers (CAS RNs) are listed for both 
parylene C and parylene D. The first CAS RNs refer to sub-
stances that are not fully defined, meaning the position of the 
chlorine substituents is unknown [17, 18]. The second CAS 
RNs refer to the actual dimer. However, both CAS RNs are 
used by suppliers of these parylene dimers.

CVD of common parylenes (Table 1) results in thin, 
conformal and stress-free layers. The layers are optically 

Fig. 1   Gorham process for the deposition of parylene (non-stoichiometric)
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transparent, electrically insulating, impermeable for gas and 
moisture, and biocompatible. Due to this unique combina-
tion of properties within one polymer family, parylenes are 
ideal for use as protective or functional coatings in sensors 
and electronic devices, particularly in bioanalytical appli-
cations. However, the parylenes listed in Table 1 are con-
sidered chemically inert. This limits their use in applica-
tions that require chemical functionalization of the surface 
[8, 24]. Other parylenes exhibit reactive moieties, such as 
alkynyl groups (mostly ethynyl), amino groups, anhydride 
groups, benzoyl groups, carbonyl groups, ester groups, for-
myl (aldehyde) groups, and hydroxyl groups. These moieties 
enable the covalent immobilization of biomolecules, such 
as proteins or saccharides, on the parylene surface. Reac-
tions include the activation of carboxyl groups via 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide and N-hydroxy-
succinimide (EDC/NHS) to form peptide bonds with amino 
groups, the formation of Schiff bases between amino and 
aldehyde groups, and click chemistry between alkynyl and 
azide groups [1, 3, 25–28]. Furthermore, poly(4-benzoyl-
p-xylylene-co-p-xylylene), a photoreactive parylene provid-
ing benzoyl groups, was reported to have the properties of a 
photoresist. This allows for the photopatterning of biointer-
faces without the use of solvents or irradiation, which could 
potentially damage sensitive biomolecules. It also enables 
the presentation of biomolecules on substrates with complex 
geometries. This approach could be useful for fabricating 
tissue engineering scaffolds, three-dimensional (3D) cell 
cultures, and next-generation bioMEMS devices [27].

As only a limited number of parylenes with reactive moi-
eties have been commercially available, they are typically 
synthesized from scratch using the correspondingly func-
tionalized [2.2]paracyclophanes, which also may have to be 
prepared first. Furthermore, as previously mentioned, the 

parameters of the CVD process must be adjusted according 
to the respective precursor [2, 3, 5, 7], which can be time-
consuming and requires additional material.

An alternative would be to introduce functional groups 
to commonly available parylenes (Table 1), for which the 
deposition parameters are well-known. One method would 
be oxidation. Since these parylenes are mostly chemically 
inert, strong oxidizing agents are required, such as piranha 
solution [29], a mixture of concentrated hydrogen peroxide 
(H₂O₂) and concentrated sulfuric acid (H2SO4). Oxidation 
with piranha solution requires careful handling and thor-
ough cleaning afterward due to the highly aggressive nature 
of the chemicals involved. Physical oxidation methods are 
mostly residue-free, making them easier to handle. These 
methods include thermal oxidation [30, 31], photooxida-
tion [32, 33], and oxygen (or atmospheric) plasma treatment 
[34–36]. However, thermal oxidation can cause cracking of 
the material [31] and is therefore rarely used for parylene 
surface treatment. Better results are obtained with photooxi-
dation by UV exposure or plasma treatment. The oxidized 
parylene surfaces were used directly, taking advantage of 
their increased hydrophilicity compared to the untreated par-
ylene surfaces [37–40]. Alternatively, they were converted 
by reacting with other chemicals, such as silanes, to enable 
further covalent coupling [41].

Other methods for chemically functionalizing parylene 
layers include electrophilic aromatic substitution reactions, 
such as the Friedel–Crafts acylation [42], and the Buch-
wald–Hartwig amination. The latter was applied for the 
palladium-catalyzed substitution of the chlorine substitu-
ent of parylene C by an amino group [43]. Parylene C that 
underwent Friedel–Crafts acylation was further functional-
ized to improve protein immobilization and cell and tissue 
adhesion [44, 45]. A fast and gentle introduction of dextran 

Table 1   Overview of commonly 
available parylenes [14–16]

a Incompletely defined substance, i.e., the position of the chlorine substituents is unknown [17, 18]
b Trademarked by Specialty Coating Systems (SCS) [19]

Name Alternative name Functional groups Molecular 
formula of 
dimer

CAS RN of dimer

Parylene N diX, PPX None C16H16 1633-22-3
Parylene C diX-C, PPX-C One Cl substituent per benzene ring C16H14Cl2 28804-46-8a

10366-05-9
Parylene D diX-D, PPX-D Two Cl substituents at the 2,5-posi-

tion of each benzene ring
C16H12Cl4 30501-29-2a

25826-07-7
Parylene AF4 Parylene 

F-AF4, Par-
ylene HT®b, 
Parylene SF,
diX-SF

Fluorinated methylene groups (CF2) 
between the benzene rings

C16H8F8 3345-29-7

Parylene VT4 Parylene F, Par-
ylene F-VT4, 
Parylene CF

Fluorinated benzene rings C16H8F8 1785-64-4
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layers, which were used as part of biosensing layers, to par-
ylenes was achieved through photochemical reactions based 
on aryldiazirine-labeled compounds [46, 47]. Although the 
reactions proceeded rapidly and gently, the compounds were 
not directly available and had to be synthesized beforehand. 
A recent study introduced the photo-Arbuzov reaction to 
halogenated parylenes, such as parylene C, in order to obtain 
phosphonated surface coatings. Subsequent phosphorus-
based surface chemistry may lead to a new set of coatings 
that can be used for biosensing applications and tissue engi-
neering [48].

The following summarizes commonly used parylenes and 
their applications in bioanalytics and cell culture, including 
surface modifications, if required. While the focus is on the 
chemical microenvironment of the parylenes and their poten-
tial functionalization, the specific properties of parylenes 
that allow for particular applications, such as insulating lay-
ers or acoustic waveguiding layers, are also addressed.

The parylenes covered here are as follows:

–	 Parylene C and parylene N, the most common parylenes 
[8]

–	 Parylene D, parylene AF4, and parylene VT4, which are 
more heat-resistant

–	 Parylene A, parylene AM, and parylene H, which provide 
functional groups that are ideal for protein coupling

–	 Parylene X and other parylenes with functional groups 
allowing click chemistry

Bioanalytical applications, apart from cell culture, mainly 
include biosensor applications, immunoassays, and enzyme 
assays. The characteristics of each type of parylene are 
explained, as well as how these characteristics can be used 
in specific applications.

Applications of parylenes

The most common parylenes: parylene C 
and parylene N

The most common parylenes: overview

Parylene C is by far the most common type of parylene, 
followed by parylene N, the unsubstituted base form [8]. 
Figure 2 shows the molecular structures of these parylenes, 
which exist as homopolymers.

Both parylene C and parylene N have been used with and 
without further functionalization. The applications shown 
below use one or both of these parylenes. Applications 
involving other parylenes, compared to parylene C or par-
ylene N, are listed in the sections dedicated to the respective 
parylenes.

The most common parylenes in cell culture

Parylene C and parylene N form dense, smooth, and highly 
reproducible coatings that represent effective molecular bar-
riers even on 3D scaffolds. Therefore, these parylenes can 
provide protection of sensitive cell or tissue cultures from 
cytotoxic materials commonly used in 3D-printed resins in 
organ-on-chip and cell culture devices [24, 49]. Both par-
ylene C and parylene N have been rated a United States 
Pharmacopeia (USP) Class VI polymer because of their 
favorable properties, including high biocompatibility, bio-
stability, low cytotoxicity, and resistance against hydrolytic 
degradation. Parylene C, in particular, is frequently used in 
the medical industry as a coating material [8, 24]. Conse-
quently, cell adsorption on both parylene C and parylene N 
surfaces has been the subject of various studies.

The influence of surface oxidation on surface wettability 
and, consequently, cell adhesion [50] has frequently been 
investigated using parylene C and parylene N. Oxidation 
makes parylene N and parylene C surfaces more hydrophilic, 
creating a different microenvironment that may affect cell 
adhesion depending on the cell type. Physical oxidation 
methods, such as UV and plasma oxidation, were preferred 
due to their simpler handling and residue-free nature com-
pared to chemical methods. Osteoblast-like MG-63 cells 
and neuron-like PC-12 cells both adhered better to the sur-
faces of parylene N and parylene C after they were oxidized 
through UV exposure (Fig. 3) [37, 38].

For parylene C and both fibroblast and hepatocyte cell 
lines, it was found that the untreated polymer minimizes cell 
adhesion while plasma treatment of the parylene C coating 
leads to increased cell adhesion. The increased cell adhesion 
was comparable to that obtained with commercially avail-
able tissue culture-treated polystyrene [51]. Similar results 
were obtained with PC-12 cells [39], osteosarcoma cells 

Fig. 2   Molecular structure of a parylene N and b parylene C
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[13], and human umbilical vein endothelial cells (HUVECs) 
[52] on parylene C with and without plasma treatment.

Parylene N prepared through plasma polymerization 
exhibited higher hydrophilicity than parylene N resulting 
from thermal deposition. A higher fibroblast cell count was 
obtained with plasma-polymerized parylene N, consistent 
with results obtained with plasma-treated, convention-
ally deposited parylene N. Since no post-modification is 
required, plasma-polymerized parylenes show immediate 
promise for cell adhesion [53].

The most common parylenes in acoustic‑wave biosensors

Acoustic-wave biosensors mainly use quartz crystal micro-
balance (QCM) and surface acoustic wave (SAW) devices as 
detectors [54]. Parylenes have many potential applications 
in acoustic-wave sensors. Due to their dense structure and 
mechanical properties, parylenes can be used as protective 
coatings for the electrical shielding of electrode structures. 
Furthermore, parylenes are particularly important for SAW 
biosensors because they can increase the sensitivity of the 
SAW sensor response to analyte binding when used as wave-
guide materials. Additionally, the conformality of parylenes 
makes them useful as an initial layer for chemically homog-
enizing 3D surfaces. This is useful for preparing surfaces 
for the covalent immobilization of bioreceptor molecules 
or other compounds. Alternatively, parylenes can serve as a 
surface for non-specific protein or cell adsorption. Examples 
of the main uses of parylenes in acoustic-wave biosensors 
are given below.

QCM devices consist of a thin, circular quartz wafer sand-
wiched between two metal-coated electrodes [54]. Form-
ing a cavity with a parylene diaphragm attached to one of 

the QCM electrodes via parylene microposts reduces the 
damping effect of liquids on the QCM surface. This enables 
a QCM sensor design that performs better in liquids [55]. 
QCM sensors coated with parylene C were used to measure 
the activated partial thromboplastin time (aPTT) and moni-
tor blood coagulation [56, 57]. QCM sensors coated with 
parylene N were investigated for monitoring Escherichia 
coli (E. coli) populations [58]. The studies made use of the 
hydrophobic nature of both parylenes, meaning that they 
were not further functionalized.

SAW devices consist of a piezoelectric substrate with 
interdigitated metal electrodes on its surface [54]. Parylene 
C was observed to provide efficient electrical shielding and 
chemical protection of aluminum electrodes or bond wires 
against corrosive attack in SAW biosensor measurements 
[46, 59]. A thickness of 35 nm was determined to be the 
minimum value needed to achieve continuity and effec-
tive protection by parylene C coatings [6]. Additionally, 
parylene C coatings enabled capacitive coupling between 
SAW devices and circuit boards, eliminating the need for 
bond wires [60]. A combination of a parylene C coating and 
a gold layer was used to demonstrate effective elimination 
of acoustoelectric interaction between conducting solutions 
and electrode structures [61].

It has long been known that polymers can be used to con-
fine the energy of shear-horizontal (SH)-SAW sensors to a 
surface. This creates a sensor with high sensitivity to surface 
perturbation that can be used for direct liquid-phase meas-
urement [62, 63]. The waveguiding effect was confirmed 
for parylene C-coated SH-SAW sensors. The resulting wave 
type is also referred to as “Love Mode” [64, 65]. Under 
liquid-phase conditions, parylene C waveguides were found 
to increase mass sensitivity by up to a factor of 8.6 [64]. 
Furthermore, parylene C waveguides were found to increase 

Fig. 3   PC-12 cells cultivated 
on parylene N and parylene C 
films, both with and without UV 
treatment, with an initial seed-
ing of 20,000 cells per plate. 
The percentage data above the 
columns represents the increase 
in cell number during cultiva-
tion. The percentage data in 
the white and grey sections 
of the columns represent the 
ratio of adherent to suspended 
cells, respectively. Reprinted 
from Enzyme Microb. Technol. 
2017, 97:1–10. Copyright 2017 
Elsevier
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sensitivity in Lamb wave biosensors [66]. This demonstrates 
that parylene coatings can act as waveguides, in addition to 
their effective electrode protection and protein immobiliza-
tion abilities. Parylene C waveguides were also compared to 
SiO₂ waveguides. While a slightly better detection limit was 
found for thick (4 µm) layers of SiO₂, it was noted that SiO₂ 
is difficult to deposit at such thicknesses. Additionally, par-
ylene C offers better corrosion protection for the electrodes 
[59]. SH-SAW sensors with a parylene C waveguide were 
used to detect proteins released during platelet activation 
[67] and to monitor the adsorption of tendon stem cells [68]. 
Furthermore, an antibody-coated parylene C/SiO2 phononic 
waveguide was introduced for the reliable, high-sensitivity 
detection of vascular endothelial growth factor (VEGF) 
secreted by platelets [69].

If parylene was functionalized for the aforementioned 
applications, adsorption was mostly used. Non-specific pro-
tein adsorption is a simple way to create a highly selective 
biosensor surface. The adsorbed protein then serves as the 
selective recognition element in a biosensor measurement. 
While this method does not always permit maximum sen-
sitivity and repeatability, it is sometimes preferred due to 
the rapid and simple preparation of the sensor surface [46]. 
Additionally, non-specific sensor surfaces are used to study 
protein adsorption processes [70]. As demonstrated with 
SAW biosensors, parylene C is ideal for the non-specific 
adsorption of various proteins, including plasma proteins 
such as human serum albumin (HSA) and fibrinogen [70], 
bovine serum albumin (BSA) [60, 64], collagen [67], and 
antibodies [69].

Parylene C-coated SAW devices were covalently func-
tionalized using custom-made aryldiazirine-labeled com-
pounds. A dextran derivative was immobilized as an inter-
mediate hydrogel layer to prevent non-specific protein 
binding in the subsequent assays. After coupling the anti-
body to the dextran, only the corresponding antigens bound 
to the SAW biosensor. Non-specific protein adsorption was 
largely suppressed [46, 47]. A more flexible and acces-
sible method involves oxidizing parylene C with plasma, 
silanizing it, and binding a functionalized hydrogel, such 
as aminodextran, to the silane. This process creates suitable 
functional groups for immobilizing protein-based or other 
biomolecules. Subsequent detection of antibodies confirmed 
that non-specific protein adsorption was largely reduced 
by this functionalization method, while the corresponding 
binding partners resulted in a significant signal response 
[41]. This immobilization principle was applied to parylene 
C-coated SAW biosensors for the detection of breast cancer 
markers [71, 72], hepatocyte growth factor (HGF) in cell 
culture medium [73], C-reactive protein (CRP) in serum 
[74], and penicillin G in milk [75]. The aforementioned 
immobilization protocols, which are based on adsorption 
and covalent binding, were adapted for SAW biosensors. 

However, these protocols can also be transferred to other 
biosensors and devices that are coated with parylene.

The most common parylenes in bioelectronic devices

Parylene is an insulating material that becomes conductive 
through pyrolysis [24]. The insulating properties of parylene, 
in combination with the ability to form a conformal coat-
ing, result in so-called conformal insulation. This, together 
with its biocompatibility, makes parylene C and parylene 
N particularly suitable for use as coatings in bioelectronic 
devices, such as neural probes or implantable microelec-
trode arrays for the multiplexed detection of redox-active 
species [8, 76]. The latter was demonstrated using an array 
of carbon fiber multielectrodes coated with parylene, leaving 
the carbon fiber tips free for measurement. This array was 
used to detect neurotransmitters in mouse brain slices by 
fast-scan cyclic voltammetry [77]. Though lifetimes of sev-
eral years of parylene coatings at human body temperature 
(37 °C) were obtained, particularly the reduced adhesion 
to inorganic materials remains a challenge. Studies aimed 
at overcoming this problem include introducing adhesion 
layers and multilayer approaches, with parylene serving as 
the top layer [12, 78].

Parylene pyrolysis can be performed at high temperatures 
in a furnace under a nitrogen atmosphere. Alternatively, it 
can be carried out using a carbon dioxide laser in either a 
nitrogen atmosphere or in air. The use of pyrolyzed par-
ylene as a carbon-based material for electrochemical sens-
ing applications was recently reviewed elsewhere [24]. A 
recent application describes carbon fiber microelectrodes 
made from pyrolyzed parylene N for the detection of amino 
acids and hormones in brain slices by fast-scan cyclic vol-
tammetry [79].

The most common parylenes in other bioanalytical devices

An alternative biosensor design based on detection of mass 
and/or elastic properties is the microcantilever. Parylene C 
can serve as microcantilever materials that, due to their soft 
elastic properties, allow high sensitivity to surface stress 
without the necessity to use excessively thin microcantile-
vers [80]. Alternatively, other polymers can also be used 
as microcantilever materials and subsequently coated with 
protective layers of parylene C to increase the stability of 
the microcantilever in a liquid environment [81]. Microcan-
tilevers can be replaced by thin membranes made entirely 
or partly of parylene, which can also serve as a sensor ele-
ment sensitive to surface stress. The deflection of the mem-
brane resulting from analyte binding can then be detected 
using capacitive [82] or optical [83] techniques. In the latter 
case, a parylene C nanosheet acting as an optical interfero-
metric surface-stress sensor was coated with polymethyl 
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methacrylate (PMMA). The PMMA was then oxidized using 
a UV/ozone cleaner, which resulted in the formation of car-
boxyl groups on the surface. The groups were then activated 
with EDC/NHS to immobilize anti-HSA antibodies. HSA 
detection on the functionalized nanosheet resulted in higher 
signal responses than obtained with other proteins [83].

Surface plasmon resonance (SPR) is a common detection 
principle used in optical biosensors. Gold SPR chips were 
coated with parylene N and treated with plasma. Antibod-
ies were more efficiently immobilized on plasma-treated 
parylene N than on untreated parylene N or bare gold, 
demonstrating the potential of plasma-treated parylene N 
for protein adsorption. After the antibodies were adsorbed, 
the SPR biosensors were used to detect disease markers, 
such as the hepatitis B surface antigen (HBsAg) [84] or the 
inflammation marker CRP [85]. A nanoplasmonic biosensor 
chip that uses vertical cavity surface emitting laser (VCSEL) 
technology was developed for the detection of amyloid-β. An 
ultrathin parylene C layer, introduced as an antibody cou-
pling layer, additionally enhanced the chip’s sensitivity [86].

The most common parylenes in MALDI‑TOF MS

Parylene N was used to enhance the performance of 
matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrometry (MS) in the detection of 
compounds with a molecular weight below 1000 Da. For 

such analytes, the limiting factor of MALDI is that the laser 
ionizes parts of the matrix. The resulting peaks interfere 
with the analyte peaks of low-molecular-weight compounds, 
which makes identifying them difficult. As a preliminary 
step, the MALDI plates were coated with parylene N with-
out the use of a matrix. Parylene N is more hydrophobic than 
the gold of standard MALDI plates, which led to improved 
droplet formation. This resulted in a smaller surface-to-
volume ratio and a higher signal-to-noise ratio. Analytes 
detected in subsequent laser desorption/ionization (LDI) MS 
measurements included polyethylene glycol (PEG) with a 
molecular weight of 600 Da [87].

Another method used parylene N to coat the matrix 
applied to the MALDI plates. The parylene N layer thick-
ness was thin enough that the target plate’s electrical 
conductivity was not completely shielded, providing the 
required conductivity for the process. Furthermore, the 
parylene N layer was uniform in thickness and pinhole-
free, yet slightly porous to allow the sample to interact 
with the matrix for MALDI-TOF detection. Mass peaks 
from the matrix were successfully prevented, allowing 
low-molecular-weight compounds to be detected with an 
improved signal-to-noise ratio, as shown in Fig. 4 [88].

The first analytes included amino acids and drugs with 
molecular weights below 500  Da [89]. This principle 
was used for various applications involving simultane-
ous detection of analytes below 1000 Da, including the 
detection of serum markers. Applications included enzyme 

Fig. 4   MALDI plates and mass spectra during the process. From left 
to right: MALDI plate coated with matrix, after coating with par-
ylene N, and after sampling with arginine (Arg). Reprinted from J. 

Anal. Sci. Technol. 2022, 13(1):3. Published open access by Springer 
Nature under a CC BY license
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assays to determine susceptibilities of bacteria strains to 
β-lactam antibiotics [90, 91], the detection of amino acids 
in serum to diagnose neonatal metabolic disorders [92], 
the detection of diagnostic markers for sepsis, cancer, and 
metabolic disorders in patient sera or spiked serum sam-
ples [93–95], and the detection of vitamin D and metabo-
lites in serum, tablets, and energy drinks [88].

Heat‑resistant parylenes: parylene D, parylene AF4, 
parylene VT4

Heat‑resistant parylenes: overview

When it comes to bioanalytical applications or cell cul-
ture, heat resistance is generally not at the top of the list 
of requirements. However, the manufacturing process of 
some devices may require thermal stability of the par-
ylene layers, e.g., to protect electronic components [96], 
which is why these parylenes are included in this study. 
Additionally, the microenvironment provided by the 
functional groups has been investigated for cell culturing 
applications.

Figure 5 shows the molecular structures of parylenes 
that are more heat-resistant than parylene C and parylene 
N. They exist as homopolymers. Table  2 summarizes 
the parameters characterizing the thermal stability of 
parylenes.

Parylene AF4 has the highest temperature resistance 
among commonly available parylenes (Table  2), and 
because of the fluorinated methylene groups between the 
benzene rings (Fig. 5b), it also has the highest stability 
to UV exposure. While parylene C and D exhibit similar 
autofluorescence behavior under UV illumination, par-
ylene AF4 shows much lower autofluorescence, making 
it ideal for applications requiring sensitive fluorescence 
measurements [98]. However, since parylene AF4 is also 
the most expensive parylene variant, other parylenes are 
preferred, if possible [99]. Furthermore, the fluorination 
of the methylene groups makes the parylene AF4 dimer 
(and, hence, the polymer) a PFAS (per- and polyfluoro-
alkyl substances) candidate, in contrast to parylene VT4 
carrying the fluoro groups at the benzene ring [100–102]. 
This requires handling parylene AF4 with particular care 
and consideration as it is a potential “forever chemical” 
[103].

Heat‑resistant parylenes in cell culture and antifouling 
applications

Most applications in this section include parylene AF4. 
Due to its exceptional heat resistance and UV stability, it 
can withstand autoclaving and UV irradiation, which are 

common sterilization methods for cell culturing devices. 
Furthermore, considering the coating of the inner side of a 
tubing or a channel, parylene AF4 shows the highest pen-
etrating depth and lowest water adsorption compared with 
parylenes N, C, and D [97, 104]. This was used to coat poly-
dimethylsiloxane (PDMS) channels with parylene AF4 for 
storing aqueous droplets of several nL in oil. The droplets 
encapsulated bacteria, E. coli and Enterococcus faecalis (E. 
faecalis) in culture medium. Both bacteria could be grown 
in these droplets for several hours at 37 °C. The device was 
reusable after cleaning with 2-propanol, allowing at least 
ten uses [105].

Bacterial adhesion to parylenes was tested with E. coli 
and Bacillus subtilis (B. subtilis) on pristine PDMS and 
PDMS coated with parylene C, parylene D [106], or par-
ylene AF4 [107]. While bacterial adhesion to parylene D 
was only slightly reduced compared to PDMS, bacterial 
adhesion to parylene C or parylene AF4 was significantly 
reduced [106, 107]. Marine fouling on PDMS or PDMS 
coated with parylene AF4 was tested with the bacteria 

Fig. 5   Molecular structures of a parylene D, b parylene AF4, and c 
parylene VT4
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Paracoccus pantotrophus (P. pantotrophus) and B. subtilis 
as well as with algae Chlorella. Again, parylene AF4 showed 
excellent anti-adhesion and antifouling properties, particu-
larly regarding B. subtilis and Chlorella (Fig. 6) [108].

Additionally, the material was biocompatible when tested 
with fibroblasts. The cell viability was almost 87% after a 
24-h incubation time, suggesting that the toxicity towards 
these cells is negligible [107]. This could be improved by 
treating the parylene AF4 surfaces with oxygen to create 
a more hydrophilic surface. This treatment increased the 
viability of the fibroblasts to over 90%. Furthermore, the 
hemolysis rate of the plasma-treated parylene AF4 surfaces 
was less than 2%, which is below the medical safety thresh-
old of 5%, confirming the biocompatibility of plasma-treated 
parylene AF4 [23].

Grids providing parylene areas separated by SiO2 were 
prepared with parylene N, C, D, and AF4 for culturing 
human astrocytes. The astrocytes preferred the parylene 
materials to locate. However, while all four parylenes 
attracted the cells, the cytoplasm of the astrocytes did not 
spread across the respective surfaces, showing an atypi-
cal morphology of the cells. The treatment of the grids 
with piranha solution (a mixture of H2O2 and H2SO4, both 
concentrated, in the ratio 5:3), a strong oxidizing agent, 
improved the cell morphology. On the treated grids, the 
astrocyte cytoplasm spread and was only limited by the 
respective parylene area. The cell morphology was now 
similar to that on polystyrene, the standard material for 
cell culture. Furthermore, all parylene materials supported 
Ca2+ signaling in the cells in a similar manner [29, 104]. A 
copolymer made from parylene C and parylene VT4 pre-
cursors resulted in a parylene that was more thermally sta-

ble than parylene C, while initial cell culture experiments 
showed similar biocompatibility [109]. Consequently, 
using a combination of expensive, heat-resistant parylene 
precursors and less expensive parylene C dimers to create 
copolymers could be a cost-effective method of producing 
parylenes that are more thermally stable than parylene C 
yet less expensive than pure, heat-resistant parylenes.

Heat‑resistant parylenes in bioanalytical applications

Chips with silicon nitride apertures (diameter < 100 µm) 
were coated with parylene C or parylene AF4 to enable 
the formation of free-standing lipid bilayers (LBL). Since 
both parylenes are lipophilic, further precoating steps were 
unnecessary. Both parylenes enabled the formation of repro-
ducible LBL within a few seconds. This includes at least 
six cycles of repetitive construction and destruction of the 
LBL. When pore-containing outer membrane protein F 
(OmpF) was incorporated into the LBL, the characteristic 
ion channel activities of the resulting bilayer lipid mem-
brane (BLM), which comprises trimeric conductance steps, 
could be recorded [110]. Similar devices with free-standing 
BLM for electrophysiological measurements were developed 
that incorporated pore proteins directly or via outer mem-
brane vesicles (OMVs) into the LBL. Parallel recordings of 
membrane transport processes were enabled by assembling 
several aperture-containing chips. Successful applications 
include the recording of fast gating events down to 1 ms 
and small amplitude gatings with current steps of around 
3 pA. Parylene C and parylene AF4 were equivalent in their 
performance in this setup [111]. Both parylenes were also 
applied in the preparation of flexible multielectrode arrays 
based on iridium for electrical stimulation in prosthetics. 
Since the fabrication process involved iridium evaporation 
and patterning, parylene AF4 was a better choice than par-
ylene C because of its higher thermal stability. Successful 
stimulation of the multielectrode array was demonstrated 
by the combination of the array with a retina isolated from 
a salamander and by implanting the array along the spinal 
cord of mice. Biostability was confirmed by 6-month retinal 
implantation in a canine eye [112].

The low autofluorescence of parylene AF4 was exploited 
in the development of a microelectrocorticography (micro-
ECoG) device based on parylene AF4 and indium tin oxide 
(ITO). The device enabled fluorescent two-photon imaging 
of Ca2+ signals of individual neurons as well as simultane-
ous 32-channel electrophysiology measurements to record 
the cortical electroencephalogram (EEG). This was dem-
onstrated in vivo by implanting the device into mice that 
expressed a genetically encoded fluorescent calcium indi-
cator [113]. The immunoresponse to the 32-channel micro-
ECoG device was investigated after implantation in mice 
up to 116 days. While an immunoresponse was evoked by 
the craniotomy window surgery, it was not enhanced by the 
parylene AF4. This makes parylene A4 an ideal choice for 
stable, biocompatible chronic implants [114].

Parylene C and parylene VT4 films were tested as coat-
ings to prevent encrustation of a MEMS sensor system 
developed to measure urinary bladder pressure. The experi-
ments were performed in synthetic urine. The parylenes 
were used as is or after receiving a finishing coating with 

Table 2   Thermal stability of common parylenes [97]

N C D VT4 AF4

Continuous 
temperature 
resistance (°C)

90 125 160 190 350

Temporary peak 
temperature (°C)

120 200 300 300 450
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SiOx. The coating reduced the contact angles from above 
90° to below 60° for both parylenes, making the surfaces 
more hydrophilic. In both cases, the amount of encrustation 
on the parylene VT4-coated devices was lower than on the 
parylene C-coated devices, especially after the SiOx finish-
ing coating (Fig. 7) [115].

Furthermore, parylene VT4 was used as biocompatible 
and hermetic encapsulation of a piezoelectric microma-
chined ultrasonic transducer (PMUT). PMUT implants may 
serve as brain implants or charging applications for other 
implants. First studies investigated the acoustic output of 
PMUT arrays after encapsulation, while tests with cells or 
tissue are still pending [116].

Parylenes for protein immobilization: parylene A, 
parylene AM, and parylene H

Parylenes for protein immobilization: overview

Parylenes with functional groups facilitating the immobiliza-
tion of proteins or peptides mainly include parylenes with 

Fig. 6   Images of bacteria and algae on silicon and glass slides, 
respectively, as well as adhesion assays (100-fold magnification) on 
PDMS and PDMS coated with parylene AF (PDMS-PF). P. panto-
trophus: a scanning electron microscopy (SEM) image, b adhe-

sion assay. B. subtilis: c SEM image, d adhesion assay. Chlorella: e 
optical image, f adhesion assay. Reprinted from Mater. Lett. 2021, 
285:129141. Copyright 2021 Elsevier

Fig. 7   Urine encrustation on parylene C and on parylene VT4. The 
parylenes were used as is (“No Finish”) and with a SiOx finishing 
coating (“Finish SiOx”). Reprinted from Polymers 2023, 15(17):3559. 
Published open access by MDPI under a CC BY license



Parylenes in bioanalytical and cell culture applications﻿	

amino groups (parylene A), aminomethyl groups (parylene 
AM), or formyl groups (parylene H). The basic molecular 
structures of these parylenes are shown in Fig. 8.

As depicted in Fig. 8, parylenes A, AM, and H have been 
introduced as homopolymers and copolymers with unmodi-
fied monomer units, i.e., the precursors used in the Gor-
ham process have two or one functional group, respectively 
(Fig. 1). Both types of precursors are possible as demon-
strated by the example of parylene A, i.e., steric hindrance 
is not an issue with the homopolymer [3]. The applications 
described below applied either homopolymer or copolymer 
of the respective parylene (Fig. 8). However, to the best of 
our knowledge, a direct comparison between homopoly-
meric and copolymeric parylenes that provide the same 
functional group has not been made regarding their perfor-
mance in bio-applications. Therefore, in the following, the 
terms “parylene A,” “parylene AM,” and “parylene H” refer 
to both homopolymer and copolymer, emphasizing the func-
tional group as the key element of the parylene properties.

Parylene A and parylene AM, providing amino groups 
and aminomethyl groups, respectively, allow coupling with 
amino groups of proteins or peptides by using dicarboxylic 
acid anhydrides or dialdehydes as cross-linkers forming 
peptide bonds or Schiff bases, respectively. Similar to the 
latter, the coupling of parylene H providing formyl groups 
to amino groups of proteins or peptides results in Schiff 
base formation. However, an additional linker reagent is not 
required. In the following applications, parylene A, parylene 
AM, and parylene H were used with and without further 
functionalization.

Parylenes for protein immobilization: use in cell culture 
and cell‑sorting

Culture dishes made of polystyrene—the standard material 
for cell cultivation—were coated with parylene A, parylene 
AM, or parylene H to test the impact of the microenviron-
ment created by the parylenes’ functional groups on cell 
cultures.

PC-12 cells, which exhibit a neuron-like morphology, 
showed low adhesion to parylene C and parylene A. How-
ever, they adhered to parylene AM and parylene H in a man-
ner similar to polystyrene [117]. Furthermore, PC-12 cells 
differentiated on parylene AM and parylene H, as evidenced 

by the neurite overgrowth. The cellular differentiation of 
neurite overgrowth was even larger with parylene H than 
with polystyrene [118]. U-937 monocytes, which do not typ-
ically adhere to surfaces such as polystyrene, were found to 
adhere to amine-rich polymers, such as parylene AM [119, 
120]. MG-63 osteoblast-like cells were found to adhere more 
to parylene A than to polystyrene, but not to parylene N. 
UV exposure increased adhesion to both parylene A and, 
particularly, parylene N, with adhesion to the latter now 
exceeding that to polystyrene. The introduction of functional 
groups through UV treatment increased the hydrophilicity of 
the materials. This was particularly impactful for parylene 
N, which initially lacked functional groups (Fig. 2a). MG-63 
cell proliferation rates on parylene A with or without UV 
treatment, as well as on UV-treated parylene N, were similar 
and significantly higher than those on untreated parylene N 
and on polystyrene [121].

Hepatocellular carcinoma (HepG2) cells were cultivated 
on tissue culture-treated plates as well as on plates coated 
with collagen or parylene AM (Fig. 9). The cell numbers 
were slightly lower on parylene AM than on collagen and 
tissue culture-treated plates, which were similar. However, 
the morphology and albumin secretion of cells on parylene 
AM and collagen were similar, though albumin secretion 
was slightly downregulated compared to cells on tissue cul-
ture-treated plates. The enzymatic activity of CYP1, a fam-
ily of cytochrome P450 (CYP) enzymes, was only detected 
on HepG2 cells cultured on parylene AM. Gene expression 
analysis confirmed this finding by showing induced expres-
sion of the respective gene in cells cultured on parylene AM 
without an additional factor. This finding suggests that par-
ylene AM is a promising cell culture material that offers 
specialized functions [122].

Antibody-producing hybridoma cells were adhered to 
parylene AM, parylene H, parylene N, parylene C, and 
polystyrene [123]. Both parylene N and parylene C were 
tested with and without UV treatment. As observed before 
with MG-63 cells [38, 121], UV exposure improved cell 
adhesion and proliferation on parylene C and parylene N 
by introducing oxygen-containing functional groups. After 
72 h, significantly more cells adhered to the parylene sur-
faces than to the polystyrene surfaces, with the exception of 
the untreated parylene N surface. The enhanced cell prolif-
eration corresponded to an increased antibody production. 

Fig. 8   Molecular structures 
of a homopolymeric and b 
copolymeric parylenes provid-
ing amino groups (parylene A), 
aminomethyl groups (parylene 
AM) or formyl groups (parylene 
H)
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Therefore, except for untreated parylene N, more antibody 
was obtained with the parylenes than with polystyrene, con-
firming the benefit of parylenes with oxygen- or nitrogen-
containing functional groups for cell culture [123].

Parylene AM was used to coat the microchannels within 
an adhesion-based cell sorter. In one section of the cell 
sorter, the amino groups were functionalized with a biotin-
NHS ester, streptavidin, and biotin-labeled anti-CD31 or 
anti-CD86 antibody. HUVECs highly express CD31. In the 
cell sorter, HUVECs are slowed down in the section coated 
with anti-CD31, but their velocity remains unaffected in the 
section coated with anti-CD86. Furthermore, the cell sorter 
could separate HUVECs from human leukocytes when they 
were provided in a mixture. The parylene AM coating facili-
tated antibody immobilization in the channel, resulting in a 
successful cell sorter design [124, 125].

Parylenes for protein immobilization: use in microplates 
for immunoassays

Microplates used for immunoassays are commonly made 
of polystyrene. Since polystyrene does not provide func-
tional groups for chemical coupling, capture molecules are 
immobilized by adsorption. Microplates were coated with 
parylene A, parylene AM, or parylene H, which provide 
functional groups for protein coupling, to investigate the 
performance of covalently coupled proteins and peptides in 
immunoassays.

Adsorption may not be effective when the capture mol-
ecules are small proteins or peptides. Therefore, the immo-
bilization of two proteins (human chorionic gonadotropin 
(hCG) and horseradish peroxidase (HRP)) and a 15-mer 
peptide (cyclic citrullinated peptide (CCP)) was investigated 
with polystyrene, protein A, and protein H. A significantly 
higher immobilization efficiency was obtained by covalent 
immobilization on parylene A or H than by adsorption on 

polystyrene for both the proteins and the peptide. Further-
more, parylene H produced a superior immobilization effi-
ciency compared to parylene A due to its simpler one-step 
procedure and significantly higher signal [126]. This was 
exploited in an assay to detect anti-CCP antibodies, which 
are found in the serum of rheumatoid arthritis (RA) patients. 
Microplates were coated with parylene H, and then CCP 
was immobilized. Anti-CCP was detected using a sandwich 
assay format with fluorescent-labeled secondary antibodies 
that bound to the anti-CCP. This assay was comparable to 
a standard enzyme-linked immunosorbent assay (ELISA) 
in its ability to identify RA patient samples as positive 
and healthy control samples as negative. In other words, 
it had similar diagnostic sensitivity and specificity [127]. 
Site-directed immobilization of antibodies onto parylene H 
was performed to ensure the accessibility of the antibodies’ 
binding sites (i.e., the Fab fragments) after immobilization. 
First, poly-L-lysine was covalently coupled to the parylene 
H-coated microplate, resulting in a positively charged sur-
face. This allowed for the immobilization of E. coli via 
charge interactions due to the negatively charged outer mem-
brane of the cells [128]. The E. coli used here autodisplayed 
Z-domains, an engineered protein A domain that binds to the 
Fc fragment of antibodies while leaving the Fab fragments 
accessible [129]. Anti-CRP antibodies were immobilized to 
the Z-domains and, for reference, adsorbed onto polystyrene. 
In a colorimetric sandwich ELISA for detecting CRP, the 
assay signals obtained using the orientation-controlled anti-
bodies were more than 20 times higher than those obtained 
using adsorbed anti-CRP antibodies [128].

Parylene A-coated microplates were used in immuno-
assays to detect substance P (SubP), a neuropeptide and 
neurotransmitter being discussed as a potential diagnostic 
marker for acute myocardial infarction (AMI). To meet the 
high requirements for detecting low concentrations in the 
range of 1–100 pg/mL in healthy controls, antibodies were 

Fig. 9   HepG2 cells cultured on plates treated with tissue culture or 
coated with collagen or parylene AM. a HepG2 cell proliferation. b 
Albumin secreted in HepG2 cells as determined by enzyme-linked 
immunosorbent assay (ELISA). c Enzymatic activity of CYP1 in 

HepG2 cells as determined by an EROD assay. Data represent three 
(a) or four (b, c) independent experiments. Reprinted from Mater. 
Sci. Eng. C-Mater. Biol. Appl. 2015, 46:190-4. Copyright 2015 Else-
vier
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labeled with silica spheres encapsulating a quantum dot 
layer (SQS), which is highly photoluminescent. These SQS-
labeled antibodies replaced the enzyme-labeled antibodies 
used in ELISA, resulting in SQSLISA. Using the photolu-
minescent sandwich SQSLISA, results were twice as high 
when the capture antibody was covalently immobilized on 
the parylene A-coated polystyrene microplate than when 
it was adsorbed directly onto the polystyrene. Competitive 
assays were performed by covalently immobilizing SubP 
on parylene A-coated microplates. The SQS-labeled anti-
bodies were mixed with SubP standard or samples. After 
incubation, any remaining antibodies with free binding sites 
bound to the SubP-modified microplate, and photolumines-
cence was measured. The dynamic range of the competitive 
SQSLISA was determined to be 1–104 pg/mL. Excellent 
diagnostic sensitivity and selectivity were obtained with 
clinical AMI and healthy control samples, exceeding the 
results obtained with a commercial competitive ELISA, 
which had a dynamic range of 30–104 pg/mL [130].

In a recent study, plasma decomposition of the subli-
mated precursors within the Gorham process for parylene 
deposition (Fig. 1) was investigated as an alternative to con-
ventional thermal pyrolysis. Parylene H and parylene AM 
films based on plasma decomposition exhibited lower water 
contact angles and higher immobilization efficiencies than 
the corresponding films based on pyrolysis. The respective 
functional groups remained on the plasma-deposited par-
ylene surfaces and were partly complemented by oxygen- 
and nitrogen-containing species, which explains the lower 
contact angles. HRP, green-fluorescent protein (GFP), or Fv-
antibodies labeled with tdTomato, a fluorescent protein, were 
covalently immobilized on microplates coated with parylene 
AM or parylene H and adsorbed onto polystyrene [10]. As 
before [126, 130], covalent immobilization yielded a signifi-
cantly higher immobilization efficiency than adsorption of 
the proteins. Additionally, the immobilization efficiency was 
further enhanced by using plasma-deposited parylenes. The 
best results were obtained with plasma-deposited parylene 
H. Competitive immunoassays were performed with immo-
bilized tdTomato-labeled Fv-antibodies against the receptor-
binding domain (RBD) of the SARS-CoV-2 spike protein. 
GFP-labeled RBDs in standard and SARS-CoV-2 in samples 
competed for the antibodies’ binding sites on the surface. In 
accordance with the results obtained from the immobilization 
efficiency experiments, the best assay results were obtained 
with plasma-deposited parylenes (Fig. 10). The low limit of 
detection (LOD) values were close to the requirements for 
the detection of SARS-CoV-2 to diagnose COVID-19 [10].

Parylenes for protein immobilization: use in biosensors

Parylene A, parylene AM, and parylene H were investigated 
as linker layers for further immobilization steps in biosensor 

transducers using optical or electrochemical detection. Fur-
thermore, the conformal coating properties of parylenes are 
particularly suitable for biosensor setups that use nanowires 
or porous membranes.

SPR gold chips were coated with parylene A or parylene 
H. HRP was covalently immobilized on the parylenes and 
adsorbed onto pure gold chips for reference. SPR meas-
urements revealed that the LOD values obtained with par-
ylene A and parylene H were improved more than tenfold 
and 1000-fold, respectively, compared to direct adsorption 
on gold chips [126, 131]. These results confirmed those 
obtained with parylene-coated microplates, as described in 
the previous section. Site-directed immobilization of anti-
immunoglobulin G (IgG) antibodies onto parylene H-coated 
SPR gold chips was achieved through the covalent binding 
of protein G, which binds to the Fc fragment of antibodies 
in a manner similar to protein A. Detection of the corre-
sponding IgG produced higher signals when anti-IgG was 
coupled via protein G than when it was covalently immobi-
lized onto parylene H because the former method ensures 
accessible binding sites [132]. Furthermore, similar as 
described for polystyrene microplates in the section before 
[128], parylene H-coated SPR gold chips were coated with 
poly-L-lysine and E. coli by charge interactions between 
the positively charged poly-L-lysine surface and the nega-
tively charged outer membrane of the E. coli cells. The E. 
coli used here autodisplayed Z-domains, which were used 
for the site-directed immobilization of anti-CRP to detect 
CRP. Other approaches involved adhering the E. coli cells 
to pure SPR gold chips or immobilizing the cells by charge 
interactions on poly-L-lysine, which was itself immobilized 
by charge interactions on the negatively charged gold sur-
face of the SPR chips. SPR measurements for the detection 
of CRP yielded the best results when E. coli cells were 
immobilized via poly-L-lysine covalently immobilized on 
parylene H. The LOD was 1 ng/mL, which is much lower 
than the cut-off value of 1 µg/mL for generally inflamma-
tory diseases; however, measurements in real samples are 
still pending [133].

A cadmium sulfide (CdS) nanowire photosensor was 
developed for the detection of E. coli based on the fact that 
its outer membrane contains lipopolysaccharides (LPS). The 
photosensor was coated with parylene C and photoresist as 
protective layers and with parylene H as a linker layer for 
subsequent immobilization. The Z-domains of protein A 
were covalently immobilized on parylene H, which enabled 
site-directed binding of anti-LPS antibodies. After incuba-
tion of E. coli samples, human anti-LPS was incubated as a 
second antibody, followed by anti-human IgG labeled with 
HRP as a third antibody. Addition of luminol and hydrogen 
peroxide produced a chemiluminescence signal that was 
measured with the CdS nanowire photosensor. The LOD 
was estimated to be lower than 104 E. coli/mL [134].
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An interdigitated electrode (IDE) capacitive biosensor 
equipped with nanoislands was coated with parylene A, taking 
advantage of the conformal coating properties of parylenes. 
In a preliminary experiment, HRP was adsorbed onto IDEs 
with and without nanoislands, as well as covalently immo-
bilized onto the IDE with nanoislands coated with parylene 
A. The latter immobilization method resulted in the highest 
signal in subsequent measurements with anti-HRP. Therefore, 
HBsAg was immobilized on the parylene A-coated IDE with 
nanoislands to detect anti-HBsAg in spiked serum. The sen-
sor was selective for the corresponding antibody at concen-
trations as low as 1 ng/mL. Signals obtained for anti-CRP 
and anti-IgG were significantly lower, which confirms the 
potential of the parylene A-coated IDE with nanoislands as a 
capacitive biosensor in the field of diagnostics [135]. Another 
capacitive biosensor was developed using a screen-printed 

carbon electrode as the transducer for capacitive aptasensing 
of gliadin. Gliadin, a protein component of gluten, is con-
sidered the primary trigger of the autoimmune response in 
celiac disease. The electrode was first coated with a parylene 
C layer for insulation, followed by a parylene AM layer for 
protein immobilization. An aptamer directed against gliadin 
was labeled with an amino group and covalently immobilized 
on the parylene AM layer. Measurements using extraction 
mixtures from commercial wheat flour samples revealed an 
excellent linear correlation between the results obtained with 
the capacitive aptasensor and those obtained with a commer-
cial ELISA (Fig. 11). Furthermore, the LOD for gluten was 
determined to be 14 ppm, which is below the 20 ppm thresh-
old specified by European and US legislation. This makes 
the capacitive aptasensor with parylene AM linking layer a 
promising tool for fast and reliable gluten detection [136].

Fig. 10   Competitive immunoassay for the detection of SARS-CoV-2 
using the RBD of the SARS-CoV-2 spike protein. Anti-RBD Fv 
antibodies labeled with tdTomato were adsorbed onto polystyrene 
or covalently immobilized onto either thermally or plasma-deposited 
parylene AM or parylene H. a Schematic of the competitive immu-
noassay with GFP-labeled RBD in standard solution and RBD from 

SARS-CoV-2 in sample competing for the antibody binding sites. b 
Fluorescence signals obtained for the detection of SARS-CoV-2 in 
real samples by competitive immunoassay. Reprinted from ACS Appl. 
Mater. Interfaces 2024, 16(46):63255-67. Copyright 2024 American 
Chemical Society
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A chronoamperometric enzyme sensor for urea detection 
was developed by assembling a screen-printed electrode setup 
with a porous polytetrafluoroethylene (PTFE) membrane that 
was coated with parylene A and covalently immobilized urease 
in a PDMS flow cell. The biosensor is based on the enzymatic 
hydrolysis of urea into ammonia and carbon dioxide. The waste 
peritoneal dialysate of a patient with chronic renal failure was 
analyzed for urea concentrations at a flow rate of 0.5 mL/min. 
The LOD for urea was determined to be below 1.2 mM, which 
was the lowest concentration in the dialysate. The biosensor 
was considered suitable for monitoring urea concentrations 
of up to 20 mM, a level that would be appropriate for clinical 
applications, such as portable dialysis systems [137].

Parylenes for protein immobilization: use in MALDI‑TOF MS

A thin layer of parylene H was used to coat the target plate 
for MALDI-TOF MS. This enabled the covalent immobili-
zation of capture molecules on the parylene H coating for 
subsequent measurements of biomolecular interaction analy-
sis. Streptavidin was used as a model capture molecule, and 
biotin-labeled CCP peptide was used as the ligand. When 
streptavidin was adsorbed onto a standard matrix plate, the 
streptavidin peak was clearly visible, while the ligand sam-
ple peaks were barely discernible. However, when strepta-
vidin was covalently immobilized on the protein H-coated 
matrix plate, the streptavidin peak was suppressed, and the 
ligand sample peaks were clearly visible with an estimated 
LOD of 1 ng/mL. Thus, the parylene H linking layer enabled 
covalent coupling of capture molecules on the MALDI tar-
get plate. This reduced the matrix effects in the subsequent 
measurement and allowed the investigation of biomolecular 
interactions with MALDI-TOF [138].

Parylenes for click chemistry: ethynyl‑ 
and maleimide‑functionalized parylenes

Parylenes for click chemistry: principle

The most commonly used parylene compounds that allow 
for click chemistry [139] are parylenes with ethynyl or 
maleimide groups. These parylenes have only been pre-
sented as copolymers with unmodified monomer units. It 
was shown that CVD of precursors with two ethynyl groups 
did not result in functional homopolymeric parylene layers, 
as would have been expected according to the Gorham pro-
cess (Fig. 1, left path). Instead, side products were formed. 
However, CVD of the precursor with one ethynyl group 
resulted in the desired copolymer (Fig. 1, right path) [140]. 
Similar results may have been obtained with other click-
able parylenes, so that parylene with maleimide groups was 
directly introduced with a monofunctional precursor [141].

Parylene with ethynyl groups undergoes click reactions 
with azide (N3) groups in the presence of copper(I) as a 
catalyst. Parylene with maleimide groups undergoes click 
reactions with thiol (SH) groups when initiated by heat, 
light, or radicals. Though these reactions are promising 
due to their speed, simplicity, and high efficiency [139], 
the underlying parylenes are still rarely used in bioanalyti-
cal applications. One reason may be their limited availabil-
ity, as they are not as widely available as other parylenes 
(Table 1).

Parylenes suitable for click chemistry can have one or 
more types of functional groups. These parylenes have pri-
marily been used to create patterned or structured surfaces, 
e.g., for spatially controlled cell cultivation. Examples are 
shown in the following sections.

Parylenes for click chemistry with one type of functional 
group

The most common parylenes for click chemistry providing 
one type of functional group are shown in Fig. 12. Parylene 
with ethynyl groups was introduced as parylene X [142].

Parylene X-coated substrates were treated with azide-
containing biotin-based ligands to make the ethynyl groups 
visible by immobilizing fluorescent-labeled streptavidin. 
Patterns were obtained on the surface by microcontact print-
ing of the copper(I) catalyst or by dip-pen nanolithography 
(DPN) writing of biotin-labeled azide molecules. Fluores-
cence micrographs confirmed the patterns [140, 143]. Fur-
thermore, parylene X was patterned by microcontact print-
ing of azido-labeled PEG, followed by a photochemically 
activated thiol–yne click reaction with a thiol-terminated 
RGD peptide using a photomask. As expected, fibroblasts 
adhered selectively to the peptide-functionalized areas while 
being repelled by the PEG (Fig. 13) [144].

Fig. 11   Detection of gliadin in 24 commercial wheat flour samples. 
Correlation between results obtained from capacitive aptasensor 
measurements (n = 3) and ELISA tests (n = 3). Reprinted from ACS 
Sens. 2024, 9(7):3689-96. Copyright 2024 American Chemical Soci-
ety
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Substrates coated with parylene containing maleimide 
groups were patterned using microcontact printing. Stamp-
ing with thiolated fluorescent dyes made the grid-like 
structure visible. Stamping with thiol-labeled PEG and 
subsequent application of fluorescent-labeled fibrinogen 
produced a reverse pattern because the antifouling proper-
ties of the PEG repelled the protein, causing it to adsorb 
on the unmodified area of the parylene-coated substrate. 
A similar method was used to pattern cells on substrates 
coated with parylene carrying maleimide groups. First, 
thiol-PEG was stamped on the surface. Then, a cell-adhe-
sive peptide containing a terminal thiol group was applied, 
which bound to the remaining unmodified areas. Subse-
quently, bovine aorta endothelial cells (BAECs) adhered to 
the peptide-modified areas on the substrate, but not to the 
PEG-modified areas [141]. Similar results of controlled 
cell attachment were obtained with murine preosteoblasts 
(MC3T3-E1). This was further developed by patterning 
different proteins to initiate spatially controlled cell differ-
entiation on a single substrate. Fibroblast growth factor 2 
(FGF-2), which promotes cell proliferation, and bone mor-
phogenetic protein (BMP-2), which initiates osteogenesis, 
were subsequently applied to the parylene-coated substrate 
with maleimide groups in a defined pattern. Preosteoblast 
proliferation on the FGF-2-coated areas was confirmed by 
increased cell numbers compared to BMP-2-coated areas, 
which exhibited the same number of cells as unmodified 
areas. Osteogenesis on the BMP-2-coated areas was con-
firmed by enhanced alkaline phosphatase (ALP) expres-
sion and increased calcium deposition compared to the 
FGF-2-coated or unmodified parylene-coated substrate 
areas (Fig. 14). Consequently, patterning different proteins 
makes it relatively easy to initiate various cell activities 
on the same substrate [145].

A parylene with a bifunctional group, 2-nitro-5-(prop-
2-yn-1-yloxy)methylbenzyl carbamate, was introduced, 

that enabled both click chemistry and photochemical 
cleavage to reveal amino groups. Patterning was achieved 
through UV exposure via a photomask instead of micro-
contact printing. The feasibility of creating patterns with 
these functionalities was demonstrated by the reaction of 
the alkynyl groups with azido-labeled PEG-biotin, fol-
lowed by UV exposure via photomask and reaction of the 
revealed amino groups with a fluorescent-labeled NHS-
ester. A pattern for cell cultivation was formed using 
azido-labeled PEG for hydrophilic, cell-repellent areas 
and a benzophenone-labeled peptide that was coupled via 
photochemical reaction to the revealed amino groups. As 
expected, fibroblasts adhered preferentially to the peptide-
coated areas [146].

Furthermore, a parylene surface providing different 
functional groups was obtained by sequential deposition 
of parylenes in a vapor-assisted micropatterning in rep-
lica structures (VAMPIR) process. First, the substrate was 
completely coated with parylene H, which provided formyl 
groups. Then, the surface was covered with a stencil, and 
parylene X, which provided ethynyl groups, was deposited 
on the parylene H surface where it was not covered by the 
stencil, resulting in a parylene X pattern. The functional-
ity of the ethynyl groups was confirmed by reaction with 
azido-functionalized saccharides or peptide and subsequent 
binding of the corresponding fluorescent-labeled lectins 
or adhesion of HUVECs, respectively. The latter could be 
suppressed by immobilizing azido-functionalized PEG 
instead of peptide. Furthermore, a dihydrazide linker was 
used to immobilize mannobiose to the aldehyde groups, 
and azido-functionalized galactose was immobilized to the 
ethynyl groups. Reaction with the corresponding fluores-
cent-labeled lectins concanavalin A and peanut agglutinin 
(PNA), respectively, allowed the characterization of the 
spatial resolution of the two saccharides patterned on the 
surface [147].

Fig. 12   Molecular structures of 
parylenes for click chemistry: a 
poly(4-ethynyl-p-xylylene-co-
p-xylylene (parylene X) and b 
poly(4-N-maleimidomethyl-
p-xylylene-co-p-xylylene)
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Parylenes for click chemistry with two types of functional 
groups

A parylene surface with different functional groups can be 
obtained through the sequential deposition of different par-
ylenes using a stencil (VAMPIR process) [147], as shown 
above. Another possibility is the simultaneous deposition of 
precursors with different functional groups (i.e., CVD copo-
lymerization), which results in parylene copolymers with 
two or more types of functional groups (Fig. 15). Typically, 
at least one of these types of functional groups is clickable.

Microcontact printing was used to create the patterns on 
the following bifunctional parylene surfaces. A bifunctional 
parylene surface was designed comprising ethynyl groups 
and formyl groups. The ethynyl groups were functionalized 
with an azido-labeled peptide. The formyl groups were func-
tionalized with heparin via a dihydrazide linker. Binding 
reactions with anti-heparin and FGF-2 (here called basic 
fibroblast growth factor (bFGF)) demonstrated both the 
accessibility of the heparin epitopes to the corresponding 
antibody binding sites and the biological activity of the hep-
arin [148]. Another bifunctional parylene surface comprised 
ethynyl groups and pentafluorophenyl ester groups. The 
ethynyl groups were functionalized with an azido-labeled 
cyclic RGD peptide. The surface was also functionalized 
with epidermal growth factor (EGF), which was immo-
bilized through reaction with the ester group. HUVECs 
adhered best to the peptide-coated areas, regardless of 
whether EGF was immobilized or not. The EGF induced 
phosphorylation of the EGF receptor expressed by A431 
cells, which are derived from a human epidermal carcinoma 
cell line. This confirms the biological activity of the immo-
bilized EGF [149]. Furthermore, a double-clickable parylene 
was introduced exhibiting ethynyl groups and maleimidome-
thyl groups. The ethynyl groups were functionalized with 
azido-functionalized PEG, and the maleimide groups were 
functionalized with thiol-conjugated biotin. Subsequent 
binding of a fluorescent-labeled streptavidin was confined 
to the biotin-functionalized areas, leaving the PEG areas 
free [144].

Finally, a bifunctional parylene was created that provided 
aminomethyl and ethynyl groups for cultivating hematopoi-
etic stem and progenitor cells (HSPCs). The cellular Notch 
ligand Delta-like 1 (DLL1), a membrane protein, was cou-
pled to the amino groups via its carboxyl group and EDC/
NHS activation. An azido-labeled RGD peptide was immo-
bilized by reacting with the ethynyl groups. Microcontact 
printing was not used here. Rather, the ratio of parylene pre-
cursors in the CVD copolymerization process was adjusted 

Fig. 13   Fibroblasts cultured on parylene X functionalized subse-
quently with azido-labeled PEG by microcontact printing and with 
a thiol-terminated RGD peptide using photochemistry and a pho-
tomask. a Overview of the reactions with the ethynyl groups. b and 
c Microscopic and DAPI-stained images, respectively, after 24  h of 
fibroblast cell growth. Reprinted from Biomater. Sci. 2016, 4(2):265-
71. Copyright 2016 Royal Society of Chemistry
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to 5:1 (aminomethyl:ethynyl groups) to optimize HSPC pro-
liferation. This approach may be an easier way to optimize 
cell cultivation than other approaches using bifunctional par-
ylenes because it does not require surface patterning [150].

Summary and conclusion

Parylene polymers are a highly versatile class of polymers 
that combine conformal deposition, excellent barrier proper-
ties, and biocompatibility. Therefore, they are increasingly 
recognized as not only protective and insulating coatings, 
but also a versatile platform of materials for bioanalytical 
devices and cell culture systems. Parylene C and parylene N 
are the most widely used and extensively studied polymers 
in this class. They are widely available, and their deposi-
tion parameters are well established. Despite their chemical 
inertness, they continue to provide valuable insights into 
fundamental processes such as protein adsorption and cell-
surface interactions. Nevertheless, a wide range of post-dep-
osition modification strategies has been developed, including 
physical treatments and chemical reactions. These surface 
modifications considerably expand the range of applica-
tions to include specific bioanalytical applications, such as 
biosensors.

In addition to common parylenes, heat-resistant parylenes, 
such as parylene D, AF4, and VT4, offer new possibilities 
for devices requiring elevated temperatures or UV exposure. 
However, their role in direct biofunctionalization is less prom-
inent, as many applications rely on their intrinsic properties 
rather than chemical modification. In contrast, parylenes with 

amino or formyl groups have clear advantages in biointerface 
engineering. They enable the efficient covalent immobiliza-
tion of biomolecules according to standard protocols, creat-
ing application-specific biointerfaces. These materials have 
demonstrated their value in immunoassays, enzyme assays, 
and biosensors. At the same time, these functionalized sur-
faces can directly influence cellular responses, showing that 
the chemical microenvironment is as important as subsequent 
functionalization. Additionally, parylenes with click-reactive 
groups permit comparatively easy, spatially resolved surface 
patterning, as demonstrated in advanced cell culture concepts. 
Their ability to create complex, application-specific architec-
tures is particularly relevant for next-generation biosensing 
and tissue engineering approaches.

Apart from the parylenes discussed here, there are more 
parylenes, or at least their precursors, available. Research 
balances between developing precursors, which require 
determining the deposition parameters, and functionaliz-
ing known parylenes, for which the deposition parameters 
are already known. However, many of these precursors and 
recent methods of functionalizing parylene C or N have yet 
to be adopted for bioanalytical applications, despite their 
significant potential. Additionally, the copolymerization of 
available parylenes offers considerable potential because it 
may enable the combination of complementary properties, 
such as thermal stability and biocompatibility, within a sin-
gle coating system.

Despite the considerable progress that has been made, sev-
eral challenges remain. These include the limited commer-
cial availability of specialized parylene precursors compared 
to standard commercial materials; the need for optimized, 

Fig. 14   MC3T3-E1 cell proliferation and differentiation on sub-
strates coated with parylene providing maleimide groups, as well as 
on substrates with subsequent coatings of FGF-2 or BMP-2 (n = 3). a 
MC3T3-E1 cell proliferation. b ALP expressed by MC3T3-E1 cells. 

c Calcium deposition, visualized by Alizarin red staining. Reprinted 
from Langmuir 2017, 33(36):8943-9.  Copyright 2017 American 
Chemical Society

Fig. 15   Parylene copolymer 
with two different functional 
groups
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standardized deposition processes for functionalized variants; 
and the limited number of systematic, comparative studies 
across different parylene types and deposition parameters. 
Further advances are also expected from improved post-dep-
osition modification methods for widely available parylenes, 
which could provide a practical alternative to synthesizing 
specialized precursors. Additionally, future work should con-
sider practical factors such as cost, long-term coating per-
formance, and possible environmental concerns associated 
with some fluorinated derivatives. Future progress will likely 
depend on improved access to functional precursors, further 
investigation of copolymerization and surface-modification 
strategies, and more systematic studies that directly compare 
the properties and application performance of different par-
ylene types. These efforts are essential for fully exploiting the 
potential of parylenes in next-generation biosensors, biomedi-
cal coatings, and engineered cell culture systems.
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