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From “stars” to  nano:  Porous  poly(ethylene  glycol)  hydrogel  films
and  nanosheets  as  a  versatile  platform  for  sensing  and
nanofabrication

Michael Zharnikov (✉)

Angewandte Physikalische Chemie, Universität Heidelberg, Im Neuenheimer Feld 253, D-69120 Heidelberg, Germany
 

© The Author(s) 2024
Received: 11 June 2024 / Revised: 11 July 2024 / Accepted: 11 July 2024

ABSTRACT
The use of bioinert materials is crucially important for medicine and bioengineering. The most popular systems in this context are
oligo-  and  poly(ethylene  glycols)  (OEGs  and  PEGs),  applied  generally  in  different  forms  as  bulk  materials,  thin  films,  and
functional molecular groups. Here, I review the fabrication, properties, and applications of porous hydrogel PEG films (PHFs) and
nanosheets  (PHNs)  formed by thermally  activated crosslinking of  amino- and epoxy-terminated,  star-branched PEG oligomers
with variable molecular weight. These systems possess various useful characteristics, including tunable thickness and porosity,
hydrogel  properties,  bioinertness,  robustness,  and  extreme  elasticity.  They  can  serve  as  the  basis  for  composite  materials,
advanced  nanofabrication,  and  lithography,  bioinert  supports  for  high-resolution  transmission  electron  microscopy,  susceptible
elements  in  micro-electromechanical  systems,  and  basic  building  blocks  of  temperature,  humidity,  chemical,  and  biological
sensors. Representative examples of the respective applications are provided. Even though these examples span a broad field-
from nanoengineering to biosensing, the applications of the PHFs and PHNs are certainly not limited to these cases but can be
specifically  adapted  and  extended  to  other  fields,  such  as  tissue  engineering  and  drug  delivery,  relying  on  versatility  and
tunability of these systems.
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1    Introduction
The  use  of  reliable  bioinert  materials  is  crucially  important  for
modern  medicine,  bioengineering,  and  biosensing.  Various
materials  possessing  these  properties  have  been  reported,
including  phosphocholine,  polysaccharides,  mannose,  etc.  The
most  popular  and  frequently  used  type  of  these  materials  is,
however,  poly(ethylene  glycol)  (PEG)  [1−4].  PEG  is  a  non-toxic,
hydrophilic,  synthetic  polymer  resisting  nonspecific  protein
adsorption [1−3], and cell adhesion [5], including the activation of
immune  cells  [6],  which  is  the  initial  step  of  the  inflammation
reaction.  Consequently,  PEG-based  materials  are  frequently  used
for  the  suppression  of  adhesion  and  settlement  of  biomolecules
and  bioorganisms  [1−3, 7−9]  and  the  fabrication  of  biologically
inert  templates  that  can  be  decorated  with  bioactive  functional
groups and specific receptors [10, 11]. For these applications, PEG
moieties  are  used  either  as  terminal  parts  of  self-assembled
monolayers  (SAMs),  in  the  form of  oligo(ethylene  glycols),  or  as
the major or even only component of thin films. Such films can be
prepared by different means, including spin-casting, drop-casting,
or  doctor  blading  of  acrylate  or  isocyanate-decorated  PEGs,
dissolved in a suitable solvent, with the subsequent crosslinking of
individual  precursors.  The  crosslinking  is  usually  mediated  by
either photochemical reactions triggered by exposure of the films
to ultraviolet (UV) light [12−14] or by chemical coupling [15, 16],
relying  on  the  mutual  affinity  of  specific  coupling  groups

embedded  into  the  PEG  precursors.  As  such  precursors  both
linear  and  branched  PEGs  can  be  used,  with  the  latter  moieties
being  more  suitable  for  efficient  crosslinking  [4].  Usually,  these
moieties, which are termed STAR-PEGs, are comprised of several
PEG arms coupled together in the joint center and decorated with
terminal groups, responsible for crosslinking or serving as specific
receptors [17−21].

Along these lines, we applied four-arm STAR-PEGs, decorated
with  either  amino  (STAR-NH2)  or  epoxy  (STAR-EPX)  terminal
groups, which are complementary to each other, to the fabrication
of  ultrathin  PEG  films  on  different  substrates.  These  films  were
found to possess  distinct  bioinert  and hydrogel  properties,  which
are  important  for  applications.  However,  in  contrast  to  most
studies, dealing with bulk hydrogels [22−24], these properties were
attributed  to  nanometer-thin  PEG  films,  providing  additional
options  for  nanofabrication  and  design  of  hybrid  materials.
Moreover,  it  was  possible  to  separate  the  PEG  films  from  the
primary  substrate  and  obtain  them  as  free-standing  nanosheets,
which  could  be  either  transferred  to  a  secondary  substrate  or
spanned over an opening. These nanosheets retained all favorable
properties  of  the primary films,  providing even more options for
applications,  also  in  combination  with  electron  beam  and  UV
lithography.

The present manuscript reviews the fabrication, properties, and
applications  of  the  STAR-PEG-based  hydrogel  films  and
nanosheets  (PHFs  and  PHNs,  respectively),  providing  specific
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information  in  respect  to  the  above  issues  and  giving
representative  examples  of  applications  in  the  context  of
nanofabrication,  hybrid  materials,  and  sensing.  The  fabrication
and  basic  properties  of  the  PHFs  will  be  described  in  the  next
section,  followed by  the  description  of  the  PHNs (section  3),  the
effect of the molecular weight (MW) of the precursors (section 4),
hybrid  PHNs  and  PHNs  (section  5),  and  their  reaction  to  the
electron (section 6), and UV (section 7) irradiation. The examples
of  applications  will  be  provided  in  sections  8–13,  followed  by
conclusions (section 14). 

2    PHFs: Fabrication and basic properties
The  PHF  fabrication  procedure  is  illustrated  in Fig. 1 [25].
Schematic  of  the  fabrication  route  is  presented  in Fig. 1(a).  The
STAR-NH2 and  STAR-EPX  precursors,  available  commercially
(Creative PEGWorks USA), are dissolved in chloroform at a fixed
concentration,  mixed,  spin-coated  onto  the  substrate  (Au  or  Si
wafer),  crosslinked by thermal annealing (6 h,  80 °C),  and finally
rinsed extensively with ethanol to remove possible weakly bound
material.  The  MW  of  the  precursors  was  selected  as  2000  (2k),
5000 (5k), 10,000 (10k), and 20,000 (20k) g/mol, corresponding to
9-11, 25-27, 50-55, and 100-112 EG monomers, respectively, with
the  lengths  of  the  PEG  arms  of  3.5–3.9,  8.7–9.8,  17.5–19.5,  and
35–39  nm.  For  most  of  the  experiments,  the  precursors  with  a
MW  of  2k  were  used.  The  use  of  the  other  MWs  will  be
specifically  discussed  in  section  4  [26].  The  mixing  of  the
precursors  was  performed  usually  in  the  1:1  ratio  (wt./wt.),  but
deviations  from  this “stoichiometric” composition  were  used  as
well,  as  far  as  this  was  necessary  for  a  specific  test  or  application
[27−30].  The  thermally-promoted  reaction  between  the  terminal
amino and epoxy groups of  the precursors led to the appearance
of  ethanol-amine-like  crosslinking  bonds  between  the  precursors
(Fig. 1(c)), resulting finally in the creation of a porous PEG matrix,
kept together by these bonds (Fig. 1(d)).

The crosslinking reaction between the STAR-NH2 and STAR-
EPX  precursors  occurs  per  the  second-order  kinetics,  as  follows
from  the  monitoring  of  the  characteristic  vibration  band  of  the
epoxy group by infrared (IR) spectroscopy (Fig. 2(a)) [25]. Such a
rate  law  corresponds  to  the  expectation  and  excludes  a  possible
thermal degradation of epoxy which would correspond to a first-

order  kinetics.  Significantly,  the  monitored  vibration  band  is  not
perceptible  anymore after  3  h  of  the  crosslinking reaction,  which
underlines the completed character of this reaction, involving the
vast majority of the available amino and epoxy groups.

The  PHF  thickness  can  be  flexibly  adjusted  in  the  5–280  nm
range by setting the concentration of the precursors in the primary
solutions  between  0.75  and  30  mg/mL  (Fig. 2(b))  [25].
Significantly,  the  fabricated  films  are  extremely  robust  and  lose
only a small amount of material upon such a harsh procedure as
post-preparation ultrasonication (Figs. 2(b) and 2(c)). Whereas the
absolute amount of the released PEG material does not depend on
the film thickness, the relative amount becomes noticeably higher
for the thinner films (Fig. 2(c)). The most obvious reason for this
behavior  is  a  lower  extent  of  crosslinking  in  the  latter  films.
Consequently,  concentrations  of  the  precursors  above  5–8
mg/mL,  corresponding  to  the  more  robust  thicker  PHFs,  are
preferable.

The  bioinert  properties  of  the  PHFs  were  tested  by  X-ray
photoelectron spectroscopy (XPS), relying on the characteristic N
1s signal of the proteins tested, viz.  fibrinogen and avidin [25].  A
strong  decrease  in  the  amount  of  the  adsorbed  proteins  with
increasing  PHF  thickness  is  observed,  so  that  the  PHFs  with  a
thickness  exceeding  20  nm  are  almost  fully  resistant  to  the
absorption of avidin, whereas a small amount of fibrinogen is still
recorded, presumably, due to its trapping in the PEG matrix (Fig.
2(d)).

The hydrogel properties of the PHFs were tested by varying the
relative humidity (through temperature variation) and monitoring
their  thickness  [25].  To  this  end,  the  PHFs  were  successively
cooled down, in a step-like fashion, resulting in their swelling (Fig.
2(e)).  The  respective  swelling  ratio  is  shown  in Fig. 2(f) as  a
function of the PHF thickness (d). This ratio is nearly constant at d
>  30  nm  but  increases  linearly  with  decreasing  thickness  for  the
thinner  films  (Fig. 2(f)).  The  reason  for  such  behavior  of  the
thinner  films  is  once  more  the  lower  extent  of  crosslinking,
making the swelling easier. 

3    PEG nanosheets
A  particular  advantage  of  the  STAR-PEG-based  PHFs  is  the
possibility  of  their  separation  from  the  substrate  in  the  form  of

 

Figure 1    (a) Schematic of the PHF fabrication route. Reproduced with permission from Ref. [25], © American Chemical Society 2013. (b) The structure of the STAR-
NH2 and  STAR-EPX  precursors.  (c)  Ethanol-amine-like  crosslinking  bond  resulting  from  the  reactions  between  the  terminal  epoxy  and  amino  groups  of  the
precursors. (d) Schematic of the PEG matrix, kept together by the crosslinking bonds. Reproduced with permission from Ref. [26], © American Chemical Society 2021.
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PHNs, which can compete with other types of organic and hybrid
nanosheets  [31−36]  but  feature  a  variety  of  specific  favorite
properties.  For  this  purpose,  two  procedures  were  developed.
Within  the  first  procedure,  illustrated  in Fig. 3(a),  PHFs  are
prepared  on  a  thin  (100  nm)  Au  film,  evaporated  onto  a  silicon
substrate  without  a  commonly  used,  intermediate  titanium
adhesion layer  [37].  The  PHF/gold  bilayer  can then be  separated
easily from the silicon substrate by an oblique immersion in water.
Afterward,  the  sacrificial  gold  layer  is  dissolved  by  a  proper
etchant  [38, 39],  releasing  a  PHN.  Within  the  second  procedure,
PHFs  are  prepared  on  SiO2-passivated  Si  wafers,  exposed  to  HF
vapor to diminish their bonding to the substrate by the removal of

the SiO2 overlayer, and separated from the substrate by an oblique
immersion  in  water  [28].  The  released  PHN  can  then  be
transferred  to  a  secondary  substrate  or  a  supporting  mesh.  An
example of free-standing PHN (50 nm) spanned upon 350 nm ×
350 nm openings of the supporting mesh is shown in Fig. 3(b). An
example of a transferred PHN (100 nm), on a secondary substrate,
is  presented  in Fig. 3(c),  along  with  an  atomic  force  microscopy
(AFM) height profile across its edge in Fig. 3(d).

The  most  straightforward  application  of  the  PHMs  is  bioinert
support  for  high-resolution  transmission  electron  microscopy
(HRTEM).  An  example  of  such  imaging,  for  an  iron  storage
protein, ferritin, is presented in Fig. 3(e). The fine structure of the
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Figure 2    (a) Inverse intensity of a characteristic IR band of epoxy plotted as a function of the reaction time during the PHF formation. (b) The thickness of the PHFs
after the spin-coating (black squares) and subsequent ultrasonication (grey circles) as a function of the precursor concentration in the primary solution. (c) Absolute
(top panel) and relative (bottom panel) material loss upon ultrasonication. (d) Normalized protein content as a function of the PHF thickness. (e) Thickness variation
during multiple swelling steps of a 100 nm PHF (top panel) as a response to the temperature variation (bottom panel). (f) Swelling ratio of a 100 nm PHF as a function
of its thickness. Reproduced with permission from Ref. [25], © American Chemical Society 2013.

 

Figure 3    (a) Schematic of the PHN fabrication route. (b) Free-standing 50 nm PHN supported by a mesh with 350 nm × 350 nm openings. (c) AFM image of a PHN
(100 nm) transferred onto a Si substrate. (d) The height profile across the edge of this PHN, along the blue line in (c). (e) HRTEM image of the iron core of ferritin, an
iron storage protein, supported by a PHN (50 nm). (a) and (e) Reproduced with permission from Ref. [37], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
2014. (c) and (d) Reproduced with permission from Ref. [26], © American Chemical Society 2021.

  Nano Res.  3
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



crystalline  ferrihydrite  core  of  this  protein  is  well  distinguishable.
The  quality  of  the  image  is  comparable  with  those  of  ferritin
deposited on distinctly thinner single-sheet graphene oxide [40] or
PEG-modified carbon nanosheets [31].

The PHNs retain the original  bioinert and hydrogel properties
of the parent PHFs, featuring at the same time exceptional elastic
properties  [37, 28].  The  latter  properties  were  monitored  by  the
bulge test  [41].  For this  purpose,  PHNs were suspended over the
square or circular window and subjected to pressure. For a circular
window with a radius a (Figs. 4(a) and 4(b)), the relation between
the pressure difference on both sides of the nanosheet (Δp), and its
deflection (h) is given by Eq. (1) [42]

∆p= 4
t
a2
σ0 ·h+

8
3
d
a4

· 1
1− v

E h3 (1)

where σ0 is  the  residual  stress, ν is  the  Poisson’s  ratio, d is  PHN
thickness, and E is  the Young’s modulus. Plotting Δp/h vs. h2 the
value of E could be determined (Fig. 4(c)). It was extremely small
compared to analogous nanosheets  made of  other materials  [37],
varying only slightly (from 2.05 to 2.6 MPa) at the PHN thickness
variation  [28].  The  high  elasticity  of  the  PHNs  was  attributed  to
the elastomer character of the PEG matrix, with fixed crosslinking
nodes  and  interconnecting  PEG  chains,  stretching  easily  upon  a
load. Very important is the fact that not only the PHNs featuring
the optimal (“stoichiometric”) mixing ratio of the STAR-NH2 and
STAR-EPX precursors (1:1) but also the nanosheets featuring non-
stoichiometric  mixing  ratios  are  sufficiently  stable  and  show
similar elastic properties (Fig. 4(e)). 

4    Effect of molecular weight
Whereas most of the experiments were performed with an MW of
the precursors of 2000 (2k) g/mol (all other sections), larger MWs,
viz.  5000  (5k),  10,000  (10k),  and  20,000  (20k)  g/mol,  available
commercially,  were tested as well  (this  section) [26].  Stable PHFs
with adjustable thickness (10–330 nm) could be formed in a broad
concentration  range  of  the  precursors,  with  progressively  larger
thickness with increasing MW at a fixed concentration (Figs. 5(a)
and 5(b)).  All  these films exhibit distinct hydrogel properties,  but
the  swelling  ratio  decreases  to  some  extent  with  increasing  MW
(Fig. 5(c)). Independent of the MW, the PHFs also show persistent
bioinert properties at a sufficiently high thickness, as evidenced by
the  protein  adsorption  test  (Fig. 5(c)).  In  contrast,  at  a  low
thickness,  such  as  50  nm,  protein  adsorption  increases  strongly
with  increasing  MW,  which,  however,  does  not  mean  a

degradation  of  bioinertness  but  is  a  consequence  of  the
progressively increasing PHF porosity, defined by the length of the
PEG  arms  (see  section  2).  At  a  high  porosity,  proteins  can
penetrate  through  the  thin  films  and  adsorb  at  the  protein-
adhesive substrate.

Along  with  the  PHFs,  PHNs  could  also  be  fabricated  in  the
entire  MW  range  [26].  Unexpectedly  for  the  elastomer  model,
their  Young’s  modulus  does  not  decrease  but  increases  with
increasing MW (Fig. 5(e)), which was tentatively explained by the
MW-dependent  extent  of  coiling  for  the  interconnecting  PEG
chains in the matrix [26]. All PHNs exhibit similar deformation at
a  specific  Δp (bulge  test),  given  by  the  thickness  reduction,  but
their  stability  increases  with  decreasing  MW  (Fig. 5(c)),  which  is
understandable given the higher density of crosslinking points. 

5    Hybrid films and membranes
Due to their hydrogel properties and porous character, PHFs and
PHNs  can  serve  as  a  versatile  platform  for  hybrid  materials.
Among  other  options,  they  can  be  loaded  with  nanoparticles
(NPs)  [25, 43].  The  easiest  procedure  in  this  context  is  the
immersion  of  the  PHFs  into  an  aqueous  solution  of  NPs;  a
representative  scanning  electron  microscopy  (SEM)  image  of  a
respective hybrid film is shown in Fig. 6(a). A special characteristic
of such films is an inhomogeneous distribution of the NPs within
the  films,  with  the  highest  density  at  the  film/ambient  interface
[25].  A  homogeneous  distribution  can  be  achieved  by  the
introduction of NPs into the precursor solution, denoted one-pot
procedure.  The  hydrogel  properties  of  the  PHFs  become
somewhat  deteriorated  by  the  NP  loading,  with,  as  expected,  a
larger effect in the case of the one-pot procedure (Fig. 6(b)).

Another example of  hybrid materials  is  C60-loaded PHFs and
PHNs  [44].  Along  with  the  immersion  and  one-pot  procedures,
the so-called reflux approach, relying on the chemical coupling of
C60 to the amino group of the STAR-NH2 precursors,  was used.
In  all  cases,  C60  formed  clusters  (190–310  nm)  which  become
distributed in the PEG matrix, as was in particular shown by AFM
imaging (Fig. 6(c)).  The C60 content  and the  electronic  structure
of  the  C60-PEG  composites  depended  on  the  preparation
procedure,  as  shown  by  the  UV–visible  (UV–vis)  spectra  (Fig.
6(d)).  Whereas the intensity of  the absorption signal  represents a
measure  of  the  former  parameter,  its  position  is  assumed  to  be
related to the local intermolecular distances between fullerenes in
their supramolecular aggregates.

Significantly,  the  electrochemical  properties  of  C60  are
preserved  in  the  PEG  matrix,  as  evidenced  by  the  characteristic

 

Figure 4    (a)  Schematic illustration of  the bulge test  setup and relevant parameters (see text  for description).  (b) Selected optical  images of  the deflected PHN (100
nm), suspended over a circular window with a diameter of 1 mm. (c) Δp/h vs. h2 plot for this PHN. (d) Dependence of the Young’s modulus on the PHN thickness. (e)
Δp vs. h plots for the PHNs (100 nm) prepared at the different mixing ratios of the STAR-NH2 and STAR-EPX precursors, as shown in the legend. Reproduced with
permission from Ref. [28], © Zhao, Z. Y. et al. 2022.
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[45, 46] reductive peak at –0.8 V in the square wave voltammetry
(SWV)  curves  (Fig. 6(e)).  Interestingly,  this  peak  disappears
completely or becomes attenuated to some extent after the rinse of
the C60-PEG composites prepared by the immersion and one-pot
procedures, respectively, by toluene (TL)—a good solvent for C60
(Fig. 6(e)).  Consequently,  only  the  composites  prepared  by  the
reflux  procedure  are  sufficiently  robust  and  stable,  as  also
confirmed  by  the  SEM  images  acquired  before  and  after  the  TL
rinse (Figs. 6(f)−6(i)).
 

6    Modification by electron irradiation
PHFs  and  PHNs  can  be  modified  by  electron  irradiation,  which
offers additional options for lithography and nanofabrication [28,
47, 48].  The  electron  irradiation  results  in  significant  chemical
modification  and  partial  desorption  of  the  PEG  material  (Fig.
7(a)),  as in particular follows from the evolution of the C 1s XPS
spectra,  in  which  the  peak  associated  with  the  pristine  PEG
material  decreases  in  intensity,  while  a  new  peak,  related  to  the
modified  (carbon-enriched  and  oxygen-depleted)  PEG  material
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Figure 5    (a) and (b) The thickness of the PHFs formed by the precursors with different MWs as a function of their concentration in the primary solutions, given in
either mg/mL or mM. (c) Swelling ratio of a PHN (100 nm) vs. the MW. (d) Relative protein absorption vs. the MW for the PHFs with ~ 50 and ~ 100 nm thicknesses.
(e)  Young’s  moduli  of  the  PHNs (100  nm) vs.  the  MW. (f)  Variation of  the  PHN thickness  during  the  bulge  test.  Reproduced with  permission from Ref.  [26],  ©
American Chemical Society 2021.

 

Figure 6    (a)  SEM  image  of  a  PHN  (40  nm)  loaded  with  AuNPs  (13  nm).  Reproduced  with  permission  from  Ref.  [43],  ©  American  Chemical  Society  2015.  (b)
Swelling of pristine and AuNP-loaded (15 nm) PHFs at increasing humidity triggered by the decreasing temperature. (c) AFM image of C60-loaded PHFs. (d) UV–vis
spectra of pristine and C60-loaded PHFs. (e) SWV curves for C60/Au and C60-loaded PHFs on Au. (f)–(i) SEM images of C60-loaded PHFs on Au prepared by (f)
and  (g)  immersion  and  (h)  and  (i)  reflux  procedures  (f)  and  (h)  before  and  (g)  and  (i)  after  TL  rinse.  Reproduced  with  permission  from  Ref.  [44],  ©  American
Chemical Society 2023.
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appears  and  increases  in  intensity  (Fig. 7(b)).  The  modified
material  loses  bioinert  and  hydrogel  properties,  which,  in
combination  with  electron  beam  lithography  (EBL),  can  be  in
particular  used  to  create  protein  and  dye  patterns.  Whereas
proteins  exclusively  adsorb  within  the  EBL-modified,  protein-
adhesive  areas  (Fig. 7(c)),  dyes,  dissolved  in  water,  are  only
adsorbed outside of these areas, relying on the hydrogel properties
of the pristine PEG material (Fig. 7(d)).

EBL  can  be  used  for  three-dimensional  (3D)  (morphology)
patterning of the PHF templates. An example of such a pattern is
given in Fig. 7(e). It is a circular pit array, with a depth of a pit set
by the applied irradiation dose, as visualized by the height profile
across  the  array  taken  at  20  °C.  An  increase  of  the  relative
humidity, triggered by the temperature drop to 2 °C, results in the
swelling  of  the  3D  pattern,  as  shown  by  the  respective  height
profile  in Fig. 7(e).  Significantly,  the  swelling  involves  only  the
pristine  part  of  the  pattern,  whereas  the  EBL-modified  parts  are
not affected because of the loss of the hydrogel properties. 

7    Modification by UV light
PHFs  and  PHNs  can  also  be  modified  by  UV  light  [28, 49].  In
contrast  to  electrons,  the  only  effect  of  such  an  irradiation  is

progressive  decomposition  of  the  PEG  material  followed  by
immediate  desorption  of  the  released  fragments  (Fig. 8(a)).  The
residual PEG material  does not change its  chemical composition,
as in particular evidenced by the persistence of the characteristic C
1s  XPS  signal  (Fig. 8(b)).  Accordingly,  the  hydrogel  and  bioinert
properties of this material remain unchanged, as evidenced by the
invariable  swelling  ratio  (Fig. 8(c))  and  invariable  lack  of  protein
adsorption  for  sufficiently  thick  PHFs  (Fig. 8(d)).  Only  for  thin
PHFs,  a  slight  increase  of  protein  adsorption  during  the  UV
treatment is observed (Fig. 8(d)), related to the progressive protein
diffusion through the porous PEG matrix to the protein-adhesive
substrate.  In  combination  with  lithography,  all-PEG  3D  patterns
can  be  fabricated,  as  shown  by  a  representative  example
(proximity  printing)  in Figs.  8(e) and 8(f).  These  patterns  are
distinctly  different  from  the  EBL  ones,  combining  pristine  and
modified PEG. 

8    Temperature sensors
The  versatile  properties  of  PHFs  and  PHNs  make  possible  a
variety of applications. A representative example in this context is
temperature  sensor  relying  on  the  PEG-AuNP  composite  films
prepared  by  the  immersion  procedure  [25].  The  optical

 

Figure 7    (a) Schematic of the PHF modification by electron irradiation. The chemically modified PEG material is shown in dark gray. Reproduced with permission
from Ref. [49], © Zhao, Z. Y. et al. 2021. (b) C 1s XPS spectra of pristine and irradiated (50 eV) PHFs. The spectra are decomposed into contributions associated with
the pristine (blue) and chemically modified (gray) PEG material. (c) and (d) Fluorescence microscopy images of EBL patterned PHFs (50 nm) after immersion into a
phosphate buffered saline (PBS) buffered solution of fluorescently labeled fibrinogen (c) and an aqueous solution of fluorescein (d). (e) AFM image (3D) of a circular
pit array written in PHF (100 nm) with different doses (top panel), along with the corresponding height profiles across the array, recorded at 20 °C (middle panel) and
2 °C (bottom panel). Reproduced with permission from Ref. [47], © American Chemical Society 2013.

 

Figure 8    (a)  Schematic  of  the  PHF modification by UV light.  (b)  C 1s  XPS spectra  of  pristine  and irradiated (254 nm) PHFs.  (c)  PHF (71 nm) swelling ratio  vs.
irradiation dose. (d) Relative extent of the BSA adsorption for the 71 and 124 nm PHFs subjected to UV irradiation. The direction of the thickness variation during the
UV treatment is shown by the arrows. (e) AFM image of a representative pattern fabricated with a dose of 28.8 J/cm2. (f) Height profile along the red line in the AFM
image. Reproduced and adapted with permission from ref. [49], © Zhao, Z. Y. et al. 2021.
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appearance  of  these  films  changes  noticeably  upon  temperature-
induced swelling (Fig. 9(a)), which was also monitored by UV–vis
spectroscopy  (Fig. 9(b)).  The  intensity  of  the  characteristic  local
surface  plasmon  resonance  (LSPR)  band  of  AuNPs  exhibits  a
progressive  decrease  with  decreasing  temperature  (Fig. 9(c)),
making the initially violet PEG-AuNP film transparent so that the
gold  substrate  becomes  visible.  This  behavior  is  explained  by  the
inhomogeneous distribution of the NPs in the PHF in the case of
immersion (section 5).  The  AuNPs are  predominantly  located  at
the  PHF/ambient  interface  and  the  behavior  of  the  LSPR  band
depends on the interaction between these NPs and the conductive
substrate  (gold),  following  literature  reports  [50−52].  This
interaction changes with the increasing distance between the NPs
and  the  substrate  (Fig. 9(d)),  resulting  in  the  observed  change  in
the optical spectrum. Of course, the temperature range covered by
this sensor is limited but its simplicity and direct character make it
useful, e.g., in the context of food storage. 

9    Pattern transfer
A combination of  EBL and hydrogel  properties  of  the PHFs and
PHNs  provides  a  unique  opportunity  to  create  NP  patterns  on
non-flat  and/or  non-conductive  supports  with  the  EBL precision
[47].  Initially,  a  PHF  is  prepared  on  a  primary,  conductive
substrate  and  patterned  by  EBL  (Fig. 10(a)).  Afterward,  the
patterned PHF is separated from the primary substrate in the form
of  PHN  and  transferred  to  the  secondary,  non-flat,  and/or  non-

conductive  support.  Then,  the  PHN template  is  exposed  to  NPs,
which mimics the pattern, adsorbing only within the pristine PEG
areas.  Finally,  the  PEG  matrix  is  removed  by  hydrogen  plasma
treatment, leaving the desired NP pattern (Fig. 10(a)).

As  an  example,  an  AFM  image  of  a  glass-supported  PHN
template  with  a  pattern  of  a  QR  code  after  transfer  from  the
primary  conductive  support  is  presented  in Fig. 10(b).  Regions
exposed to electron beam appear ~ 17 nm deeper than the pristine
background  (Fig. 10(d)).  The  modified  material  within  these
regions  does  not  possess  hydrogel  properties  so  that  the  AuNP
adsorption occurs beyond these areas. The resulting AuNP pattern
becomes well-visible after the PEG matrix removal, mimicking the
original  EBL  pattern  (Fig. 10(c)).  The  high  precision  of  EBL  is
conserved,  as  shown by  a  magnified  image  of  an  element  of  this
pattern (Fig. 10(e)). 

10    Humidity sensors
Hydrogel  properties  of  the  PHFs  and  PHNs make  them suitable
for  humidity  sensing.  This  was  realized  with  the  resistive
transduction  technique,  using  the  experimental  setup  shown  in
Fig. 11(a) [42].  Four-probe  method  with  soft  contact  to  the
samples was applied and the relative humidity (RH) was precisely
controlled  by  passing  nitrogen  gas  flow  through  two  parallel-
adjusted  PYREX  gas  washing  bottles  filled  with  pure  water  and
concentrated  sulfuric  acid.  Both  pristine  and  NP-loaded  PHNs,
transferred  to  the  insulating  glass  support,  were  tried.  The

 

Figure 9    (a) Influence of temperature-induced swelling on the optical appearance of the PEG-AuNP composite films. (b) Consecutive UV–vis spectra acquired in the
course of temperature-induced swelling. (c) Strong decrease in the intensity of the LSPR band as a function of temperature, i.e., the extent of swelling. Reproduced with
permission from Ref. [25]. © American Chemical Society 2013. (d) Schematic of the swelling effect on the distance between the AuNPs and Au substrate.
 

Figure 10    (a) Schematic representation of the preparation process for tailor-made NP patterns on arbitrary substrates by means of a transient PHN template (60 nm).
(b) AFM image of a glass supported PHN template with pattern of a QR code (29 by 29 modules) after transfer from the primary conductive support. (c) SEM image
of this pattern after the AuNP (35 nm) loading and PHN removal. (d) Height profile across (b) as shown by the black arrow. (e) An element of the image in (c) is
marked by the red circle. Reproduced with permission from Ref. [48], © American Chemical Society 2014.
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concentration  of  the  NPs  in  the  PEG-NP  composite  nanosheets
was varied by setting the immersion time for the NP solution. The
resistance  of  the  pristine  membrane  was  found  to  change  by
~ 5.5  orders  of  magnitude  upon RH variation from 0% to  100%
(Fig. 11(b)),  which  is  an  unprecedented  response  for
homogeneous  materials.  The  introduction  of  the  NPs  increased
the conductivity but diminished this response (Fig. 11(b)), so that
the  pristine  PHN  was  considered  as  preferable.  It  was  assumed
that  the  dependence  of  resistance  on  the  water  uptake  into  the
pristine  PHN, U(RH), is  approximately  described  by  the
exponential  function.  This  assumption  was  supported  by  the
correlation of logRdry − logR(RH) with U(RH), determined as the
difference  in  the  PHN  thickness  at  a  certain  RH  and  in  the  dry
state (Fig. 11(c)). The exponential dependence of resistance on the
water  uptake  means  a  much  higher  sensitivity  of  the  PHN
humidity  sensor  compared  with  the  standard  ones,  for  which  a
linear correlation is usually recorded [53].

Note  that  the  conductivity  of  the  PHNs  has  most  likely  a
predominant  ionic  character  [54].  The  use  of  the  DC  approach
instead of AC methods, frequently used in such cases [55],  could
then  in  principle  lead  to  electrolytic  effects  and  polarizing  a
system.  However,  such  behavior  was  not  observed;  all  recorded
resistance  values  were  stable  over  time  and  well-reproducible  at
repeating measurements [42]. 

11    Protein sensors
The  bioinert  character  of  the  PEG  matrix  makes  the  PHFs  and
PHNs  suitable  as  a  bioinert  platform  for  biosensors,  including
recognition  of  specific  proteins  in  particular,  which  is  an
important  task  in  the  context  of  bioengineering  and  medicine
[56−58].  For  this  purpose,  specific  protein  receptors  should  be
embedded into the PEG matrix, coupling to it chemically. Such a
coupling can be performed either via free amino or epoxy groups
in  the  matrix.  However,  the  density  of  these  groups  is  quite  low
because  most  of  the  reactive  groups  of  the  PEG-NH2 and  PEG-

EPX  precursors  participate  in  the  crosslinking,  building  ethanol-
amine-like  crosslinking  bonds  (see  section  2).  This  situation,
however,  is  only  characteristic  of  the  stoichiometric  mixing  ratio
of  the  precursors  (1:1),  and  the  density  of  the  reactive  amino  or
epoxy  groups  can  be  increased  noticeably  at  non-stoichiometric
mixing  ratios.  Significantly,  the  PHFs  and  even  PHNs  (see
section  3)  retain  their  properties  and  stability  at  the  latter
conditions [27, 28].

Taking  the  above  considerations  into  account,  we  introduced
the  avidin/streptavidin-specific  biotin  receptors  into  the  PHF
matrix by using the reaction between the free amino group in this
matrix and N-hydroxy succinimide (NHS) ester  groups of  NHS-
biotin  (Fig. 12(a)).  The  density  of  the  free  amino  groups  was
varied by the variation of the mixing ratio of the precursors.  The
PEG-biotin films were then subjected to both specific (avidin) and
nonspecific (bovine serum albumin (BSA) and albumin) proteins
(Fig. 12(a)). The outcome of the protein adhesion was monitored
by  XPS,  relying  on  the  characteristic  N  1s  signal  of  the  proteins.
Because  of  the  limited  sampling  depth  of  XPS  [59],  the
measurements  could  only  be  performed  for  quite  thin  PHFs
(23–35  nm),  so  that  a  partial  diffusion  of  the  proteins  across  the
films and their adsorption at the PHF/substrate interface could not
be completely excluded. The derived data show a high preference
for  the  adsorption  of  the  specific  protein  and  a  distinct
dependence of the protein density on the PHF composition (Fig.
12(b)).  The  adsorption  of  the  non-specific  proteins  could  not  be
completely avoided but was most likely related to their diffusion to
the  substrate,  followed  by  their  adsorption  at  the  PHF/substrate
interface (see above). 

12    DNA sensors
Another  important  class  of  biomolecules  is  DNA.  The
development of reliable and sensitive methods for DNA sensing is
crucial for creation of efficient diagnostic tools and advancements
in  medicine  and  biotechnology  [60−64].  In  this  context,  we

 

Figure 11    (a)  Schematic representation of the experimental  setup to measure the PHN conductivity.  (b) Normalized resistance of the pristine and AuNP (13 nm)
loaded PHNs as a function of RH. (c) Normalized humidity response and water uptake for the pristine PHN as functions of RH. Reproduced (panels b and c) with
permission from Ref. [43], © American Chemical Society 2015.
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fabricated  model,  single-strand  DNA  (ssDNA)  sensors  on  the
basis of the PHFs and PHNs [29, 30]. As an established test system
[65−69],  we  used  complementary  thymine  (T)  and  adenine  (A)
homo-oligonucleotides, with either 5 (T5 and A5) or 10 (T10 and
A10)  bases.  Tn  were  used  both  as  the  probe  strands  and
mismatching target  strands,  while  An were used as the matching
target  strands (Figs.  13(a) and 14(a)).  Two different  strategies  for
immobilization  of  the  probe  ssDNA  into  the  PEG  matrix  were
applied. Within the first strategy [29], the NHS-functionalized Tn
strands  (Tn-NHS)  were  coupled  to  the  free  NH2 groups  in  the
PEG  matrix  (Fig. 13(a)),  similar  to  the  protein  sensors  (previous
section).  Within the second strategy [30],  thiol-functionalized Tn
strands  (Tn-SH)  were  coupled  to  the  free  epoxy  groups  via  the
established thiol–epoxy click  reaction that  leads  to  the  formation
of a β-hydroxythio-ether linkage [70, 71] (Fig. 14(a)).  The density
of the free NH2 and epoxy groups in the PEG matrix was adjusted
accordingly, setting either 2:1 or 1:2 mixing ratio for the PEG-NH2
and PEG-EPX precursors.

The efficient immobilization of the probe Tn-NHS and Tn-SH
into the PEG matrix was confirmed by XPS, relying on the specific

spectroscopic signatures of the T nucleobase [67, 72]. The density
of the probes could be varied by setting their concentration in the
primary  buffer  solution.  Complementary  to  XPS,  immobilization
and  hybridization  processes  were  monitored  by  electrochemical
tools,  including  cyclovoltammetry  (CV)  and  electrochemical
impedance  spectroscopy  (EIS).  These  techniques  do  not  require
vacuum and complex equipment  and can be  easily  implemented
in any laboratory.

Representative  data  for  the  NH2:T10-NHS  coupling  are
presented  in Figs.  13(b)−13(e).  Both  the  CV  curves  (Fig. 13(b))
and  the  Nyquist  plots  (Fig. 13(c))  show  nearly  no  changes  upon
the  exposure  of  the  Au/PEG:T10-NHS  working  electrode  to  the
mismatching  T10  homo  oligonucleotide.  In  contrast,  there  is  a
significant  change  upon  exposure  to  the  matching,  A10  target
sequence, corresponding to a hybridization efficiency of ~ 89%, as
shown  by  XPS  [29],  relying  on  the  specific  spectroscopic
signatures  of  the  A  nucleobase  [67, 72].  This  change  is
pronounced much strongly in the EIS case, so that this technique
was selected as the most suitable one. To test the sensitivity of this
technique,  the  concentration  of  A10  in  the  tested  solution  was

 

Figure 12    (a)  Schematic  representation of  the  experimental  approach.  (b)  Grafting  density  of  specific  (avidin)  and nonspecific  (bovine  serum albumin (BSA)  and
albumin  from  chicken  egg  white)  proteins  for  a  series  of  PHFs  (23−35  nm)  functionalized  with  NHS-biotin.  The  composition  of  the  precursors,  given  by  the
amino/epoxy ratio, was varied. Reproduced with permission from Ref. [27], © The Royal Society of Chemistry 2016.
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Figure 13    (a) The structures of the Tn-NHS, An, and Tn compounds as well as a schematic illustration of the Tn-NHS immobilization in the PEG matrix (shown
schematically as a gray circle) via the free NH2 groups and its subsequent reaction with the An and Tn targets. (b) and (c) CVs and Nyquist plots for the Au/PEG:T10-
NHS working electrode before and after its exposure to mismatching (T10) and matching (A10) target ssDNA. (d) and (e) Nyquist plots and the derived Rct values for
the  Au/PEG:T10-NHS  working  electrode  before  (red  symbol  in  (e))  and  after  (black  symbols  in  (e))  its  exposure  to  matching  A10  target  ssDNA  (variable
concentration). The equivalent circuit is shown in panel (e). Reproduced with permission from Ref. [29], © Zhao, Z. Y. et al. 2022.
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varied  and  the  EIS  data  were  recorded.  The  respective  Nyquist
plots showed progressive variation with the varied concentrations
(Fig. 13(d)). The evaluation of these data in terms of the equivalent
circuit  suggests  that  the  most  suitable  fingerprint  parameter  for
monitoring the hybridization efficiency (and also the efficiency of
the probe ssDNA immobilization) is the charge transfer resistance,
Rct.  The  respective Rct values  are  presented  in Fig. 13(e) vs.  A10
concentration.  According to these data,  the detection limit  of  the
PEG:T10-NHS sensor to A10 is down to 0.1–0.2 μM.

A similar detection limit of 0.1 μM was also achieved in the case
of  epoxy-thiol  coupling  of  the  probe  ssDNA  strands  [30].  This
detection limit is quite reasonable and comparable with literature
data for some other types of ssDNA sensors [73], even though it is
still inferior to the most advanced sensors [74−76]. However, one
can  reasonably  assume  that  the  detection  limit  of  the  presented
Au/PEG:ssDNA  sensor  can  be  improved  even  further,  e.g.  by  a
larger loading of the PEG film with the probe ssDNA.

The performance of the Au/PEG:ssDNA sensor, relying on the
thiol-epoxy  coupling,  was  compared  with  an  established  sensor
fabricated  by  the “direct” assembly  of  thiolated  ssDNA  on  gold
substrates,  following  the  standard  procedure  [66−69, 77, 78].
Similar,  to  the  Au/PHF:ssDNA case,  probe T10-SH strands  were
assembled  directly  on  gold  and  used  for  the  detection  of  the
matching,  target  A10,  with  the  additional  selectivity  test  by
mismatching  T10  (Fig. 14(b)).  Whereas  this  sensor  was  found to
be  equivalent  to  the  Au/PHF:ssDNA  case  in  terms  of  the
hybridization  efficiency  (~  85%),  it  exhibited  lower  selectivity  for
the  target  DNA  sequence  as  seen  by  the  comparison  of  the  EIS
data (Figs. 14(c) and 14(d)). Whereas the Au/PEG:A10-SH sensor
shows no response to the mismatching T10 (Fig. 14(c)), there is a
noticeable  response  in  the  case  of  Au/A10-SH  (Fig. 14(d)).  This
behavior  is  most  likely  related  to  the  presence  of  defects  in  the
probe T10-SH monolayer, allowing direct contact of mismatching
ssDNA with the gold substrate.

The high selectivity of the Au/PEG:ssDNA sensors with respect
to the target ssDNA is primarily related to the bioinert character of
the PEG matrix, preventing non-specific adsorption of non-target
ssDNA.  But  also,  the  hydrogel  character  of  this  matrix  is  of
importance, hindering further sensor biofouling. A representative
example in this context is a recent report on a hydrogel-protected
DNA  aptamer-based  sensor  using  agarose  hydrogel  to  prevent
enzymatic  degradation  of  the  analyte-recognizing  aptamer  and
biocomponent interferent adsorption [79]. 

13    Chemical sensors
The  possibility  to  load  the  PEG  matrix  of  the  PHFs  and  PHNs
with  NPs  allows  the  fabrication  of  chemical  sensors  on  the
PHF/PHN  basis,  relying  on  the  catalytic  properties  of  the
embedded  NPs.  A  representative  example  in  this  context  is  a
sensor for hydrogen peroxide (H2O2) [80], which is an important
compound  both  in  the  industry  and  medicine,  serving,  in
particular,  as  a  marker  for  a  variety  of  diseases,  including  cancer
[81−86].  Sensing  of  H2O2 can  be  generally  performed  by  both
enzyme-based  detection,  with  enzymes  that  are  capable  of
catalyzing  its  decomposition  [87−90],  and  by  use  of  noble  metal
NPs,  relying  on  their  electrocatalytic  properties  concerning
hydrogen peroxide [91−94].

On  this  basis,  we  have  loaded  PHFs  (130  nm)  with  AuNPs
(15  nm)  within  the  one-pot  preparation  procedure  and  used
electrochemical  tools  for  the  detection  of  H2O2 [80].  The  PHFs
were  prepared on the  primary,  SiO2 passivated Si(100)  substrates
and  transferred  from  them,  as  the  free-standing  PHNs,  to  the
working  electrode  of  the  electrochemical  cell.  The  CV curves  for
the  reference,  pristine  PHN and  the  composite  PEG-AuNP film,
acquired in the presence of H2O2, show a distinct signature of the
electrocatalytic  reaction  in  the  latter  case,  with  a  pronounced
reduction peak at ca. –0.15 eV (Fig. 15(a)). The respective reaction
is  schematically  illustrated  in Fig. 15(b),  in  which  the
amperometric  response  of  the  composite  PEG-AuNP  film  to
increase  H2O2 concentration  is  presented.  The  respective  current
values  are  plotted  in Fig. 15(c) vs.  the  H2O2 concentration,
showing  a  nearly  linear  dependence  on  the  latter  parameter.
According  to  these  data,  the  sensitivity,  detection  limit,  and
operation  range  of  the  composite  PEG-AuNP  sensors  were
estimated at ~ 3.4 × 102 μA/(mM·cm2),  0.17 μM of H2O2,  and 20
μM–3.5  mM  of  H2O2,  respectively,  which  are  well  comparable
with  the  best  values  for  other  types  of  H2O2 sensors  reported
recently  in  Refs.  [92−97].  Finally,  the  selectivity  of  the  composite
PEG-AuNPs  sensor  was  verified  by  an  anti-interference  test,  viz.
its  exposure  to  a  variety  of  potential  interfering  compounds  and
biomolecules,  frequently  found  in  biological  samples,  such  as
ascorbic acid (L-AA), biotin, and fibrinogen from human plasma.
These  compounds  were  successively  added  to  the  electrolyte,
resulting  in  no  noticeable  current  response  at  the  given,
preselected  potential  (Fig. 15(d)).  In  contrast,  the  addition  of  the
same amount of  H2O2 before and after  the anti-interference tests

 

Figure 14    (a)  and  (b)  Schematic  representation  of  the  experimental  approach  for  the  Au/PEG:ssDNA  and  Au/ssDNA  sensors.  (c)  and  (d)  Nyquist  plots  for  the
Au/PEG:T10-SH  and  Au/T10-SH  working  electrodes  before  and  after  their  exposure  to  mismatching  (T10)  and  matching  (A10)  target  ssDNA.  Reproduced  with
permission from Ref. [30], © the Onwer Societies 2023.
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resulted,  as  expected,  in  a  pronounced  increase  of  the  recorded
current (Fig. 15(d)), proving the readability and active character of
the sensor. 

14    Conclusions
In  summary,  this  review  article  is  devoted  to  the  fabrication,
properties, and applications of PHFs and PHNs formed from the
amino- and  epoxy-decorated  four-arm  STAR-PEG  precursors.
The primary PHFs can be readily prepared on solid supports by a
combination of spin-coating and thermally-promoted crosslinking
reaction. They represent porous PEG films, with distinct hydrogel
and bioinert properties. The thickness and porosity of these films
can  be  flexibly  adjusted  in  a  broad  range,  viz.  5–280  nm  for  the
thickness  and  7–70  nm for  the  mesh  size  of  the  PEG matrix,  by
setting the concentration of the precursors in the primary solution
and the  choice  of  their  molecular  weight,  respectively.  The PHFs
can be easily separated from the primary substrate as free-standing
PHNs,  which  can  be  transferred  to  a  secondary  substrate  or  a
supporting  mesh.  The  PHNs  retain  all  the  favorite  properties  of
the parent PHFs,  exhibiting in addition exceptional  elasticity  and
reversable deformation ability.

The  adjustability  and  favorable  properties  of  the  PHFs  and
PHNs  make  them  a  versatile  platform  for  hybrid  materials,
nanofabrication,  lithography,  and  sensor  applications.
Representative  examples  in  this  context  are  provided,  including
bioinertness, hydrogel properties, morphology, and NP patterning
as  well  as  temperature,  humidity,  and  biosensors.  It  is,  however,
reasonable to assume that the applications of the PHFs and PHNs
are  not  only  limited  to  these  examples  but  can  be  extended  to
other tasks, such as delivery and controlled release of drugs, tissue
engineering,  biofouling  protection,  stimuli-responsive  systems,
terahertz-to-infrared  converters  for  imaging  the  human  skin
cancer, etc. [4, 18, 19, 98]. 
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