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Oxygen inhibition of free-radical polymerization is
the dominant mechanism behind the “mold
effect” on hydrogelst

Rok Simi¢, 2 Joydeb Mandal, 2 Kaihuan Zhang® and Nicholas D. Spencer (2 *

Hydrogel surfaces are of great importance in numerous applications ranging from cell-growth studies
and hydrogel-patch adhesion to catheter coatings and contact lenses. A common method to control
the structure and mechanical/tribological properties of hydrogel surfaces is by synthesizing them in
various mold materials, whose influence has been widely ascribed to their hydrophobicity. In this work,
we examine possible mechanisms for this “mold effect” on the surface of hydrogels during
polymerization. Our results for polyacrylamide gels clearly rule out the effect of mold hydrophobicity as
well as any thermal-gradient effects during synthesis. We show unequivocally that oxygen diffuses out
of certain molding materials and into the reaction mixture, thereby inhibiting free-radical polymerization
in the vicinity of the molding interface. Removal of oxygen from the system results in homogeneously
cross-linked hydrogel surfaces, irrespective of the substrate material used. Moreover, by varying the
amount of oxygen at the surface of the polymerizing solutions using a permeable membrane we are

able to tailor the surface structures and mechanical properties of PAAm, PEGDA and HEMA hydrogels in

rsc.li/soft-matter-journal a controlled manner.

Introduction

Hydrogels consist of a cross-linked polymer network and a large
amount of water, which provides them with unique properties.
Due to their structural similarities to biological tissues, they are
often used as scaffolds for cell growth and engineering,* in
regenerative medicine® and as adhesive transdermal drug-
delivery patches.* The significant water component can lead
to effective lubrication properties, which has prompted appli-
cations in catheter coatings and contact lenses.>® In most
applications, the surface structure of the hydrogels is of key
importance, giving hydrogels adhesive or highly lubricious
properties. Although modification of hydrogel surface proper-
ties can be achieved by various physical or chemical
approaches, one of the most straightforward ways is to synthe-
size hydrogels by free-radical polymerization against different
molding materials, which are known to influence the surface
structure of the produced hydrogel.””®

Gong and coworkers first reported the heterogeneous poly-
merization of various hydrogels made from water-soluble
vinyl monomers against a number of polymeric surfaces.”
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The heterogeneous polymerization led to a gradient hydrogel
structure, in which the polymer network at the surface was
loosely cross-linked and less dense than in the bulk. They
demonstrated the effect for monomers including acrylamide,
acrylic acid and the sodium salt of styrene sulfonate, while the
tested molding surfaces included polytetrafluoroethylene
(PTFE), polypropylene (PP), polyethylene (PE), polystyrene
(PS), polymethylmethacrylate (PMMA), and polyvinylchloride
(PVC). Polymerization of the precursor solution against hydro-
philic molds, such as glass, mica or sapphire, appeared to be
homogeneous, resulting in an even hydrogel structure from the
surface to the bulk, in contrast to the behavior against poly-
meric molding surfaces. Using electronic speckle pattern inter-
ferometry, the authors observed a clear interface in the vicinity
of the polymeric molds during polymerization.” The distance of
the observed interface from the mold surface was shown to
increase with decreasing surface energy of the molding mate-
rial. On the other hand, performing the polymerization in
ethanol with addition of a hydrophobic monomer greatly
suppressed the appearance of the interface. Although no defi-
nitive explanation was provided for the phenomenon, the
authors ascribed the appearance of the interface to the differ-
ence in surface energies of the mold and the surface tension of
the polymerizing solution. It was suggested that during the
retraction of the interface from the mold, the monomer-
depleted solution in the vicinity of the interface leads to a
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formation of a soft, low-density polymer network, which is full
of branched, dangling polymer chains.””’

In a recent study we used nanoindentation to measure the
elastic moduli at the surface of such gels and could show that
hydrogel surfaces molded against polymeric molds were indeed
significantly softer compared to those molded against glass.®?
The softer surface in this case was ascribed to the presence of
loose, dangling chains. However, the elastic modulus of the
hydrogel surfaces seemed to not be directly related to the
surface energy of the mold. Although at that point we could
not explain the underlying mechanism nor confirm the hypoth-
esis of the hydrophobic effect, we could show that polymerizing
solution does not chemically react with the molding surfaces,
leaving the surface properties of the molds intact after the
polymerization reaction was completed.®

Due to the exothermic nature of free-radical polymerization,
the temperature of the polymerizing solution can rise by several
tens of degrees Celsius above the surrounding temperature.
Therefore, polymerization kinetics could be significantly differ-
ent close to a mold with good thermal conductivity (e.g. glass)
compared to a poorly heat-conducting mold (e.g. most poly-
meric molds). However, it has been suggested that any such
effects caused by poor thermal conductivity of the polymeric
substrates might be excluded, since a PTFE mold, with rela-
tively high thermal conductivity for a polymer, led to the most
heterogeneous hydrogel structure.” Despite that, no other
evidence seems to exist that would allow us to completely reject
thermal effects.

It has also been suggested that oxygen, which could become
entrapped between a rough hydrophobic surface and a mono-
mer solution, could inhibit the polymerization near the
interface.'® This does not explain the effect observed on smooth
molding surfaces, where the diffusion of oxygen out of oxygen-
permeable molds could lead to inhibition of free-radical poly-
merization and result in the observed gradient hydrogel struc-
ture. The phenomenon has been reported in several fields,
such as sealants,'’ adhesives,'> coatings,"”” microfluidics"*
and photolithography."'® Incompletely polymerized surfaces
usually suffer from decreased bonding strength and poor
mechanical properties, and several approaches have been
proposed to avoid the negative effects."”” While the phenom-
enon is detrimental in certain cases, it can be beneficial
in others, such as for continuous 3D printing'® or high-
throughput microparticle lithography."> The effect has also
been modeled mathematically’® as well as harnessed to form
wrinkle patterns.>* While oxygen inhibition is well known and
has been widely studied, there are practically no studies that
would rule out the other presented mechanisms and show the
dominating effect of the oxygen-inhibition when synthesizing
hydrogels in different molds.

Although the exact mechanism behind heterogeneous net-
work formation has been unknown, the resulting hydrogels
were shown to have orders of magnitude lower friction com-
pared to the same hydrogels synthesized against a glass
mold.>*"** It was suggested that the branched polymer chains
of the heterogeneously polymerized gels entrap large amounts
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of liquid at the surface and thus enhance the hydrodynamic
thickness of the solvent layer, hence reducing friction. It has
also been shown for cross-linked hydrogels that increasing the
amount of water in the polymer network decreases the shear
stress during sliding.>® Similar principles for reducing sliding
shear are used in the contact-lens industry, where manufac-
turers produce lenses with soft, hydrated surface layers.>* This
principle also mimics the natural lubrication mechanism in the
eye, which relies upon hydrated, surface-attached mucin
layers.?® Although the benefits in friction reduction of such
heterogeneous systems with sparse surfaces are clear, under-
standing their formation in the case of hydrogels would enable
a higher level of control over the process and thus of the surface
properties.

In order to resolve the underlying mechanism, we have
examined several plausible mechanisms in this work. The
hydrophobic effect was tested by using hydrophobized glass
surfaces and hydrophilized PS surfaces. To directly test the
thermal effects, we have performed experiments with variously
thick molding materials, which substantially affects the overall
heat conduction while keeping other surface properties con-
stant. Lastly, we have performed experiments with different
amounts of oxygen in the system to check whether the hetero-
geneous structure is in fact caused by oxygen inhibition of the
free-radical polymerization. This was done by evacuation of the
air in the surroundings of the mold and back-filling with
nitrogen. A second approach involved synthesis of hydrogels
against an oxygen-permeable membrane while regulating the
amount of oxygen on the membrane’s other side. The obtained
results have enabled us to reject certain hypotheses and reveal
the main underlying mechanism.

Experimental
Hydrogel synthesis

The polyacrylamide (PAAm) hydrogels were synthesized from a
polymerizing solution consisting of 9.6 wt% of acrylamide
monomer (>99%, Sigma-Aldrich, St Louis, MO, USA) and
0.4 wt% of N,N-methylene-bis-acrylamide cross-linker
(>99.5%, Sigma-Aldrich, St Louis, MO, USA) in MilliQ water.
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
photo-initiator was synthesized according to the procedure
described in our previous work*® and added to the solution
in the amount of 0.01 wt%. Poly(ethylene glycol) (PEG) hydro-
gels were synthesized from 10 wt% of poly(ethylene glycol)
diacrylate (PEGDA) with average molecular weight M, =
700 Da (Sigma-Aldrich, St Louis MO, USA), dissolved in
MilliQ water together with 0.01 wt% of LAP photo-initiator.
Poly(hydroxyethyl methacrylate) (PHEMA) hydrogels were synthe-
sized from an aqueous solution of 45 wt% hydroxyethyl-
methacrylate (HEMA), 15 wt% N-vinylpyrrolidone (NVP),
1.2 wt% ethylene-glycol-dimethacrylate (EGDMA), all from
Sigma-Aldrich, St Louis, MO, USA. In the HEMA gels, 0.1 wt%
of LAP photo-initiator was used.
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Once poured in the desired molds, the solutions for PAAm
and PEGDA gels were polymerized for 20 min under UV light
with an intensity of about 1.4 mW cm > at a wavelength of
365 nm (Stratalinker UV Crosslinker 2400, Stratagene Corp., La
Jolla, CA, USA). HEMA gels, on the other hand, were polymer-
ized for 40 min under the same conditions. The synthesized
hydrogels were demolded and immersed in ample Milli-Q
water for at least 48 hours to remove unreacted species and
allow swelling of the hydrogels. Some of the HEMA gels
were immersed in ethanol after demolding, which exchanged
with the interstitial water and allowed additional swelling of
the gels.

Molding surfaces

The selected molding materials were glass Petri dishes and
sterilized polystyrene (PS) Petri dishes. The roughness values R,
of the glass and the PS molds were 1 and 5 nm, respectively.
Hydrophobized glass surfaces were prepared by functionalizing
the glass Petri dishes with octadecyl-trichlorosilane (OTS,
>95%, Acros Organics, Geel, Belgium) by chemical vapor
deposition for several hours and then rinsing with toluene.
Hydrophilized PS Petri dishes were prepared by immersion
in sulfuric acid for several hours and then rinsing with ultra-
pure water. For the thermal-conductivity experiments, thin
PS sheets with a thickness of 30, 50, 125 and 190 pm
(GoodFellow Cambridge Limited, Huntington, England) were
used as received. Glass cover slips (Menzel-Gldser, Thermo
Fischer Scientific, Massachusetts, USA) with a thickness of
150 pm were used for comparison—the thermal conductivities
of glass and PS are substantially different and are about 1.0 and
0.1 Wm ' K, respectively.”” For the oxygen-permeability study,
11 um-thick polyethylene (PE) and polyvinylidene-chloride (PVDC)
food-wrap foils were used to cover the PS Petri dishes.

The same PE foils were also used to separate the polymeriz-
ing solution from the gas mixtures of air and nitrogen. In this
case, the PE foils were placed in flow-cells, which were made
from polymethylmethacrylate (PMMA) plates by laser cutting.
The shallow rectangular polymerization vessel measured
20 mm in width and 50 mm in length, incorporating a side-
wall of 5 mm in height. The base of the vessel consisted of a
11-um PE foil membrane, which allowed oxygen diffusion. The
vessel was glued to a 2-mm-high lower chamber of same lateral
dimensions as the reaction vessel. The lower chamber was
connected to tubes at each end, serving as inlet and outlet.
The gas flow was controlled by a syringe pump and the flow rate
was set to 5 ml min~", corresponding to a mean gas velocity of
2 mm s~ ' within the chamber. Four milliliters of polymerizing
solution were poured into the vessel after the gas had been
flowing for several minutes and the polymerization was carried
out as described earlier in the text.

Contact-angle analysis

Contact angles of ultrapure water on the surfaces were mea-
sured using a drop-shape analyzer (DSA100, Kriiss GmbH,
Hamburg, Germany) in sessile-drop mode. The values pre-
sented in Table 1 were measured before the polymerization
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Table 1 The list of substrates, their contact angles with ultrapure water

before the polymerization, and reference oxygen permeability values at
23 °C and 0% relative humidity?®

Contact  Oxygen permeability®®
Substrate angle (°)  (cm? 25 pm (m? 24 h atm) ™)
Glass <5 0
OTS-Functionalized glass 102 & 2 0
PS 85 £ 3 4300
Acid-treated PS 29+5 N/A
PE foil 96 + 6 8586
PVDC foil 76 £ 6 1.2-2.3

on different locations of the substrates to check for their
homogeneity. According to our recent study, the angles should
not be affected by the polymerization.®

Nanoindentation

In the past, we have evaluated differently molded hydrogel
surfaces using various characterization techniques, including
infrared spectroscopy,® neutron reflectometry,® rheology,
tribology®>>***° as well as various indentation methods.>**?°°
All the obtained data correlated well with each other, and enabled
us to elucidate the surface structures of differently molded
hydrogels. For this work, nanoindentation was selected for
identification of the different hydrogel surfaces due to its sensi-
tivity and nanoscopic depth resolution. The nanoindentation
experiments were performed with samples fully immersed in
Milli-Q water using an atomic force microscope (AFM, MFP-
3D™, Asylum Research, Santa Barbara, USA). For the PHEMA gels
swollen in ethanol, however, the nanoindentation experiments
were performed with samples fully immersed in ethanol. The
indentation probe was manufactured by attaching a silica micro-
sphere (Kromasil, Nouryon - Separation Products, Bohus, Swe-
den) with a radius of 11 um to the end of a tipless, gold-coated
cantilever (NSC-36, Mikromash, Bulgaria) by means of a 2-
component epoxy resin adhesive (UHU GmbH, Germany). The
normal spring constant of the bare cantilever k, was determined
by applying the Sader method.>" The effective spring constant
of the manufactured probe was calculated as k = ko(Lo/L)® =
1.69 N m !, where L, and L are the distances from the base of
the cantilever to its tip and to the microsphere position,
respectively.®” The relation between the cantilever deflection x
and the photodiode signal U, known as optical-lever sensitivity S,
was calibrated by pressing the probe against a silicon wafer in
water, where the wafer was assumed to be infinitely stiff. The
indentation depth d was thus calculated as d = Z — x = Z — SU,
where Z is the vertical piezo displacement. The force was calcu-
lated as F = kx. The contact point was determined as the last data
point lying within 2¢ from the zero-force line on the approach,
where ¢ is the root-mean-square value of the signal noise away
from the surface (x20-30 pN). Indentation and retraction speeds
were set to 1 um s '. At this speed, only a minor hysteresis
between the forces during scanning in both directions was
observed, indicating the insignificance of the visco- or poro-
elastic contributions to the measured force. All measurements

This journal is © The Royal Society of Chemistry 2021
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were performed at a room temperature of 25 °C £+ 1 °C. Force
maps of 3 x 4 force curves were obtained over an area of 40 X
40 mm?* on 3 different locations of a sample to check for
reproducibility. The graphs show representative force-indentation
curves, but the given elastic moduli are the average values, with
errors corresponding to one standard deviation of all measured
force curves.

Results and discussion
Hydrophobicity

Fig. 1a shows force-indentation curves obtained on PAAm
hydrogel surfaces synthesized against hydrophilic and hydro-
phobic (OTS-functionalized) glass surfaces, and against hydro-
phobic and hydrophilic (H,SO,-treated) PS surfaces. Both glass
molds, hydrophilic or hydrophobic, resulted in practically
identical force-indentation curves on the hydrogel surfaces.
The experimental data showed very good agreement with the
Hertzian contact model (see Fig. S1, ESIT), indicating a homo-
geneous hydrogel structure. The extracted elastic modulus
was 30 kPa + 1 kPa for both glass-molded hydrogel surfaces.
In the past, the elastic moduli of similar glass-molded
hydrogels were also measured using microindentation®® and
macroindentation,®® which showed a good agreement with
both the Hertzian and the Winkler contact models. With both
these models assuming a homogenous structure, glass-molded
hydrogels appear to have a homogeneous polymer density
profile throughout their thickness. While hydrogels molded
against both PS molds had much softer surfaces compared to
the glass-molded gels, they also appeared to be unaffected by
the surface treatment. The elastic modulus extracted from
within the first 1.5 pm of indentation data was well below
1 kPa, indicating a very sparse and soft structure. Increasing the
indentation depth resulted in material stiffening, pointing to a
progressive densification of the polymer network with increas-
ing distance from the surface. Judging from the evolution of the

(a) 1504

E=30kPa
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50
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Indentation (um)
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force-indentation curves, the estimated thickness of this softer
gradient layer is in the range of 10-20 pm. The estimated
thickness is in agreement with the thickness reported for
equivalent hydrogels in the literature.*® It is important to note,
however, that despite the differences at the surface, glass- and
PS-molded gels have a similar bulk structure.*® As expected, we
again confirmed that different molding materials result in
hydrogels with different surface structures. However, surface
treatment and thus the hydrophobicity of the molding surface
appears to have no significant effect on the surface structure of
the synthesized hydrogels.

To present the difference in sliding behavior of these
hydrogel surfaces, Fig. 1b shows the coefficients of friction of
a cross-linked, glass-molded PAAm hydrogel surface and a
sparse, PS-molded hydrogel surface when slid against a cross-
linked hydrogel pin at 6 kPa contact pressure in water. About an
order of magnitude difference in friction can be seen over a
broad range of sliding speeds. This is in agreement with
the general correlation of friction and indentation data,
where softer, sparser hydrogel surfaces always result in lower
friCtiOn.8’22’23'30’34

Thermal conductivity

Due to the exothermic nature of free-radical polymerization, the
temperature of the polymerizing solution can rise significantly
above that of its surroundings. Although the exact temperature
increase depends on factors such as monomer concentration,
the rate of the reaction and the heat-dissipation rate, the
thermal conductivity of the molding material affects the tem-
perature of the solution near the interface (see Fig. S2, ESIf).
Due to the higher thermal conductivity of glass compared to PS,
the solution temperature in the vicinity of a glass surface is
lower than that in the vicinity of PS. The lower solution
temperature at the glass surface should lead to slower reaction
kinetics in that zone and thus to a more inhomogeneous
structure compared to the relatively uniform temperature

(b) 1 © glass (hydrophilic)
14 0 Ps (hydrophobic) -
] .
S ) 3 §
;E 0.1 5 { i §
5 ]
2 ]
2 ]
0 g
i 3 )
b= ¢ ©°
0.01 ()
8 1 8¢ 8 °
0.001
teblah LR | | T
0.1 10

1
Sliding speed (mm/s)

(a) Representative force—indentation curves for PAAm hydrogel surfaces synthesized against a hydrophilic glass, an OTS-functionalized,

hydrophobic glass, a PS surface and an acid-treated, hydrophilic PS surface. (b) Coefficient of friction as a function of speed for a hydrophilic-glass-
molded PAAm surface and a hydrophobic-PS-molded PAAm surface when rubbed in a reciprocating way against a flat, hydrophilic-glass-molded PAAmM
pin at a contact pressure of 6 kPa in water as described in our previous study.??
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distribution of the PS case. However, this would cause the
opposite trend to that seen for the structures shown in
Fig. 1a, which makes the thermal effects unlikely to lie behind
the observed differences in the hydrogel surfaces.

However, to verify any thermal effects at the interface, we
have performed experiments with PS foils of different thick-
nesses, in order to vary the total thermal conductivity of the
mold while keeping the surface chemistry the same. Fig. 2
shows the results as well as a scheme of a one-sided polymer-
ization setup for the case of PAAm hydrogels, where pure water
(thermal conductivity: 1 ~ 0.6 W m™" K~ ') was used as a heat
sink, separated from the polymerizing solution (heat source) by
a thin glass sheet or PS foils of different thicknesses. In the
limiting case of an infinitely thin barrier, the thermal conduc-
tivity of the system would equal that of the water, which is
relatively similar to that of the glass. If temperature would
indeed be controlling the polymerization in this case, hydrogel
surfaces would get stiffer and more similar to glass-molded
hydrogel surfaces with decreasing PS foil thickness. However,
irrespective of the PS foil thickness, all hydrogels had similarly
soft surfaces resembling that of the bulk PS mold, Fig. 2a.

A complementary experiment was performed by synthesiz-
ing hydrogels on both sides of all the above-mentioned bar-
riers, Fig. 3. In this case, the polymerizing solution served as a
heat source on both sides of the barrier, which should sub-
stantially reduce the temperature gradient at the vicinity of the
barrier and thus approximate the polymerization against a bulk
PS. The hydrogel surfaces formed at the two thickest PS foils
were indeed sparse, soft and similar to the case with bulk PS.
However, the 30 and 50 um thick PS foils resulted in signifi-
cantly stiffer hydrogel surfaces with elastic moduli in the range
of 3-5 kPa within the first 1.5 pm. Besides, there was a notice-
able adhesion between the silica microsphere and the two
hydrogel surfaces upon retraction of the AFM probe. Both
retraction force curves were phenomenologically similar to
those for the cross-linked, glass-molded hydrogel surfaces,
Fig. 3a. Hydrogel surfaces separated by the thin glass sheet

150+
(a) E =30 kPa
100
% 50 E<1kPa
Y
<
g o-
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—— glass 150 yum
-50 4 —— PS 30um
PS 50 um
— PS 190 ym
100 —— PS bulk
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Indentation (um)
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were even stiffer and similar to the dense, cross-linked hydrogel
surface synthesized against bulk glass mold, which is a good
heat sink. These results indicate that heat transfer and thus the
temperature cannot be responsible for the structural differ-
ences observed for the variously molded hydrogel surfaces.

After ruling out the hydrophobic and the temperature
effects, the observed behavior could be explained by the
presence of oxygen and related inhibition of free-radical poly-
merization. It is known that glass is essentially impermeable
to oxygen, however, the oxygen permeability of PS is about
4000 cm® 25 um (m” 24 h atm) ™" at room temperature and 0%
relative humidity.”® In the case of one-sided polymerization,
oxygen could diffuse from water through the PS films and
inhibit the polymerization, making all the PS-molded hydrogel
surfaces sparse and soft, Fig. 2. In the case of the two-sided
polymerization, the oxygen within the solution was consumed
during the reaction. However, there seems to be a sufficient
amount of oxygen stored within the thick (>125 pm) PS foils,
which can diffuse out and inhibit the polymerization reaction
at the interface. On the other hand, the lesser amount of oxygen
in the two thinner (<50 um) PS foils could only partially inhibit
the reaction, resulting in cross-linked hydrogel surfaces, whose
elastic moduli lay in between those of the regular glass-molded
and PS-molded hydrogels, Fig. 3. Last but not least, the diffu-
sion of oxygen out of the molding material also explains the
results in Fig. 1, where surface functionalization had no effect
on the surface structure, which appeared to depend solely on
the “bulk” molding material.

Oxygen

To verify the hypothesis of oxygen inhibition of the polymeriza-
tion reaction, we have performed two sets of experiments: (i)
separating the polymerizing solution from the source of mole-
cular oxygen (i.e. PS) by high- and low-oxygen-permeable foils,
such as PE and PVDC, respectively (Fig. 4b), and (ii) synthesiz-
ing hydrogels against PS in oxygen-free environments (Fig. 5b).

(b)

monomer solution

A barrier
Y ~ water
l container
& D
2 W 150 pm glass
< W 30-190 pum

Fig. 2 One-sided polymerization, where differently thick PS foils were used to control heat dissipation from the reaction mixture. (a) Representative
force-indentation curves for variously molded PAAm hydrogel surfaces. (b) Scheme of one-sided polymerization, where the polymerizing solution was
separated from pure water (good heat conductor) by a thin glass or PS barrier.
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(b) monomer solution
barrier

-~ — monomer solution

Fig. 3 Two-sided polymerization, where differently thick PS foils were used to act as a barrier between two polymerizing solutions. No major heat
dissipation was expected at the barrier—solution interface. (a) Representative force—indentation curves for PAAm hydrogels. (b) Scheme of two-sided
polymerization, with either a thin glass sheet or PS foils of different thickness acting as a barrier.

(a) 1504
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100
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=
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monomer solution

(b)) ]

barrier
PS container

‘ 11 ym PVDC

(low O, permeability)
PS

11 um PE
(high O, permeability)

PS

Fig. 4 Using low- and high-oxygen-permeable foils to modulate oxygen transport from PS to the polymerizing solution. (a) Representative force—
indentation curves for PAAm gels. Glass- and PS-molded PAAm hydrogels are shown for comparison. (b) Scheme of the experimental setup with PE- or

PVDC-covered PS (oxygen source).

Fig. 4 shows the force-indentation curves for PAAm hydro-
gels molded against PS, which was covered by either a perme-
able PE foil or by PVDC foil with low oxygen permeability.
Reference curves obtained on glass- and PS-molded hydrogels
are shown for comparison. Hydrogels obtained in ‘PE-on-PS”
molds had similarly sparse surfaces as the reference PS-molded
hydrogels, which is consistent with the high permeability of
oxygen through the PE foil. Hydrogel surfaces made in “PVDC-
on-PS” molds were much stiffer (E ~ 16 kPa + 0.4 kPa)
compared to the PE-on-PS and PS-molded gels. Besides, the
PVDC-molded gels showed adhesion characteristics similar to
those of the cross-linked hydrogel surfaces. This indicates that
the PVDC foil allows undisturbed polymerization of the hydro-
gel network, presumably due to the very low oxygen perme-
ability of PVDC. The coefficients of friction for all four
hydrogels were found to increase with the elastic modulus of

This journal is © The Royal Society of Chemistry 2021

surface (Fig. S3, ESIt), supporting the major role of oxygen
rather than the hydrophobicity of the mold.

A more direct demonstration of oxygen inhibition of the
polymerization reaction is shown in Fig. 5. Flasks containing PS
molds were evacuated at 1.1-1.3 x 10> mbar for different
times to remove the air from the system, and then subsequently
back-filled with pure N, to ambient pressure, Fig. 5a. An
evacuation time of 2 hours already resulted in significantly
stiffer hydrogel surfaces (E = 4 kPa + 0.4 kPa) compared to the
case with air-exposed PS, Fig. 5b. Increasing the evacuation
time to 6 and to 24 hours increased the elastic modulus to 8 kPa
+ 0.3 kPa and 23 kPa + 0.5 kPa, respectively. Elastic moduli are
shown in Fig. 5c as a function of evacuation time before back-
filling with N,. It is therefore clear that longer evacuation times
removed more oxygen from the PS molds and thus resulted in
more homogeneous polymerization near the molding surface.

Soft Matter, 2021,17, 6394-6403 | 6399
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Controlling the amount of interfacial oxygen

Dedicated vessels were constructed to allow the synthesis of
hydrogels against a permeable PE membrane, under which a
mixture of molecular oxygen and nitrogen was flowed, Fig. 6a.
Changing the gas composition allowed control over the amount
of molecular oxygen that was diffusing through the membrane
and interacting with the reaction mixture. The indentation
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curves for PAAm hydrogels synthesized against the PE
membrane in combination with different amounts of oxygen
in the gas composition are shown in Fig. 6b. It is clear that
increasing the amount of oxygen monotonically decreases the
elastic modulus of the hydrogel surface. The measured elastic
modulus at the surface as a function of the amount of oxygen in
the source gas is shown in Fig. 6¢. The elastic modulus at 0% O,
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Fig. 6 PAAmM hydrogel surfaces prepared against a permeable PE foil, separating the polymerizing solution from the different gas mixtures. (a)

Experimental setup. (b) Representative force—indentation curves for PAAm hydrogel surfaces prepared against a permeable PE foi

at the surface for PAAm gels as a function of oxygen in the source gas.
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Fig. 7 Representative force—indentation curves for (a) PEGDA and (b) PHEMA hydrogel surfaces prepared in a flow-cell against a permeable PE foil,
under which a gas with various amounts of oxygen was flowed. Force-indentation curves for PHEMA gels in ethanol are also shown.

was lower than that of the surface prepared against glass,
presumably due to the oxygen trapped within the PE membrane
or oxygen that could enter the system through the polymer
tubing. Despite that, the measured indentation curve indicated
a relatively dense and crosslinked hydrogel surface structure.
Elastic modulus was then observed to decrease with increasing
amount of oxygen with nearly inverse proportionality.

The same principle was used for the synthesis of PEGDA and
PHEMA hydrogels, Fig. 7, as examples of “crosslinker-free” and
methacrylate gels, respectively. For the PEGDA hydrogels
(Fig. 7a), increasing the oxygen amount had a substantial effect
on the elastic modulus of the surface, which is very similar to
the behavior of the PAAm hydrogels. For the PHEMA gels, the
effect appeared rather limited with a moderate modulus
decrease from 480 £+ 10 kPa to 190 + 10 kPa when oxygen
was increased from 0% to 22%. However, immersing and
swelling such PHEMA gels in ethanol, being a much better
solvent for HEMA-based gels compared to water, the difference
in surface modulus became more apparent. The elastic mod-
ulus at the surface of the same two gels in ethanol changed to
440 £ 30 kPa and 13 £ 1 kPa, respectively, revealing the strong
effect of molecular oxygen on the polymerization also in the
case of the methacrylate gels.

The results thus show that oxygen inhibition is the main
mechanism behind the “mold effect”. A quantitative descrip-
tion using existing mathematical models® would be an appro-
priate next step towards elucidating the exact relationships
between the amount of supplied oxygen and the structure of
the produced gradient zone. Such an understanding is key, in
order to harness the phenomenon in a predictable way.

The mechanism

Based on the obtained results, oxygen inhibition appears to be
the mechanism behind the formation of sparse, hydrogel
surfaces with a vertical gradient in properties, when they are
synthesized against oxygen-permeable surfaces. A schematic of
a free-radical polymerization reaction of common hydrogels in
the presence and in the absence of molecular oxygen is

This journal is © The Royal Society of Chemistry 2021

presented in Fig. 8 (an example of the corresponding chemical
reactions is shown in the ESI,t Fig. S4). The initiator molecules
first form radicals, initiating the reaction with monomers,
which then propagates, converting monomers into polymer
chains. The bifunctional, cross-linking monomers covalently
connect the chains to form a polymer network, Fig. 8a. The
presence of oxygen is known to inhibit radical polymerization
by reacting with the active radicals and generating dead chain
ends. The amount of oxygen present within the starting poly-
merizing solution is usually small, and it gets consumed evenly

H H
NH NN -
® AO( 2 {}/E( ~ \c[)(\ .....g_g.

Crosslinker

—~

Monomer Oxygen Polymer

R

uv

(o) (RS

o o 9 uv
B

Fig. 8 Schematic of hydrogel network formation in the absence and in
the presence of oxygen at the interface during free-radical polymerization.
(a) In the absence of oxygen, i.e. using oxygen-impermeable molds or in an
oxygen-free environment, a hydrogel with a uniformly cross-linked sur-
face is formed. (b) In the case of oxygen-permeable molds, oxygen inhibits
the reaction near the surface, resulting in dead chain end formation, and
reduced cross-linking.
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during the reaction without affecting the homogeneity of the
network structure. However, the amount of oxygen at the
interface of the solution with either air or oxygen-permeable
surfaces can be sufficient to significantly hinder the polymer-
ization reactions, resulting in the formation of a low-cross-
linked, sparse hydrogel surface full of dangling, non-active
chain ends, Fig. 8b. Cross-linking is more susceptible to oxygen
than chain propagation, since to be effective, two radicals need
to be formed on the cross-linking species. As a result, hydrogels
formed in the presence of interfacial oxygen have significantly
different surface properties from the equivalent hydrogels
formed in its absence. The sparse, soft hydrogel surfaces can
display, for example, up to an order of magnitude lower friction
than cross-linked hydrogel surfaces.”®

Conclusions

In this work we have investigated the mechanisms behind the
formation of sparse hydrogel surfaces when synthesized against
certain mold materials. Experiments with polyacrylamide gels
showed that surface functionalization, which affects the surface
energy and thus the hydrophobicity of the mold, does not affect
the hydrogel surface structure in a significant way. We have also
shown that the temperature dissipation during the exothermic
polymerization reaction has no significant effect on the polyacry-
lamide hydrogel surface. Experiments with examples of an acry-
late, a methacrylate, and a crosslinker-free gel showed, however,
that the presence of oxygen emanating from the surface of certain
mold materials was shown to inhibit polymerization, resulting in
hydrogels with sparse, slippery surfaces. The source of oxygen can
be the bulk of the molding material itself, which in the case of
most polymeric materials entraps significant amounts of mole-
cular oxygen. Alternatively, molecular oxygen can diffuse from an
oxygen-rich medium such as a gas through a thin, oxygen-
permeable membrane when used as a barrier. Therefore, synthe-
sizing hydrogels against materials with low affinity to oxygen,
against oxygen-impermeable membranes or in an oxygen-free
environment results in a uniform hydrogel structure from the
bulk to the surface. Alternatively, controlling the amount of
oxygen arriving at the mold surface allows the structure of the
hydrogel surfaces and thus their moduli and frictional behavior,
to be precisely controlled.
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