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ABSTRACT: The uptake and release of target molecules were
studied in hydrogels as a function of time over a month to
determine what, if any, deviation exists in these properties.
Through the use of spectroscopic techniques such as FT-IR and
UV−vis−NIR in combination with drug release kinetics and
swelling kinetics studies, both the effect of imprinting and the
effect of time could be substantially analyzed for hydrogels.
Molecular imprinting provides a significant advantage over
nonimprinted hydrogel samples through the sustainment of a
first-order release profile throughout the month without significant deviations in the releasable concentration, while nonimprinted
samples struggle in their capability to be consistently load-cycled. Changes between the imprinted and nonimprinted samples are not
evidenced to be significant chemical deviations; rather, they are attributable to functionality differences between the release
mechanisms of these hydrogels.

1. INTRODUCTION
Ophthalmic conditions including glaucoma, dry eye, and
conjunctivitis present impacts on vast populations of
individuals with 80 million, 345 million, and 100 million
people, respectively, being impacted by these conditions.1−4

Left untreated, these can lead to vision impairment and
furthermore, vision loss.5 Typically, eye-drop medications are
prescribed for the treatment of these diseases which use either
a lubricating nature or containment of a beta-blocker or
antihistamine.6 Eye drops, though a viable treatment solution,
are not without their flaws, which include a heavy reliance on
the patient themselves to effectively administer the medication
at minimum once daily. The improper administration of the
drug may lead to spillage which requires further alterations in
dosages to treat the ocular condition at hand.7−9 Furthermore,
the use of eye drops can spark anxiety and fear in individuals
and lead to less-than-desirable side effects including irritation
from preservatives in the eye drops, poor taste due to drainage
through nasal ducts, and temporary blurry vision after
application of the medication.10 Given that globally there are
over 125 million contact lens wearers whereby contact lenses
are predominantly composed of hydrogel materials, there is a
demonstrated viability and applicability for the use of hydrogel
materials as contact lens-based drug delivery vehicles.11,12

Glaucoma, in particular, uses beta-blocker medications like
timolol maleate which help to reduce the intraocular pressure
in the eye through blocking the production of aqueous humor
in the eye.13 Typically, this requires administration at least
twice daily which further propagates the potential for

misadministration of the medication to occur, potentially
leading to further complications in the short and long term.14

Hydrogels are described as biocompatible, hydrophilic,
network polymers with a determinable and tunable stimuli-
response. Their properties alongside their mechanical and
chemical properties have made them of particular interest for
use in biomedicine as sensors, actuators, tissue scaffolds, and
drug delivery devices.15−18 The structure of hydrogels is often
dictated by their internal components including attached
functional groups, the backbone monomer, and cross-linking
monomer. Functional groups attached to the backbone chain
provide chemical recognition, interatomic interactions with
target molecules, and water insolubility for the hydrogel.19,20

Alongside functional groups attached to the backbone, cross-
linking of the material improves the mechanical properties and
responsiveness of these materials. Cross-linking can be
accomplished through two classifications, chemical and
physical. Chemical cross-links are an irreversible process
whereby covalent bonds are introduced into the system
whereas physical cross-links are reversible, do not require a
cross-linking agent, and are often described through hydrogen
bonds, ionic interactions, or amphiphilic grafting.21−23
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Drug delivery is accomplished by leveraging the stimuli
response.24 These stimuli-responses in hydrogels are driven by
structural or mechanical changes in response to environmental
triggers. These structural or mechanical changes drive
thermodynamic instability in the material which can be
leveraged to press target molecules, such as drugs, out of the
hydrogel and into the environment.25 A wide range of stimuli-
responses can be programmed into the hydrogel with pH,
temperature, ions, stress, and enzymes being specific examples
pertinent to biomedicine.24−27 Demonstrations of hydrogel
drug delivery vehicles have been shown to treat ocular
conditions among many others by utilizing swelling or
deswelling of the hydrogel to effectively excrete drug into the
desired location.28−30

Molecular imprinting (MIP) was originally developed as a
methodology to introduce high specificity and recognition of
target biomolecules and foster a tunable stimuli response in
hydrogel systems, namely in drug delivery systems.31,32 This
strategy of drug release leverages van der Waal interactions or
hydrogen bonds between the backbone and target molecule,
enhancing the retention and recognizability of the target
molecule.33 To prepare molecularly imprinted hydrogels, the
target molecule is mixed into the prepolymerized solution, and
as polymerization occurs, the target molecule becomes
incorporated into the matrix filling voids of the hydrogel and
retained through the functionalization of van der Waal
interactions or hydrogen bonding as previously described.34,35

Studies such as Zhang et al. and Li et al. have demonstrated
how these materials can facilitate the incorporation of
molecules through recognition sites and how these sites can
be refined through the implementation of advanced fabrication
technologies such as electrospinning.36,37 More broadly, MIP
has been demonstrated as a strategy that facilitates more stable
release profiles compared to nonimprinted hydrogels. These
studies often address the release kinetics within a 12-h or 24-h
release time frame; however, they negate the long-term
applicability, so while MIP is a significant advance in the
field of hydrogel drug delivery, there has not been a
fundamental characterization into the longevity of drug release
and more broadly, how these materials change over time.38−41

To effectively develop these materials as a usable and
dependable device, it is important to quantify the drug release
kinetics and swelling kinetics as a function of time. This article
in particular seeks to introduce this subject area, present some
key results as a preliminary study, and pave the way for future
studies into the longevity characteristics of these hydrogels,
namely, mechanical and chemical.

2. MATERIALS AND METHODS
2.1. Materials. Ammonium persulfate (APS), 2-(dimethy-

lamino) ethyl methacrylate (DMAEMA), ethylene glycol
(EG), 2-hydroxyethyl methacrylate (HEMA), tetraethylene
glycol dimethacrylate (TEGMDA), N,N,N′,N′-tetramethyle-
thylenediamine (TEMED), and timolol maleate (TM) were
purchased from Sigma-Aldrich (St Louis, MO, USA) and used

as received for synthesis without the need for further
purification. Table 1, below, demonstrates the mole fractions
of each of the composite monomers within the hydrogel. The
values as described were retained for all samples of either the
molecular imprinted (MIPH) or nonimprinted (NIPH)
variety.
Using this table, the future methods section is motivated,

which describes how each of the hydrogels was fabricated for
their future analysis. As can be noted, no initial drug is
introduced into the nonimprinted hydrogel platform, which is
addressed in the methods section of the article, specifically
section 2B regarding the preparation of this classification of
hydrogels.
2.2. Methods. 2.2.1. Molecularly Imprinted Hydrogel

(MIPH) Preparation. Hydrogels were produced through a
thermo-initiated, free radical polymerization reaction. This
process began by combining a free radical initiator (APS) and
solvent (EG) and mixing these together for 10 min at room
temperature or until the solid powder APS was completely
absorbed into the liquid EG. Alongside the solvent-initiator
formulation, the backbone (HEMA), pH-sensitive monomer
(DMAEMA), cross-linker (TEGDMA), catalyst (TEMED),
and target molecule (timolol) were combined in a separate test
tube and mixed for 10 min at room temperature. Upon mixing,
formulations were promptly placed in a refrigerator for 24 h at
5.0 °C. At the conclusion of the 24 h, both formulations were
removed and combined with the backbone formulation being
mixed into the solvent formulation for 10 min or until
completely mixed. Once mixed, the new solution was promptly
poured into a glass-slide mold and placed into a refrigerator for
24 h at 5.0 °C. At the end of this process, samples were
removed from the mold and cut into 5 × 5 mm2 samples (1.5
mm in depth from the mold) for future testing.
Schematically, the MIPH system leverages hydrogen-

bonding interactions between the target molecule (timolol
maleate) and the cross-linker (TEGDMA) of the hydrogel.
This is demonstrated in Figure 1, found below.
As illustrated, these bonding locations in turn become

recognition sites as the hydrogel is functionalized to
incorporate the target molecule. Subsequently, this means
that the target molecule can be removed from the matrix yet

Table 1. Mole Fraction (xi) of the Composition Monomers
a

HEMA TEGDMA DMAEMA EG TEMED APS TM

MIPH 0.25238 0.01887 0.03222 0.68556 0.00215 0.00800 0.00803
NIPH 0.25442 0.01902 0.03248 0.69111 0.00216 0.00801 /

aMolecular imprinted (MIPH) contains timolol maleate with the pre-polymerized solution while the non-imprinted (NIPH) does not contain
timolol maleate in the pre-polymerized solution.

Figure 1. Demonstrating the interaction found within the molecular-
imprinted (MIP) hydrogel system. Functional monomers are
chemical sites where the target molecule can bind or be attached to
the hydrogel. Often these are termed as recognition sites that have an
affinity for the target molecule itself.
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still retain the necessary functionality such that the drug can be
reintroduced into the hydrogel matrix without affecting the
hydrogel.
2.2.2. Non-Imprinted Hydrogel (NIPH) Preparation.

Hydrogels were prepared through thermo-initiated, free-radical
polymerization reactions. This began by combining a free
radical initiator (APS) and solvent (EG) and mixing for 10 min
at room temperature until the solid powder APS was
completely absorbed into the liquid EG. Alongside the
solvent-initiator formulation, Alongside the solvent-initiator
formulation, the backbone (HEMA), pH-sensitive monomer
(DMAEMA), cross-linker (TEGDMA), and catalyst
(TEMED) were combined in a separate test tube and mixed
for 10 min at room temperature. Formulations were then
mixed for 10 min at room temperature or until completely
incorporated with one another. The end solution was then
promptly poured into a glass-slide mold and placed into a
refrigerator for 24 h at 5.0 °C. At the end of this process,
samples were removed from the mold and cut into 5 × 5 mm2

samples (1.5 mm in depth from the mold) for future testing.
Timolol was loaded into the NIPH hydrogel leveraging a 24 h
soak within a solution of the same concentration as the MIPH
hydrogel. This leverages the functionality of hydrogel affinity
to absorb and desorb quantities of water without the
development of recognition sites within the hydrogel matrix,
meaning the limitation is on the void sizes of the hydrogel.
2.2.3. UV−Vis−NIR Analysis. A PerkinElmer (Waltham,

MA, USA) Lambda 950 UV−vis−NIR spectrophotometer was
used to collect spectroscopic data between wavelengths of
300−900 nm with a sampling step of 2 nm. The UV−vis−NIR
spectrophotometer was used to determine the clarity of the
synthesized hydrogels as well as for drug release experimenta-
tion through the Beer−Lambert Law. The former experiments
used an Integrating Sphere (IS) attachment while the latter
used a 2D Detector. Prior to data collection, the lamps were
allowed to warm for one hour. If an attachment change was
necessary as well, this would be conducted prior to the warm-
up period. Hydrogels for UV−vis−NIR measurements were
taken directly from their trimmed-down dimensions and
directly measured.
2.2.4. FT-IR Analysis. A ThermoFisher Scientific (Waltham,

MA, USA) Nicolet iS50 Fourier-transform infrared spectrom-
eter (FT-IR) was utilized in the study to identify functional
groups and structures present in the synthesized hydrogel
samples. This FT-IR system uses attenuated total reflectance
(ATR) with a KBR crystal, which allows the direct sampling of
synthesized hydrogels in the solid state without the need for
advanced processing or preparation. Prior to data collection,
the system was allowed to warm up for one hour. No
attachment changes were applicable to this instrument.
Hydrogels for FT-IR measurements were taken from their
trimmed-down dimensions and directly measured.
2.2.5. Swelling Kinetics Analysis. The swelling kinetics of

the prepared hydrogel samples were determined by first
measuring the mass of the dry hydrogel sample, Md, and
immersing them in a buffer solution with a pH of 7.4. Hydrogel
samples were allowed to immerse in the buffer solution for 12
h, where a final mass would be recorded, Ms. The percentage
swelling in each hydrogel sample follows eq 1,
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where Md is the dry mass of the hydrogel samples prior to
immersion in the buffer solution and Ms is the swollen mass of
the hydrogel sample after the 12-h period immersed in the
buffer solution. The dimensions of each hydrogel sample are
the same, and thus the volume should be a constant factor,
meaning no normalization between samples is required for
direct comparison.
2.2.6. Drug Uptake and Release Kinetics Analysis. The

drug uptake and release kinetics of the prepared hydrogel
samples were determined by completely submerging dry
hydrogel samples into a buffer solution with a pH of 7.4
allowing for drug release in the x, y, and z-directions. The drug
was allowed to be released for a total of 12 h at intervals of 1 h.
After the 12 h elution in the buffer solution, the hydrogel
samples were then immersed into a second solution for 12 h to
release the remainder of the drug within the matrix. Both
solutions were characterized to determine the concentration of
drug released into each solution and the percentage of total
drug released at each time interval. This experiment was
expanded as needed within this paper to test the longevity of
the uptake and release profile over a month’s time. All
solutions were maintained at 1000 μL (1 mL) with the
concentration of the uptake solution maintained consistent
with the original concentration of the target molecule
mentioned previously in the article. Prior to the transition
between solutions, the hydrogel was patted dry to ensure
excess volume was removed; the weight was checked to ensure
consistency with the original mass measurements, and the
hydrogel was then introduced to the new solution. As the
masses are fairly consistent, resembling a flat line, they are
omitted from this study, as they do not provide sufficient
context outside of a validation check.
Absorbance data from a spectrophotometer (the same used

for UV−vis−NIR Analysis) was utilized to determine the
concentration of the drug by invoking the Beer−Lambert Law
which states that A is the absorbance, ε is the molar absorption
coefficient, l is the path length, and c is the solution
concentration. The accompanying formula states that the
absorbance of the solution is directly proportional to the
concentration, assuming that the molar absorption coefficient
and path length remain constant throughout the experiment.
The Beer−Lambert Law is stated below in eq 2,

A lc= (2)

Prior to the utilization of this formula in experimentation, it
was imperative to develop the standardization curve for the
drug. Through varying the concentration of the drug between
0.001 and 0.10 mM at the peak signature of the drug, 295 nm,
a standardization curve could be effectively developed as the
concentration, molar absorption coefficient, and path length
are known or remain constant in the experimentation. This
experiment was conducted in both a phosphate buffer solution
at pH 7.4 as well as DI water. The results can be found in
Figure 2, below.
Through this standardization experiment, which takes the

peak absorbance values at 295 nm for a variety of predeveloped
concentrations of timolol maleate within either DI water or
PBS solution, two independent linear equations can be
gathered. The first equation, eq 3 expresses the concentration
for the PBS solution which is the primary solution of
consideration for future drug release experiments. The second,
eq 4 is analyzed as well; however, it only serves as a check for
the prior analysis of the released drug concentration.
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y x x( ) 4.0195 0.0112= + (3)

y x x( ) 2.9563 0.0071= + (4)

Both equations exhibit linear behavior which is comparable
to the Beer−Lambert Law of eq 2 which affirms the
assumptions made previously of a constant path length and
molar absorption coefficient. The y-terms of these equations
represent the absorbance, while the x-terms of the equations
represent the concentration of the drug in mg/mL. This
experiment was repeated seven times with eqs 3 and 4 being
developed as averages within 5% deviation of the maximum
and minimum values collected. Thus, this model is statistically
confident to be applied to further experimentation throughout
this study.

3. RESULTS AND DISCUSSION
3.1. Hydrogel Sample Preparation. The prepared

hydrogel samples can be broken down into two categories

including molecular imprinted (MIP) and nonmolecular
imprinted (NIP). Sufficient samples from each category were
run (7 samples) to determine any statistical deviation or
discontinuity, which will be described as necessary through the
Results Section. As described in the Methods Section, the
samples are poured into a mold, which is used to preserve the
structure of the fluid until complete solidification. Figure 3,
below, demonstrates the transition from pouring into the mold
to the complete solidification of the hydrogel samples, ready
for dimensioning, as described previously to maintain the
normalization of sample sizes.
The samples, as prepared, are then cut down to 5 × 5 cm2

squares as needed for future experimentation. Beyond this
dimensional modification, however, no other modifications are
made to the hydrogel samples during their experimentation to
preserve the normalization standards to ensure cross-
comparison between the individual samples regardless of
their category (MIP or NIP) or sample number. This aids in
further appreciation of all data sets for the prepared samples.
3.2. UV−Vis Transparency Analysis. As the prepared

hydrogel samples are desired to be ocular drug delivery
vehicles in the form of a contact lens, it is imperative to ensure
that the transmission of light is not deterred in any way by the
addition of drugs into the hydrogel matrix. Testing of the
transmission was studied on both MIP and NMIP samples to
better understand the optical differences between the two
target molecule incorporation mechanisms. The results of this
experimentation are demonstrated in Figure 4.
An investigation of the prepared hydrogel samples between

the wavelengths of 300−1000 nm demonstrates the optical
performance of these samples, asserting that due to the near or
above 90% transmittance value, they can be successfully
implemented as a contact lens-based drug delivery vehicle. The
NIP hydrogel samples have much worse optical performance
than their MIP counterparts, hinting at a possible boundary
layer of water or unbound target molecule, occluding the
hydrogel from effectively transmitting light through.
3.3. FT-IR Structural Analysis. FT-IR is an invaluable tool

for determining the chemical structure nature of the prepared
samples, especially hydrogel samples. This tool can be jointly
used to determine the overall chemical structure of the
prepared samples in addition to providing insight into the
target molecule incorporation into the hydrogel matrix. The
chemical structure is visualized in Figure 5, below, through the

Figure 2. Target molecule calibration curve for timolol maleate which
ranges in concentration between 0.001 mM (3.164 × 10−4 mg/mL)
and 0.10 mM (0.03164 mg/mL). Solutions were prepared for both
PBS and DI water solutions containing timolol maleate. The x-axis
represents the absorbance expressed as a percentage, with the y-axes
presenting the concentration in mg/mL (top) and mM (bottom),
respectively.

Figure 3. (a) Pouring is done into a mold, which seeks to preserve the structure of the samples until solidified. (b) After mixing and pouring,
samples are retained in a mold to preserve their structure until solidified. This mold is joined together through binder clips to ensure that no fluid
escapes from the mold vessel. (c) Final samples as prepared, prior to redimensioning required for the individual experiments as described in the
Methods Section of this article.
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appearance of functional groups which present themselves as
absorption bands in a spectrum.

FT-IR demonstrates the chemical structure of prepared
hydrogel samples between the wavenumber of 4000−400 nm
whereby this range remains consistent across all NIP and MIP
samples. The analysis was conducted to verify the end-state
composition aligned with the input formulation and the
literature-acceptable functional groups for methacrylate-based
polymers and, in particular, hydrogels of this chemistry.
Functional groups identified from the FT-IR spectra include
alkene (C�C), amine (C−N), ether (C−O−C), and alkane
(C−H) which correspond to peak signatures at 1505, 1317,
1250, and 660 wavenumbers, respectively. The spectra
collected demonstrate consistency between the NIP and MIP
samples and maintenance in the spectra at 30 days of testing,
indicating that there are no sizable chemical changes or
deviations in the structure which could be correlated to a

depreciation in the drug release or swelling kinetics. This
spectra analysis serves as a check for the information beyond
this piece asserting that no chemical fluctuations are present,
which would describe the deviations present in the swelling
kinetics, drug uptake and release kinetics, and overall longevity
studies of the hydrogel samples presented in this article.
3.4. Swelling Kinetics. The swelling kinetics expressed as

the swelling ratio in grams/g throughout the period of 30 days
was analyzed for both the MIPH and NIPH samples presented
in this article to determine what, if any, deviations in the
swelling ratio occur between these regimes and their
progression throughout a time period of 30 days. This was
conducted by motivating the use of eq 2 whereby the mass
could be measured at each timestamp and subsequently, the
swelling ratio could be determined as the initial dry mass is a
known quantity. As can be visualized, NIPH samples are more
prone to swelling than their MIPH counterparts, contributing
to a maximum measured swelling ratio of 1.773 g/g at Day 0
which decreases rather gradually to a maximum measured
swelling ratio of 1.512 g/g at Day 30 which concludes the
testing. Likewise, the MIPH samples demonstrate a gradual
decrease from a maximum measured swelling ratio of 1.476 g/
g on Day 0 to 1.403 g/g on Day 30. Given the nature of the
decrease over the 30 days of testing, it can be determined that
MIPH offers more stability in part due to the smaller pore size
due to the drug loading within the matrix. This allows for the
hydrogel to maintain its rigidity much more than the NIPH
which suffers from an increased pore size, which translates into
both a faster decrease from the maximum measured swelling
ratio as well as the nature of the decrease in over 0.2 g/g,
which is much greater than the 0.07 g/g decrease of the MIPH
samples tested. Figure 6, below, demonstrates the change in
the swelling ratio throughout the duration of the experiment.
The swelling kinetics for the tested samples, as visualized by

Figure 5, demonstrate the differences in the porosity between
the MIPH and NIPH samples due to the incorporation of drug
into the hydrogel matrix in the case of the MIPH which is
attributed to differences in the maximum measured swelling
ratios over the testing period of 30 days. Particularly, the use of

Figure 4. UV−vis−NIR spectra for the two categories of MIPH and
NIPH hydrogel samples studied. The y-axis is the transmittance in a
percentage expressed as a function of the x-axis, wavelength in units of
nm.

Figure 5. FT-IR spectra for the two categories of MIPH and NIPH
hydrogel samples studied. The y-axis is left in terms of arbitrary units
however is functionally the transmittance (%) allowing for the
visualization of discrete peaks while the x-axis demonstrates the
wavenumber in units of inverse cm.

Figure 6. Swelling kinetics for the two categories MIPH and NIPH
hydrogel samples studied. The y-axis here demonstrates the swelling
ratio in g/g ranging from 1.2 to 2.0 while the x-axis provides the
period of testing ranging from 0 to 30 days. Measurements were taken
at 0 days, 1 days, 5 days, 10 days, 15 days, and 30 days.
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imprinting corresponds to an enhanced matrix stability which
allows consistency in the swelling kinetics over the course of
the period as noticed through the differences in the relative
decreases of the maximum measured swelling ratio between
the MIPH and NIPH samples.
3.5. Drug Uptake and Release Kinetics. As a primary

curiosity of the investigation related to hydrogel samples as
probable drug delivery vehicles, the drug uptake and release
kinetics were analyzed across a 30-day sampling period for
both MIPH and NIPH samples. During this period, hydrogels
were immersed in solutions, either the release or uptake
solution for 12 h each. The release solution contains PBS while
the uptake solution contains the original concentration of the
target molecule. Through motivating eq 2, the Beer−Lambert
Law, the absorbance could be equated to the concentration of
the target molecule found in the solution, and subsequently,
knowing the standard for timolol maleate in eqs 3 and 4, a
reliable concentration of target molecule could be determined
for this experiment. Each category of sample was tested for a
12 h time frame as consistent with our prior methodology.
Each run was completed using independent samples in a series
of seven (7) to establish a statistical baseline for any
observations collected. Using Beer−Lambert Law, the
concentration of the drug released was determined from
UV−vis−NIR spectra as per eq 3 earlier in this article. Figures
7 and 8 seek to map the drug uptake and release kinetics within
both a 12 h period as well as the changes in these values over a
sampling time period of 30 days to determine what, if any,
changes occur in the release profile and kinetics over time.
Deviations in the release kinetics are considerably undesirable
for the implementation of these materials as controlled and
sustained drug release vehicles capable of performing drug
delivery throughout the duration of a typical contact lens use.
As demonstrated by the graphs above, MIPH performance is

quite discernible from NIPH, offering heightened releasable
concentration from the hydrogel matrix. Throughout the 30-
day trial, the concentration of MIP maintained well above
0.009 mg/mL for the duration of testing, while the NIPH
failed to exceed 0.009 mg/mL even on the first day of testing
in this experiment. On Day 1 respectively, the MIPH maintains
a releasable concentration of 0.0138 mg/mL (±0.002 mg/mL)
which undergoes a decrease to approximately 0.0112 mg/mL
(±0.0013 mg/mL) at Day 30 of experimentation. Comparably

this is a lesser decrease and more stabilized performance over
time compared to NIPH samples which undergo a change in
the releasable concentration of 0.00093 mg/mL (±0.00015
mg/mL) at Day 1 to 0.00065 mg/mL (±0.00009 mg/mL) at
Day 30. While the decrease in the NIPH is considerably less
than that of the MIPH samples in terms of the raw number, the
depreciation in the concentration capability is much greater in
comparison corresponding to a 19.92% decrease in the MIPH
and a 30.11% decrease in the NIPH. Effectively this means that
while the release kinetics of the MIPH are depreciated by a
fifth in the MIPH, nearly a third of the capable release in NIPH
is depreciated over the same period.
Building upon this information, the lifetime kinetics for each

sample and MIPH and NIPH were measured over the 30-day
time period with measurement increments at 0 days, 1 days, 5
days, 10 days, 15 days, and 30 days in line with other
experimentation presented in this article. This data is used in
conjunction with the previous drug release kinetics data to
explore more precisely the depreciation of the drug release
capability over the 30-day measurement period.

Figure 7. Drug release concentration for the two categories (a) MIPH and (b) NIPH of hydrogel samples studied. The y-axis demonstrates the
concentration in mg/mL ranging from 0 to 0.014, while the x-axis provides the release sampling period from 0 to 12 h. Measurements were taken at
0 days, 1 days, 5 days, 10 days, 15 days, and 30 days as indicated by the “D+##” legend.

Figure 8. Lifetime kinetics for the two categories of MIPH and NIPH
hydrogel samples studied. The y-axis demonstrates the concentration
expressed as a percentage of the original value (as the original value is
known) ranging from 50% to 100% providing the period of testing
ranging from 0 to 30 days. Measurements were taken at 0 days, 1 days,
5 days, 10 days, 15 days, and 30 days.
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Namely, a similar trend between the MIPH and NIPH
hydrogel samples was determined where the NIPH exhibits a
much more varied decrease initially with a final stabilization in
the values, while the MIPH samples exhibit a more controlled
decrease initially and a gradual decreasing stabilization in
values. Numerically, this corresponds to a final change in the
releasable concentration of 92.45% (±1.15%) for the MIPH
samples and 80.03% (±1.01%) in the NIPH samples
respectively. Broadly this means that while both samples
exhibit decreases in their loadable concentration from Day 0 to
Day 30, MIPH samples are more capable in their ability to
absorb and desorb amounts of drug solution due to the
incorporation of recognition sites in the hydrogel matrix which
are not present in the NIPH samples; thus, the MIPH samples
provide a more controlled and sustained interaction at the
matrix-level compared to NIPH samples.

4. CONCLUSIONS
Hydrogels are of notable research interest in the context of
biomedical materials, especially in drug delivery applications
due to their capability to have a tunable and determinable
stimuli-response, maintain biocompatibility, and absorb and
desorb vast quantities of water without destruction of the
matrix. Through investigation of the spectroscopic, chemical,
swelling, and drug kinetics properties of a HEMA hydrogel
system, determinations could be inferred regarding the
importance of incorporating recognition sites into the hydrogel
that are necessary to ensure a controlled and sustained drug
interaction. Hydrogels with imprinting (MIPH) demonstrated
a more stable drug release profile than nonimprinted (NIPH)
counterparts throughout a month of testing. During this
testing, as well, it was determined that recognition sites
incorporated into the hydrogel matrix allow for release over the
course of a month of testing. In addition, MIPH demonstrates
a more controlled swelling response to external stimuli,
balancing this swelling nature while limiting changes in
dimensionality which may be cause for concern when applying
these materials as ocular drug delivery systems where extensive
swelling may cause unnecessary side effects such as irritation.
Through the evidenced spectroscopic data, there are no
chemical or structural changes in the material, and thus, the
determination can be accurately suggested that MIPH, through
its recognition capacity alone, is an amble selection in terms of
the swelling response, drug release kinetics, and the longevity
of performance of these hydrogels.
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