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ABSTRACT: A two-step synthesis is described for activating
the surface of a fully hydrated hydrogel that is of interest as a
possible scaffold for neural regeneration devices. The first step
exploits the water content of the hydrogel and the
hydrophobicity of the reaction solvent to create a thin oxide
layer on the hydrogel surface using a common titanium or
zirconium alkoxide. This layer serves as a reactive interface
that enables rapid transformation of the hydrophilic, cell-
nonadhesive hydrogel into either a highly hydrophobic surface
by reaction with an alkylphosphonic acid, or into a cell-
adhesive one using a (α,ω-diphosphono)alkane. Physically
imprinting a mask (“debossing”) into the hydrogel, followed
by a two-step surface modification with a phosphonate, allows
for patterning its surface to create spatially defined, cell-adhesive regions.
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1. INTRODUCTION

Hydrogels are ubiquitous materials of use ranging from
fundamental studies of cell behavior1−7 to current and future
applications in biomedical devices;8,9 especially exciting is their
potential for implementation as scaffolds to address neural
injuries.4,5,7,10−15 In many cases, the hydrogel is based on a
synthetic (e.g., polyethylene glycol or polyacrylate) or a natural
(e.g., alginate) hydrophilic polymer;16,17 utilization of such
hydrogels might require adjusting their surface properties to
affect, for example, their hydrophilicity, or to control cell
adhesion and spreading. Many elegant methods have been
developed to these ends, in which surface modification of a
cell-nonadhesive hydrogel may involve, for example, introduc-
tion of exogenous, cell-adhesive functional groups,6,18 large
molecule surface adsorption on preformed hydro-
gels,3,4,7,8,12,13,19−22 or incorporation of cell-adhesive mono-
mers;5,6,9,21,23−25 some require specialized equipment or
conditions.2,23,25−28 In contrast, the method we describe
herein requires no modification of the polymer components
of the hydrogel, but relies only on its water content.
We have reported that vapor deposition of Ti and Zr

alkoxides can be used to prepare thin oxide films on polymers
containing organic functionality that can coordinate with these
metal ions. These thin films can then be used to control the
surface chemistry of the polymer by serving as reactive
interfaces to bond phosphonate monolayers. This method,
which has been used on polyamides,29 polyimides,30

polyketones,31 polyurethanes,32 and polyesters,31,33 fails in

the derivatization of a hydrated hydrogel: rapid dehydration
occurs under the reduced pressure conditions of vapor
deposition, and the water thus released destroys the alkoxide
reagent in the vapor phase. Here, we show that a thin Ti or Zr
oxide coating can be rapidly synthesized on a fully hydrated
hydrogel by exploiting its very water content in a process
reminiscent of the use of surface water for atomic layer
deposition of TiO2.

34 Our approach requires no specialized
techniques or materials,27,28,35 but simply involves the use of a
hydrophobic solvent. We report that this oxide coating serves
as a reactive interface for bonding phosphonic acids, yielding
the first examples of a self-assembled phosphonate monolayer
(SAMP) growth on a hydrated material. We also show that
patterning the SAMP on the hydrogel can be effected through
a sequence involving physical imprinting to template cell
adhesion and spreading on its surface in spatially defined
patterns.

2. RESULTS AND DISCUSSION
We chose to focus on the surface chemistry of oligo-
(polyethylene glycol) fumarate (OPF5) because of its potential
for use in neural regeneration devices.15 It is an especially
challenging substrate in that it is devoid of functionality for
covalent attachment of surface adducts; it is replete, though,
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with oxy and carbonyl groups capable of metal ion complex-
ation.29−32 Partially dehydrated, 0.08 mm thick, friable sheets
of OPF were provided by Dr. Michael Yaszemski and Nicholas
Madigan (Mayo Clinic, Rochester, MN); they swell on
rehydration in Milli-Q water (under these conditions, a 4
mm × 4 mm coupon of “dry” OPF swells to about 12 mm ×
12 mm). In a typical experiment, a fully rehydrated coupon is
razor cut to 1 cm × 1 cm, blotted dry of excess water, and then
put in a solution of 30 μL titanium iso-propoxide (1) in 5 mL
of toluene (hexane or xylene are comparable for use) for about
1 min. A rapid reaction occurs at the coupon surface,
presumably by hydrolysis with hydrogel-supplied water, and
cross-linking36 of initially formed hydroxytitanium species
gives a thin surface coating of white titanium dioxide,34

identified by EDS analysis. (If a hydrophilic solvent such as iso-
propanol is used instead, rapid hydrolysis occurs in the
supernatant as well as at the coupon surface and the coupon
physically distorts, both apparently by solvent-assisted partial
dehydration of the hydrogel; the precipitated TiO2 coating

36

then easily spalls from the surface.) The coated coupon is then
removed from the solution, gently rinsed with iso-propanol,
and heated on a glass slide to 30−35 °C for about 1 min to
further cross-link surface Ti species. No ostensible physical
changes are observed with heating at this temperature, but
samples curl noticeably if heated >40 °C. Zirconium iso-
propoxide (1 mg in 5 mL of toluene) was used to make the
analogous ZrO2 thin layer. TiO2- or ZrO2-terminated coupons

are then immersed in a solution of a phosphonic acid for
several hours, rinsed, and warmed to 35 °C for 1 min to ensure
the formation of the phosphonate monolayer (2 or 3; Figure
1).
Monolayers of octadecylphosphonate (ODPA) do not

adhere to OPF in the absence of the Ti(Zr)O2 interface.
ODPA prepared on TiO2/OPF (using 2.5 mg of octadecyl-
phosphonic acid/5 mL toluene or xylene) served as a
diagnostic of constituent molecular order and stability under
aqueous conditions; water wetting contact angle measurements
and infrared (IR) spectroscopy were both assessed by
comparison with ODPA monolayers previously prepared on
Ti native oxide TiO2.

37 In particular, IR of ODPA/TiO2

showed νCH2 antisymm = 2914 cm−1, indicating a highly ordered
film of all-trans alkylphosphonates with few gauche
defects;38,39 areal molecular loading of ODPA was measured
by quartz crystal microgravimetry (QCM) to be 1.18 nm/cm2

(corresponding to ca. 14 Å2/molecule), and corroborating that
the monolayers consisted of closely packed alkylphosphonate
chains.40 ODPA was also grown on 1−8 nm thick samples of
ZrO2 that were synthesized from vapor-deposited Zr tetra(tert-
butoxide) on SiO2;

41 it was measured by QCM to have areal
molecular loadings of 0.96 ± 0.02 nmol/cm2, or about 17 Å2/
molecule. Given that IR spectra recorded on six coupons of 2
showed νCH2 antisymm = 2918−2915 cm−1 (Figure 2), we
conclude that well-ordered, closely packed ODPA is formed

Figure 1. Phosphonate monolayer synthesis on a fully hydrated, hydrophilic, cell-nonadhesive OPF hydrogel. The OPF substrate is treated with a
solution of tetra(iso-propyl)titanium (1); hydrolysis of 1 by surface water (blue) gives a thin TiO2 surface layer that reacts with an alkylphosphonic
acid to give hydrophobic hydrogel 2, or with a (diphosphono)alkane to give cell-adhesive 3.

Figure 2. IR spectra of ODPA/TiO2/OPF, 2. Left: Background-subtracted OPF (dark blue); 2 before rinsing (purple); 2 after 7 days in PBS (red);
2 after 30 days in PBS (light blue). Right: Expanded IR spectrum of 2 at day “0” after rinsing in ethanol to remove a weakly adsorbed multilayer.
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on TiO2/OPF. Similar IR observations were made using
partially dehydrated OPF that was treated with 1 (Supporting
Information experimental details and Figure S2) or its Zr
analog (Supporting Information experimental details and
Figure S1) in toluene. To determine the stability of the
oxide interface-phosphonate ensemble under conditions
necessary for cell growth, IR was used to examine the effects
of ethanol-rinsing on treated coupons and on their immersion
in phosphate-buffered saline (PBS) for up to 7 days. Neither
procedure resulted in a significant loss in IR signal intensity or
change in position for this characteristic indicator of film
content or order after the weakly adsorbed multilayer was
rinsed away (Figure S3).
The hydrophobicity imparted to the ODPA/TiO2-termi-

nated, fully hydrated hydrogel was shown in two ways: the
coupon floated on the surface of the PBS, and it resisted
contact angle measurements for water wetting because drops of
water would not transfer easily from the blunt needle tip of the
water-filled syringe to the ODPA-terminated surface. Indeed, if
the tip were placed close to the surface, the test drop of water
would literally bounce off the surface back onto the tip (a
greater tip−surface separation enabled this measurement to be
>115°); a water droplet simply rolled off a slightly tilted
coupon surface (Figure 3). Although hydrophobic hydrogels

have been reported by coating the surface with a layer of
hydrophobic microparticles42 or by alkylation of exposed,
pendant amino groups,43 we believe that our method is the
first to show that superhydrophobicity imparted by a self-
assembled monolayer formation on a simple, pegylated
hydrogel.
OPF is not cell-adhesive: in a control test, we find that few

fibroblasts attached to it and did not spread over 24 h
(Supporting Information experimental details and Figure S4A).
It was therefore of interest to determine if our SAMP/
Ti(Zr)O2/hydrogel method could quickly render OPF cell-
adhesive. Adapting our procedure for such surface activation of
hydrophobic polymers via a TiO2 adhesion layer,44,45 we
immersed coupons of TiO2/OPF in solutions of (1,12-diphos-
phono)dodecane (2.5 mg diphosphonoalkane/5 mL toluene)
under the same conditions used to prepare monolayers of
ODPA. Phosphonic acid-terminated monolayers (3)31,33,44,46

thus obtained have been shown to be cell-adhesive in vitro
using our oxide thin films to bond them onto several
polymers31,33,44 and in vivo on Ti oxide-terminated Ti
metal.47 NIH 3T3 fibroblasts were plated on the SAMP of
(1,12-diphosphono)dodecane, and were analyzed after 1, 2,
and 4 days in culture (Figure 4). Cells attached, spread, and
formed actin stress fibers within 1 day of plating. They

proliferated to confluence and assembled a fibrillar fibronectin
matrix after 2 days, which became more robust by day 4 in
culture (Figures 4 and S5). We decellularized cultures33,45

grown on 3, yielding a cell-assembled extracellular matrix on
the OPF hydrogel. The integrity of the matrix was monitored
by immunostaining fibronectin fibrils and showed that their
organization was stable in PBS at 4 °C for at least 26 days
(Figure S4B). The lack of 4′,6-diamidino-2-phenylindole
(DAPI) staining in these samples indicates the absence of
nuclear material.
We recently showed45 that the neurite outgrowth from

dorsal root ganglia plated on cell-assembled, decellularized
extracellular matrix (ECM) was in alignment with photolitho-
graphically patterned SAMP/TiO2/poly-ethylene terephtha-
late. OPF is, however, incompatible with photolithography;
thus, we created a new method for its surface patterning. First,
masks were prepared from 25 μm thick Kapton sheets by laser-
cutting 30 μm wide stripes that were separated by unablated
stripes, also 30 μm wide (30 × 30; Figure S6). In a typical
patterning procedure, OPF was then cut into 5 mm × 5 mm
squares that were hydrated to form 1 cm × 1 cm coupons,
which were then dried on filter paper. A small drop of water
was placed on a glass slide, and a coupon was placed on the
water to hold it in place. Any excess water was blotted from the
OPF surface. The Kapton mask was then placed onto the
coupon such that the striped areas were directly in contact with
the OPF surface. The OPF−mask composite was heated to 30
°C on a hot plate, and the mask was then depressed into the
OPF (debossing) using a 200 g weight; heating with the mask
in place was continued for 15 s. Any visible water was blotted
from the surface of the OPF−mask ensemble, which was then
placed into the vial containing either the Ti or Zr alkoxide
precursor solution prepared as described above, and was left
immersed for 30 s. The ensemble was removed from this
solution, rinsed three times with toluene, and was then heated
to 30 °C for 30 s; this creates a layer of cross-linked oxide that
is patterned on the OPF surface: only the regions of the OPF
that are not covered by the Kapton shadow mask (the ablated
stripes) are exposed to the solution of the Ti or Zr alkoxide.
The ensemble was removed from heat and allowed to cool for
15 s before being immersed in the phosphonic acid solution
described above, which yields the cell-adhesive stripes on the

Figure 3. Hydrophobicity of ODPA/TiO2/OPF: (A) a droplet
bounces off the horizontal surface and attaches back to the syringe
needle tip; (B) it rolls off the tilted surface.

Figure 4. NIH 3T3 cells plated on unpatterned OPF−SAMP 3 at 40
000 cells/cm2 were stained after 1 (A,B) or 4 (C,D) days for: (A,C)
fibronectin; (B,D) F-actin. Cells attached and spread by 1 day on
OPF−SAMP 3 as shown by F-actin staining. Cells proliferated and
reached confluence after 2 days (Figure S5). Scale bar = 100 μm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04023
ACS Appl. Mater. Interfaces 2019, 11, 15411−15416

15413

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04023/suppl_file/am9b04023_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04023


oxide-covered areas of the OPF surface. The ensemble
remained in this solution for about 12 h, and was then rinsed
successively with toluene, isopropanol, and water. The Kapton
mask and glass slide support were separated mechanically from
the OPF; often, they detach spontaneously during the rinsing
process. The coupon of now-patterned OPF (Figure 5) was

heated on a temperature-controlled hot plate at 30 °C for 30 s.
Freshly prepared, patterned OPF coupons were stored either
in water or PBS prior to plating with NIH 3T3 cells, as was
done for unpatterned material. Fast Fourier transform (FFT)
analyses48,49 of the cell and matrix alignment on patterned
OPF were done with ImageJ or Fiji software; the orientation
direction of the FFT obtained in this way is 90° rotated from
the direction of the pattern,50 and outputs were used to
determine the fidelity of cell alignment and spreading with the
debossed pattern (Figure 5). In a control experiment, we
showed that debossed OPF that is completely covered with 3
yields unaligned cell attachment and spreading (Figures S7 and
S8).

3. CONCLUSIONS
We have shown that a two-step synthesis involving a water-
sensitive reagent can be used to prepare a thin oxide layer on a
fully hydrated hydrogel: we utilize the water of the hydrogel,
itself, as a reagent to hydrolyze a reactive Ti or Zr alkoxide that
is delivered to the hydrogel surface in a hydrophobic solvent.
Deposition and cross-linking of the thin coating of TiO2 or
ZrO2 occurs on the hydrogel surface; no covalent bonding to
the hydrogel surface is required. We also showed that
monolayers of organophosphonates can be grown on these
oxides that serve as reactive interfaces. Through choice of
phosphonic acid, a hydrophobic or, especially, a cell-adhesive
phosphonate termination can be imparted to the otherwise
hydrophilic, cell-nonadhesive hydrogel; the hydrophobic
SAMP/Ti(Zr)O2/OPF ensemble provided us the means to
study interface stability by IR. We also showed that this
adhesion layer can be patterned on the OPF surface using a
shadow mask that is “debossed” into its surface, leaving only
laser-cut slits that are exposed to the metal alkoxide reagent;
this phosphonate pattern then templates co-aligned cell
spreading. Given the simplicity of our methods and the
versatility that is derived from the structural variety of available

hydrogels and phosphonic acids, we believe that our oxide/
SAMP approach to the control of hydrogel surface properties
beneficially augments the repertory of existing routes reported
for surface treatment of hydrogels. In that regard, studies using
spatially patterned SAMP/TiO2/OPF are underway to
determine if an aligned, cell-assembled matrix is beneficial
for bioactive neural repair devices in vivo.
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Švorcǐk, V. Surface modification of hydrogels and cell adhesion.Mater.
Sci. Forum 2008, 567−568, 265−268.
(29) Dennes, T. J.; Hunt, G. C.; Schwarzbauer, J. E.; Schwartz, J.
High-Yield Activation of Scaffold Polymer Surfaces To Attach Cell
Adhesion Molecules. J. Am. Chem. Soc. 2007, 129, 93−97.
(30) Dennes, T. J.; Schwartz, J. A Nanoscale Metal Alkoxide/Oxide
Adhesion Layer Enables Spatially Controlled Metallization of Polymer
Surfaces. ACS Appl. Mater. Interfaces 2009, 1, 2119−2122.
(31) Dennes, T. J.; Schwartz, J. A Nanoscale Adhesion Layer to
Promote Cell Attachment on PEEK. J. Am. Chem. Soc. 2009, 131,
3456−3457.
(32) Dennes, T. J.; Schwartz, J. Controlling cell adhesion on
polyurethanes. Soft Matter 2008, 4, 86−89.
(33) Singh, S.; Bandini, S. B.; Donnelly, P. E.; Schwartz, J.;
Schwarzbauer, J. E. A cell-assembled, spatially aligned extracellular
matrix to promote directed tissue development. J. Mater. Chem. B
2014, 2, 1449−1453.
(34) Reinke, M.; Kuzminykh, Y.; Hoffmann, P. Surface Reaction
Kinetics of Titanium Isopropoxide and Water in Atomic Layer
Deposition. J. Phys. Chem. C 2016, 120, 4337−4344.
(35) Zan, X.; Kozlov, M.; McCarthy, T. J.; Su, Z. Covalently
Attached, Silver-Doped Poly(vinyl alcohol) Hydrogel Films on
Poly(L-lactic acid). Biomacromolecules 2010, 11, 1082−1088.
(36) Dunuwila, D. D.; Gagliardi, C. D.; Berglund, K. A. Application
of Controlled Hydrolysis of Titanium(IV) Isopropoxide to Produce
Sol - Gel-Derived Thin Films. Chem. Mater. 1994, 6, 1556−1562.
(37) Gawalt, E. S.; Avaltroni, M. J.; Koch, N.; Schwartz, J. Self-
Assembly and Bonding of Alkanephosphonic Acids on the Native
Oxide Surface of Titanium. Langmuir 2001, 17, 5736−5738.
(38) Schwartz, J.; Avaltroni, M. J.; Danahy, M. P.; Silverman, B. M.;
Hanson, E. L.; Schwarzbauer, J. E.; Midwood, K. S.; Gawalt, E. S. Cell
attachment and spreading on metal implant materials. Mater. Sci. Eng.,
C 2003, 23, 395−400.
(39) Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L.
Self-Assembled Monolayers of Alkylphosphonic Acids on Metal
Oxides. Langmuir 1996, 12, 6429−6435.
(40) Kitaigorodskii, A. I. Organic Chemical Crystallography;
Consultants Bureau: New York, 1961; p 541.
(41) Dennes, T. J., III. Spatially-Controlled Surface Activation of
Preformed Polymers. Ph.D. Dissertation, Princeton University, Ann
Arbor, 2008.
(42) Oliveira, N. M.; Zhang, Y. S.; Ju, J.; Chen, A.-Z.; Chen, Y.;
Sonkusale, S. R.; Dokmeci, M. R.; Reis, R. L.; Mano, J. F.;
Khademhosseini, A. Hydrophobic Hydrogels: Toward Construction
of Floating (Bio)microdevices. Chem. Mater. 2016, 28, 3641−3648.
(43) Yao, X.; Chen, L.; Ju, J.; Li, C.; Tian, Y.; Jiang, L.; Liu, M.
Superhydrophobic Diffusion Barriers for Hydrogels via Confined
Interfacial Modification. Adv. Mater. 2016, 28, 7383−7389.
(44) Donnelly, P. E.; Jones, C. M.; Bandini, S. B.; Singh, S.;
Schwartz, J.; Schwarzbauer, J. E. A simple nanoscale interface directs
alignment of a confluent cell layer on oxide and polymer surfaces. J.
Mater. Chem. B 2013, 1, 3553−3561.
(45) Harris, G. M.; Madigan, N. N.; Enquist, L. W.; Windebank, A.
J.; Schwartz, J.; Schwarzbauer, J. E. Nerve Guidance by a

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04023
ACS Appl. Mater. Interfaces 2019, 11, 15411−15416

15415

http://dx.doi.org/10.1021/acsami.9b04023


Decellularized Fibroblast Extracellular Matrix. Matrix Biol. 2017, 60−
61, 176−189.
(46) Danahy, M. P.; Avaltroni, M. J.; Midwood, K. S.; Schwarzbauer,
J. E.; Schwartz, J. Self-assembled Monolayers of α,ω-Diphosphonic
Acids on Ti Enable Complete or Spatially Controlled Surface
Derivatization. Langmuir 2004, 20, 5333−5337.
(47) Shannon, F. J.; Cottrell, J. M.; Deng, X.-H.; Crowder, K. N.;
Doty, S. B.; Avaltroni, M. J.; Warren, R. F.; Wright, T. M.; Schwartz, J.
A novel surface treatment for porous metallic implants that improves
the rate of bony ongrowth. J. Biomed. Mater. Res., Part A 2008, 86,
857−864.
(48) Taylor, S. E.; Cao, T.; Talauliker, P. M.; Lifshitz, J. Objective
Morphological Quantification of Microscopic Images Using a Fast
Fourier Transform (FFT) Analysis. Current Protocols Essential
Laboratory Techniques; Wiley Online Library, 2013.
(49) Alexander, J. K.; Fuss, B.; Colello, R. J. Electric field-induced
astrocyte alignment directs neurite outgrowth. Neuron Glia Biol. 2006,
2, 93−103.
(50) Bandini, S. B.; Spechler, J. A.; Donnelly, P. E.; Lim, K.; Arnold,
C. B.; Schwarzbauer, J. E.; Schwartz, J. Perforation Does Not
Compromise Patterned Two-Dimensional Substrates for Cell Attach-
ment and Aligned Spreading. ACS Biomater. Sci. Eng. 2017, 3, 3123−
3127.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04023
ACS Appl. Mater. Interfaces 2019, 11, 15411−15416

15416

http://dx.doi.org/10.1021/acsami.9b04023

