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ABSTRACT: Plasmid DNA (pDNA) therapeutics are being
investigated for gene therapy and DNA vaccines against
diseases including cancer, cystic fibrosis and AIDS. In addition,
several applications in modern biotechnology require pDNA
for transient protein production. Here, we describe the
synthesis, characterization, and evaluation of microbeads
(“Amikabeads”) derived from the aminoglycoside antibiotic
amikacin for pDNA binding and in situ DNA capture from
mammalian cells. The parental aminoglycoside-derived
microbeads (Amikabeads-P) acted as anion-exchange materi-
als, and demonstrated high capacities for binding pDNA.
Binding of pDNA was significantly enhanced following
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quaternization of the amines on the microbeads (Amikabeads-Q). Amikabeads were further employed for the disruption and
extraction of DNA from mammalian cells, indicating their utility for in situ DNA capture. Our results indicate that Amikabeads
are a novel material, with multiple reactive groups for further conjugation, and can have several applications in plasmid DNA

biotechnology.
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1. INTRODUCTION

Plasmid DNA (pDNA)-based therapeutics are being inves-
tigated in several applications in biotechnology and medicine,
including gene therapy against cancer, AIDS'™ and cystic
fibrosis," DNA-based gene vaccinations,” and in vitro trans-
fections for cellular manipulation.® Plasmid DNA molecules are
extrachromosomal pieces of double-stranded DNA” that confer
selective advantages including antibiotic resistance in bacteria,
and can be transferred to other species via horizontal gene
transfer.*” In cancer gene therapy, therapeutic plasmids, which
code for functional tumor suppressor proteins, are delivered to
cancer cells.'"” DNA-based gene vaccinations involve either
direct intramuscular/intradermal injection of naked pDNA or
lipid-coated delivery of the same to the target tissues.'""
Plasmids are usually grown in rapidly dividing Escherichia coli,
and can be obtained by employing different downstream
purification steps. Anion-exchange chromatography," affinity-
based chromatography,'* hydrophobic interaction chromatog-
raphy,"® and size-exclusion and perfusion chromatography'®
have been explored for purification of pDNA. Affinity-based
chromatography methods utilize specific interactions between
pDNA and surface-immobilized affinity ligands for selective
binding.'” Pseudoaffinity and affinity ligands including arginine
and histidine,'® zinc ﬁngers,19 Lacl-LacZ moieties,”® and triple
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helix forming nucleotide sequences®" have been explored in
affinity-based DNA purification approaches. Hydrophobic
interaction chromatography (HIC) has also been investigated
as a purification step due to differences in hydrophobicities of
RNA, proteins, genomic DNA, lipopolysaccharides, and
pDNA 223

Anion-exchange chromatography is widely used for pDNA
chromatography, and relies on electrostatic interactions
between the negatively charged backbone of pDNA and
positively charged microbeads (resin)."’ For example, Q
Sepharose Fast Flow resins consist of 6% cross-linked solid
agarose beads that are approximately ~90 ym in diameter.
These resins, functionalized with quaternary amines, have been
used for pDNA binding and purification (~1.3 mg/mL pDNA
binding capacity).”*** In addition, superporous/macroporous
flow-through beads (e.g, POROS 50) combine high surface
areas with high capacities for plasmid DNA binding and
purification (~10 mg/mL pDNA binding capacity).*®

We have previously investigated aminoglycosides and
aminoglycoside-derived materials for DNA binding and
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delivery.'>***” Here, we report the synthesis, characterization
and evaluation of novel anion-exchange microbeads (Amika-
beads) derived from an aminoglycoside antibiotic, amikacin,
with an eye toward applications in DNA biotechnology.
Microbeads displaying quaternary amine functionalities (“Ami-
kabeads-Q”) demonstrated significantly higher pDNA binding
compared to parental amikacin-derived microbeads with
primary/secondary amine moieties (“Amikabeads-P”).
Although high salt concentrations were effective in desorbing
pDNA from Amikabeads-P, recovery of pDNA from
Amikabeads-Q_ was greatly improved when hydrophobic
modifiers (isopropyl alcohol) were included in the elution
buffer. Finally, Amikabeads were also employed for mammalian
cell Iysis and concomitant in situ DNA sequestration directly
from these cells.

2. EXPERIMENTAL SECTION

2.1. Materials. Amikacin hydrate and poly(ethylene glycol)
diglycidyl ether (PEGDE) were purchased from Sigma-Aldrich Inc.
(St. Louis, MO). Silicone oil and mineral oil were purchased from
Acros Organics (Pittsburgh, PA). The surfactant Span-80 was
purchased from TCI America (Portland, OR). Nanopure water was
used for all preparations unless otherwise stated. BD Precision Glide
27G1 1/4 needles and 5 mL syringes were purchased from Becton,
Dickinson and Company (Franklin Lakes, NJ). Calcein AM/ethidium
homodimer-I Live/Dead stain was purchased from Life Technologies,
(Carlsbad, CA). PC3 human prostate carcinoma cells were purchased
from American Type Culture Collection (ATCC; Manassas, VA). Cell
culture media - RPMI, Pen-Strep solution: 10 000 units/mL penicillin
and 10000 pg/mL streptomycin in 0.85% NaCl solution were
purchased from Hyclone (Logan, UT). A Qiagen Giga kit and Maxi
kit (pDNA extraction kits) were purchased from Qiagen Inc.
(Alameda, CA).

2.2. Preparation of Parental Amikagel Microbeads (Amika-
beads-P). Amikabeads-P (P: parental) were generated using the
emulsion polymerization method.*® Amikacin hydrate (100 mg, 0.17
mmol) was dissolved in 1 mL of nanopure water followed by addition
of poly(ethylene glycol) diglycidyl ether (PEGDE) in a mole ratio of
1:2 to generate a uniform mixture. The mixture was stirred at 100 rpm
and pregelled for 4 min at 70 °C. After 4 min, the solution was
collected in a syringe and dispensed slowly into a solution of mineral
oil and 1% (w/v) Span-80 through 27 G1* BD PrecisionGlide
needle. The mineral oil-surfactant solution was maintained at 65 °C
throughout the process. Approximately ~500 uL of the pregel solution
was dispensed into the heated oil phase within 25 min under constant
stirring of 260 rpm. The beads were allowed to gel for 10 min after
their addition followed by extensive washing and size measurements.

The beads were collected by centrifugation for 10 min at 5500 rpm.
Oil was washed off the surface of the beads by using a solution of ~1%
(v/v) Tween 20 detergent. Following detergent washes, the beads
were finally washed multiple times with nanopure water. The particle
diameters of Amikabeads-P were measured using phase-contrast
microscopy; S0 beads were chosen randomly from each batch and
their diameters were recorded. The averaged bead diameter of these
samples was used as an indicator of size in subsequent analyses.

2.3. Formation of Amikabeads-Q by Quaternization of
Amikabeads-P Microbeads. Amines and hydroxyls present in
Amikabeads-P were quaternized using glycidyl trimethylammonium
chloride in an aqueous solution. Excess glycidyl trimethylammonium
chloride (GTMAC) was mixed with Amikabeads at 200 rpm in
nanopure water for 24 h at 70 °C followed by extensive washing.”
Quaternization was qualitatively confirmed using the ninhydrin
assay,'® as well as a fluorescein binding assay.*® Briefly, commercially
available ninhydrin reagent (200 uL) was added to 1 mg of
Amikabeads-P and -Q_and incubated at 99 °C for 10 min, and the
color change was visually observed and recorded. For fluorescein
binding studies, Amikabeads-P and -Q were incubated with 1% (v/v)
NaOH solution in nanopure water for 20 min. Fluorescein sodium

(200 uL of S0 mg/mL), in 1% (v/v) NaOH solution (pH > 12) made
in nanopure water, was added to both bead samples. The beads were
mixed with the fluorescein solution for 10 min, and then separated by
centrifugation at S000 rpm for S min. The beads were extensively
washed with 1 mL solution of 1% (v/v) NaOH in nanopure water.
The retention of fluorescein dye was visually observed and used as a
qualitative indicator of quaternization.

2.4. Determination of Swelling Ratio of Amikabeads. Twenty
wet Amikabeads were randomly chosen, and their diameters were
measured using phase-contrast microscopy as described before. The
volumes of each of these respective beads were calculated based on
these diameters. The volumes of the swollen wet beads were denoted
as V. After this measurement, Amikabeads were allowed to dry at 65
°C for 24 h. Once dry, the diameters of the same beads were measured
again, and their volume, Vy,,, was calculated. The swelling ratio or SR
of the beads was calculated as the following:

SR = swollen gel volume/dry gel volume (v/v)

2.5. Determination of Amikabead Amine Content. Amika-
beads-P and -Q (1 mg) were freeze-dried and collected as a powder
following which, 1 mL nanopure water was added to them. The
ninhydrin assay reagent (100 L) was added to 100 uL of 1 mg/mL
Amikabead dispersion. The resulting solution was boiled at 99 °C for
10 min. The absorbance of the final colored solution was measured at
570 nm. The amine content was determined by comparing the
absorbance of the sample solution to a calibration curve generated
using glycine standards.

2.6. Total Surface Area and Porosity Estimation Using
Brunauer—Emmett—Teller (BET) Method. Surface area and
porosity of Amikabeads were measured via BET nitrogen sorption
technique. The water in Amikabeads was gradually exchanged with
acetone by suspending the beads in graded acetone series. Once the
Amikabeads were soaked in 100% acetone, they were dried under
vacuum before proceeding with the BET analysis. Dry Amikabeads
were weighed into analytical glassware and subjected to 35 °C
temperature for 11 h under constant purging with ultra high purity
(UHP) nitrogen on a FlowPrep 060 Degasser. Once degassed, the
sample was connected to the Micromeritics Tristar II 3020 sample
port in order to carry out the experiment under vacuum in the
presence of liquid nitrogen. The porosity and total surface area per mg
of Amikabeads were calculated.

2.7. Scanning Electron Microscopy of Amikabeads. The
surface morphology of Amikabeads was visualized using field emission
scanning electron microscopy (FE-SEM; Philips FEI XL-30 SEM) at
25 kV. Amikabeads were placed on double-sided carbon adhesive tape
attached on the aluminum stub, and were sputter-coated with Au—Pt
for 120 s using an E1030 ion sputter. An approximately 8 nm thick
Au—Pt coating was deposited on the beads on double carbon adhesive
tape. SEM was performed at a voltage of 3 kV.

2.8. pDNA binding to Amikabeads. Amikabeads-P (~2 mg)
were incubated with 15000—200 000 ng of pDNA (pGL4.5) in 10
mM Tris—Cl buffer, pH 8.5 (buffer 1), for 24 h at room temperature
(25 °C) in order to allow pDNA binding to the beads. All Amikabeads
were washed with buffer I for 6 h prior to addition of any pDNA. A
NanoDrop spectrophotometer was used to measure the pDNA
content in the supernatant after incubation with the beads. The
amount of pDNA adsorbed onto the beads was calculated by mass
balance. An adsorption isotherm was generated by calculating the
amount of pDNA adsorbed on the beads at corresponding equilibrium
pDNA concentrations in the supernatant. The isotherm data were
fitted to a Langmuir isotherm, in order to determine the maximum
binding capacity (Q..) and the binding constant (K) for the
Amikabeads. The Langmuir adsorption isotherm equation is shown
below:

_(Q,KC)
© 1+ (KC)

where Q, = the amount of pDNA bound to the Amikabeads at
equilibrium (ug/mg); C, = concentration of pDNA in the solution at
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equilibrium (mg/L); K = Langmuir adsorption constant (L/mg); Quax
= maximum amount of pDNA bound to Amikabeads (yg/mg).

The Langmuir equation was linearized, and 1/Q, vs 1/C, was
plotted in order to calculate Q,,,, from the slope of the curve and the
adsorption constant (K) from the intercept.

The effect of increasing salt concentration on the adsorption of
pDNA on Amikabeads was also studied; 10 mM Tris—Cl was
supplemented with 290 mM NaCl (buffer II), 690 mM NaCl (buffer
III), and 990 mM NaCl (buffer IV), and used to allow pDNA to bind
to the microbeads. The linear form of the Langmuir adsorption
isotherm was used to determine parameters under these high-salt
conditions as described below:

x = K.C,

where x = the amount of pDNA bound to 1 mg of Amikabeads (ug/
mg); K, = partition coefficient of pDNA between solution and the
adsorbent (Amikabeads) (L/mg); C. = equilibrium concentration of
pDNA in the solution (mg/L).

In the case of Amikabeads-Q, 15000—400 000 ng of pDNA was
added to ~1 mg of the quaternized beads for 24 h in 200 yL of buffer I
in order to allow for binding at 25 °C. After 24 h, the static batch
binding capacity of the quaternized beads was studied by determining
the amount of pDNA adsorbed on to the beads, using procedures
similar to those described above. The pH was maintained at 8.5 in all
cases.

2.9. Visualization of pDNA Bound to Amikabeads-P and -Q.
Amikabeads-P and -Q (1 mg) were incubated with 40 000 ng and 200
000 ng of pDNA in 200 uL of buffer I for 24 h at 25 °C, respectively.
pDNA-Amikabead aggregates were imaged at 10X magnification using
a Zeiss light microscope to measure their size. The average size of
aggregates was estimated by measuring their longest length in
micrometers.

Fluorescence confocal microscopy was carried out in order to
visualize pDNA on the Amikabeads. After incubation of pDNA with
Amikabeads for 24 h at 25 °C, 10 uM ethidium homodimer-1 was
added to both Amikabeads-P and -Q for 20 min. Ethidium
homodimer-I is a high-affinity nucleic acid stain that demonstrates
high fluorescence upon binding to DNA, while its fluorescence is
quenched in aqueous media.>" After 20 min, the beads were separated
by centrifugation, and 200 uL of Fluoro-Gel with Tris—Cl buffer
(Electron Microscopy Sciences, Hatfield, PA) was added to them. The
beads were mounted on a glass slide and sealed with nail polish.
Ethidium homodimer-I fluorescence was observed using excitation at
514 nm, and the emission was recorded at 628 nm. The control
Amikabead samples were prepared in the exact same manner, except
that no pDNA was added. Adsorption of pDNA on Amikabeads was
determined using a Leica SPS confocal microscope using a 20X
objective.

2.10. Desorption of Bound pDNA from Amikabeads-P and
-Q. Amikabeads-P (2 mg) were loaded with 15000—100000 ng of
pDNA in buffer I at 25 °C, in order to ensure loading in the linear as
well as nonlinear portion of the adsorption isotherm. The pDNA-
loaded Amikabeads-P were first washed with 200 pL of buffer I for 30
min before adding the salt solution for desorption. The amount of
pDNA desorbed during the wash step was also determined. The
amount of pDNA desorbed following addition of salt solutions was
determined using absorbance measurements (Nanodrop) after 24 h of
exposure to 1 mL of Tris—Cl buffer with 1 M salt (0.99 M NaCl and
10 mM Tris—Cl, pH 8.5) and 1 mL Tris—Cl buffer with 1.3 M salt (50
mM Tris—Cl and 1.25 M NaCl, pH 8.5) with 15% isopropyl alcohol at
25 °C. The desorption buffers were refreshed after every 24 h for
Amikabeads-P until there was no further pDNA desorption from the
beads.

Amikabeads-Q_(1 mg) were loaded with approximately 250 000 ng
of pDNA in buffer I at 25 °C; a lower amount of Amikabeads-Q was
used in the desorption experiments due to the higher binding
capacities of these materials. pDNA-loaded Amikabeads-Q were first
washed with 200 uL of buffer I for 30 min before adding the salt
solution for desorption. The amounts of pDNA desorbed were
determined using absorbance measurements (Nanodrop) after 12 h of

exposure to different desorption buffers at 25 °C. These included, 1
mL of Tris—Cl buffer with 1 M salt (0.99 M NaCl and 10 mM Tris—
Cl, pH 8.5), Tris—Cl buffer with 1.3 M salt (50 mM Tris—Cl and 1.25
M NaCl, pH 8.5), Tris—Cl buffer with 1.3 M salt (50 mM Tris—Cl and
1.25 M NaCl, pH 8.5) supplemented with 15% isopropyl alcohol, and
Tris—Cl buffer with 1.3 M salt (50 mM Tris—Cl and 1.25 M NaCl, pH
8.5) supplemented with 30% isopropyl alcohol. The desorption was
also carried out at SO °C using Tris—Cl buffer with 1.3 M salt (50 mM
Tris—Cl and 1.25 M NaCl, pH 8.5) supplemented with 15% and 30%
isopropyl alcohol, respectively. The desorption buffers were refreshed
after every 12 h for Amikabeads-Q until there was no further pPDNA
desorption from the beads.

The volume of Amikabead slurry was determined in order to
compare pDNA binding efficacies of Amikabeads-P and -Q microbe-
ads with those of commercially available pPDNA binding resins. It was
determined that ~1 mg of Amikabead-Q slurry had a volume of 50 L,
whereas 2 mg of Amikabead-P amounted to ~75 puL slurry volume as
prepared. The static binding capacities of Amikabeads-P and -Q resins
were extrapolated to 1 mL of slurry volume, and their binding
capacities were compared to commercially available resins. These
analyses were carried out in order to enable a back-of-the-envelope
comparison of Amikabeads with existing materials.

2.11. Agarose Gel Electrophoresis of the Desorbed pDNA.
Agarose gel electrophoresis (AGE) analysis was carried out in order to
investigate the integrity of the pDNA desorbed from Amikabeads.
Briefly, 1 uL of pDNA (~200 ng/uL) desorbed from the beads was
mixed with 10 yL of gel loading dye (IBI 6X gel loading dye), loaded
on 1% agarose gel, and run under a potential of 150 V for 30 min using
1X TAE buffer (Tris base, acetic acid, and EDTA buffer). Qualitative
differences between the pDNA stock used for loading on Amikabeads,
and pDNA desorbed from Amikabeads-P and -Q were visualized
under ultraviolet light.

2.12. Cell Viability of PC3 Prostate Cancer Cells after
Exposure to Amikabeads-P and -Q. Parental (P) and quaternized
(Q) Amikabeads (100—500 pg) were added to 10 000 PC3 prostate
cancer cells grown in RPMI cell culture media in 96-well plates for 24
h, in order to first determine their effect on cell viability. After 24 h, the
viability of the PC3 cells was estimated using a colorimetric MTT
assay in which 10 uL of MTT reagent was added to the cells for 3 h
followed by detergent-mediated cell lysis. The absorbance of
solubilized formazan crystals was measured at 570 nm and the
background absorbance was measured at 670 nm. The resultant
absorbance was used as a measure to estimate the cell viability of the
PC3 prostate cancer cells.

Viability of PC3 prostate cancer cells following treatment with
Amikabeads-P and -Q was also determined using the Live—Dead assay.
1 uM calcein AM and 2 uM ethidium homodimer-I in RPMI media
were added to the PC3 prostate cancer cells for 20 min. After 20 min,
the green fluorescence of calcein was observed using excitation: 485 +
10 nm and emission: 530 + 12.5 nm filter, and red fluorescence of
nucleic acid bound ethidium bromide was observed using excitation:
530 + 12.5 nm and emission: 645 + 20 nm filter.

2.13. In Situ Sequestration of DNA from Cancer Cells Using
Amikabeads. Amikabeads-P were used to induce cell lysis of PC3
human prostate cancer cells in order to facilitate extraction of cellular
DNA. Amikabeads-P (100—500 yg) were added to 10000 PC3 cells
following seeding for 24 h on a 96-well plate. After 24 h of incubation,
2 puM ethidium homodimer-I was added to the cells exposed to the
beads as described above. Captured genomic DNA, bound on
Amikabeads-P, was visualized using fluorescence microscopy using
ethidium homodimer-1.

3. RESULTS AND DISCUSSION

3.1. Generation of Microbeads (Amikabeads) Derived
from an Aminoglycoside Antibiotic. Aminoglycoside
antibiotics including neomycin, streptomycin, kanamycin,
apramycin, and paromomycin are known to prevent %rowth
of Gram-negative bacteria by inhibiting protein synthesis.”> The
mode of action of aminoglycoside antibiotics involves binding
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Figure 1. Schematic of the reaction between amikacin hydrate and poly(ethylene glycol) diglycidyl ether (PEGDE), resulting in the formation of

Amikagel (hydrogel).

and stabilizing 16s rRNA and complexing with 30S subunit of
ribosome. This, in turn, inhibits protein synthesis and causes
bactericidal activity.>> Aminoglycosides possess biocompatible
sugar groups as well as multiple amines in the same molecule.
Their natural affinity toward nucleic acids, makes them
excellent candidates for generating diverse materials in nucleic
acid biotechnology.'®**** Here, we report the generation of
amikacin antibiotic-derived microbeads, “Amikabeads”, as
anion-exchange resins for potential use in pDNA purification
as well as in situ capture of DNA from mammalian cells.*®

Reaction between amines present in amikacin with the
epoxide groups in PEGDE resulted in the formation of a cross-
linked hydrogel (“Amikagel”), as shown in Figure 1. It was
hypothesized that multiple amines in Amikagel, particularly in
the form of microbeads, can be exploited for nucleic acid
(pDNA) biotechnology. Parental Amikabeads-P were gener-
ated using an emulsion polymerization method (Figure 2 a,b); a
cross-linking ratio of 1:2 amikacin to PEGDE was used. The
amikacin—PEGDE mixture formed a solid hydrogel within ~8
min when stirred at 100 rpm at 70 °C. Hence, a pregelling time
of 4 min was chosen, following which, the pregelled Amikagel
solution was introduced into the heated mineral oil phase (65
°C, constant stirring at 260 rpm) (Figure 2). In all cases,
mineral oil was supplemented with 1% Span-80 surfactant (w/
v) in order to stabilize the water-in-oil microemulsion.
Microbeads synthesized in absence of Span-80 were irregular,
nonspherical, and appeared aggregated (Figure S1, Supporting
Information).

Amikabeads-P formed in mineral oil were separated from the
oil phase by centrifugation at 5000g for 10 min following which,
the microbeads were extensively washed with nanopure water
supplemented with 1% (v/v) Tween 20. Addition of Tween 20
allowed the removal of remaining Span-80 and mineral oil.
Tween and Span surfactants are often mixed together in order
to generate surfactants of desired Hydrophilic: Lipophilic
Balance (HLB) values (Note: an HLB value of more than 10 is
necessary in order to ensure surfactant solubility in water).

18580

Given the insolubility of Span-80 in water (HLB value of 4.3),
Tween-20 (HLB value of 16.3) was added to solubilize and
remove any remaining Span-80 and mineral 0il.>® The steps
used to generate Amikabeads-P are shown in Figure 2 ab.

3.2. Characterization of Amikabeads. 3.2.1. Shape and
Particle Size of Amikabeads. Amikabeads-P generated using
the above emulsion system had spherical morphologies and
demonstrated minimal aggregation (Figure 2c, Figure SI,
Supporting Information), although in eventual chromato-
graphic applications, Amikabeads will be tightly packed
together as the solid phase. Amikabeads-P were sputter-coated
with an 8 nm thick coating of Au—Pt in order to visualize them
using scanning electron microscopy (SEM). As shown in Figure
2d, Amikagel-P microbeads had a predominantly spherical
shape with smooth as well as rough surface morphology, which
is similar to other hydrogel microbeads described previously.*”
The average diameter of Amikabeads-P was ~9 + 4 um (Figure
2d), and was dependent on the number of times the mixture of
mineral oil and span 80 was used in serial batches. Upon
repeated usage of mineral oil and span 80, the diameters of
Amikabeads demonstrated a modest increase (p < 0.01, one-
way ANOVA) (Figure 3a).

We hypothesized that introduction of additional fresh Span-
80 after every batch of Amikabead synthesis could limit the
batch-to-batch variation in the bead size. This supplementation
would account for any losses in Span-80 by thermal
degradation during the preparation of each batch. As seen in
Figure 3b, the diameter of Amikabeads-P did not change
significantly with addition of 400 mg of fresh Span-80 after each
batch of preparation. An observed p-value of 0.174 indicated
that it is not possible to reject the null hypothesis that particle
diameters in all three consecutive batches are the same in
Figure 3b (p-value threshold of 0.05 for statistical significance).
Thus, addition of Span-80 indeed reduced the batch-to-batch
variation in particle diameter/size. Following this observation,
we were able to mix different batches in order to obtain high
amounts of Amikabeads-P for subsequent investigations.
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Figure 2. (a)b) Schematic of Amikabead-P synthesis. Amikabeads were prepared by pregelling the Amikagel solution for 4 min at 70 °C. The
pregelled Amikagel solution was added to mineral oil bath supplemented with 1% Span-80 surfactant and maintained at 65 °C. (c) Phase-contrast
image of Amikabeads-P generated after emulsion polymerization of Amikacin-PEGDE in mineral oil-1% Span-80 solution. Scale bar: 100 ym. (d)
Scanning electron microscopy (SEM) image of Amikabeads indicates spherical particles with an average diameter of ~9 + 4 ym (calculated over SO

beads).

Amikabeads-P demonstrated a swelling ratio of approx-
imately 1.74 + 0.2 (or 174%). This behavior is similar to
commercially available anion-exchange resins, which demon-
strate swelling ratios of up to 200%.® For example, quaternary
ammonium group-containing polystyrene—divinylbenzene (PS-
DVB) beads, used as strong anion exchange resins,
demonstrated a swelling ratio of 1.7, which is very similar to
that of Amikabeads.*

3.2.2. Amine Content of Amikabeads. The presence of
accessible amine moieties is critical for the use of Amikabeads
in anion-exchange applications. Furthermore, presence of
reactive amines allows for subsequent conjugation chemistries

if required. The reaction of ninhydrin reagent with reactive
(primary and secondary amines) results in colorimetric
changes; a bluish-purple color can be observed upon reaction
with primary amines.*’ Reaction of a 0.5 mm model Amikabead
with 100 L of ninhydrin reagent at 70 °C for 10 min resulted
in the formation of intense bluish-purple color throughout the
bead (Figure S2, Supporting Information). The amine content
of lyophilized Amikabeads-P was estimated to be 1.8 + 0.3
umol amine/mg of Amikabeads.

3.3. pDNA Binding to Amikabeads-P. The binding of
pDNA to Amikabeads-P was determined using batch
adsorption assays, in order to determine the potential use of

dx.doi.org/10.1021/am503240q | ACS Appl. Mater. Interfaces 2014, 6, 18577—18589
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Figure 3. Average Amikabead-P diameter + one standard deviation (in micrometers) of three consecutive batches (a) in absence and (b) in the
presence of Span-80. The p-values for the one-way ANOVA test are also shown for n = S independent experiments.

these microbeads as anion-exchange resins. The pGL4.5
luciferase pDNA was used as a model plasmid in all batch
binding experiments. The pGL4.5 plasmid codes for luciferase
reporter protein, which is commonly used for analyzing the
transfection efficacy of various nonviral vectors.*' A Langmuir
adsorption isotherm was used to fit the experimental data and
obtain parameters including the maximum binding capacity
(Qumax) and equilibrium binding constant (K). Table 1 shows
the different parameters generated by fitting the experimental
adsorption isotherm data to a Langmuir isotherm; the
Langmuir adsorption equation was converted to its linear
form in order to determine the Q,,,, value. The average (n = 3)
maximum adsorption capacity (Q..,,) calculated by fitting the
adsorption isotherm of the Amikagel-P microbeads was
approximately 44.5 g pDNA/mg of Amikabeads-P with an
equilibrium constant K of 0.04—0.06 L/mg at an equilibrium
pDNA concentration (solution phase) of 300—400 mg/L.
Further increasing the concentration of pDNA in the solution
phase did not result in any increase in the amount of DNA
adsorbed on Amikabeads-P, indicating saturation (Figure 4a,
diamonds).

The pDNA binding to Amikabeads-P was significantly
reduced in the presence of 0.3 M (buffer II) and 0.6 M salt
(buffer III) (Table 1). As expected, higher salt concentrations
screen electrostatic charges and obviate interactions between
negatively charged DNA molecules and the positively charged

Amikabeads-P. The saturation amount of pDNA on Amika-
beads-P was not calculated under these elevated salt
concentrations, because the adsorption isotherm was found to
be in the linear range, even for very high pDNA concentrations
in the solution phase (Figure 4a, squares).

Recovery of pDNA from Amikagels-P bound under low salt
conditions (ie, 10 mM Tris—Cl, pH 8.5) was investigated
using Tris—Cl buffer with 1 M salt (0.99 M NaCl and 10 mM
Tris—Cl, pH 8.5) and Tris—Cl buffer with an organic modifier
(50 mM Tris—Cl and 125 M NaCl, with 15% isopropyl
alcohol, pH 8.5). Approximately 70—100% of originally
adsorbed pDNA was desorbed when a salt concentration of 1
M was used. No enhancement in desorption was observed
when a buffer with higher salt concentration and isopropyl
alcohol was used (Figure 4b), indicating that hydrophobic
modifiers did not help recovery from Amikabeads-P. Higher
percentages of desorption were observed when lesser amounts
of pDNA were adsorbed onto the beads, indicating marginal
losses in recovery at higher loadings (Figure 4b).

3.4. Quaternization of Amikagel-P Beads Enhances
pDNA Binding. Amikacin has four primary amines, one
secondary amine, and eight hydroxyl groups. It was
hypothesized that quaternization of amine groups can help
increase the content of positive charges in the microbeads. This,
in turn, was anticipated to result in enhanced pDNA binding
efficacy. The amines on the microbeads were therefore
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Table 1. Langmuir Adsorption Isotherm Parameters of
Plasmid DNA Binding to Amikabeads at 25 °C

average

bead size
ID*  (pm)  Quy (ug/mg) K (L/mg) R
1 10 +£3 56.0 0.01 0.97
2 11+5 46.4 0.02 0.88
3 12 + 4 318 0.05 0.96
average salt
bead size concentration
D" (um) (mM) K (L/mg) R
buffer II
12 + 4 300 13.0 0.63
2 10 +3 300 13.2 0.71
3 10 + 4 300 17.8 0.79
buffer III
4 12+ 6 600 13.8 0.31
S 11+5 600 18.3 0.27
6 10+ S 600 21.7 0.49

“Adsorption of plasmid DNA to Amikabeads-P in the presence of 10
mM Tris—Cl buffer (pH 8.5) (buffer I). bAdsorption of plasmid DNA
to Amikabeads-P in the presence of 300 mM Tris—Cl —NaCl buffer
(pH 8.5) (buffer II) and 600 mM Tris—Cl —NaCl buffer (pH 8.5)
(buffer III).
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Figure 4. (a) Isotherm of pGL4.S plasmid DNA adsorption on
Amikabeads-P of diameter 11 + 4 ym in the presence of (Buffer I) 10
mM, Tris—HCI buffer, pH 8.5, at 25 °C for 24 h (diamonds). Maximal
adsorption (Qu) = 44.5 ug of plasmid DNA/mg of Amikabeads-P (n
= 3) (diamonds). Effect of (Buffer II) 0.3 M salt on plasmid DNA
adsorption on Amikabeads of average diameter 12 + 4 ym (squares).
Reduced pDNA binding can be observed, indicating that electrostatic
interactions drive adsorption. (b) Desorption of plasmid DNA from
Amikabeads-P (1 mg) using Tris—Cl buffer with 1 M salt (0.99 M
NaCl, 10 mM Tris—Cl, pH 8.5) after 24 h (diamonds), and Tris—Cl
buffer with 1.3 M salt (1.25 M NaCl, 50 mM Tris—Cl, pH 8.5)
supplemented with 15% isopropyl alcohol (squares) at 25 °C.

modified to quaternary amines using glycidyl trimethylammo-
nium chloride (GTMAC); at neutral or acidic pH, only the

amines of the amikacin react with the epoxide group of
GTMAC as an addition reaction® (Figure S3a, Supporting
Information). Formation of quaternary amines on Amikabeads
was verified using both the ninhydrin assay as well as the
fluorescein-binding assay. Ninhydrin reagent reacts with
primary amines, resulting in the formation of a blue-purple
colored product. However, as expected, quaternized Amika-
beads-Q_did not demonstrate a blue color, unlike unmodified
Amikabeads-P (Figure S3b, Supporting Information). The
fluorescein-binding assay was also able ascertain quaternization
in Amikabeads-Q; in the presence of 1% (v/v) NaOH (pH >
12), the primary amines present on amikacin are no longer
positively charged, whereas the quaternary amines on the
quaternized beads retain the permanent positive charge. Hence,
the negatively charged fluorescein can interact with and bind
the quaternary ammonium moieties in Amikabeads-Q, but not
the primary amines in Amikabeads-P (Figure S3c, Supporting
Information).

Adsorption experiments indicated that Amikabeads-Q
demonstrated significantly higher (p < 0.001) pDNA loading
capacities than Amikabeads-P (Figure Sab). Average Q.
values, determined after n = 3 independent experiments, were
approximately 300 ug pDNA/mg of Amikabeads-Q at an
equilibrium pDNA concentration of 150—200 mg/L. This
pDNA loading was approximately 30% of the weight of the
Amikabeads-Q and was almost 7-fold higher than that on
Amikabeads-P. It is likely that the primary amines on
Amikabeads-P are only partially protonated at the pH
employed in the pDNA binding studies (pH = 8.5), while
the quaternary amines in Amikabeads-Q have a permanent
positive charge.*” This difference in positive charge content
could partly be responsible for higher pDNA binding to
Amikabeads-Q compared to Amikabeads-P.

In a recent study by Koga et al,** methyl groups on a
tetramethylammonium ion were found to promote hydro-
philicity at a range of 0—0.08 mole fraction of the solute.
Coulombic interactions between the permanent positive charge
on Amikabeads-Q and the strongly anionic moieties on pDNA
likely overcome the hydration of the hydrophilic quaternary
amine groups on the microbeads, and result in strong pDNA-
Amikabead-Q binding. Following the primary Coulombic
binding, it is possible that multiple methyl groups on
Amikabeads-Q_ participate in collective additional secondary
(e.g., hydrophobic) interactions, resulting in enhanced binding
to pDNA. However, the hydrophobic character/interactions is
likely to be relatively modest in comparison to the high
hydrophilic/cationic character imparted by quaternized amines.

Amikabeads-Q demonstrated a slightly higher average
diameter than Amikabeads-P (10.8 um for Amikabeads-P and
13.9 ym for Amikabeads-Q; Figure S4, Supporting Informa-
tion). This increase in average diameter of Amikabeads-Q could
be due to repulsion between the quaternized charges. However,
this is likely to have a minimal contribution to the observed
increase in pDNA binding capacity of Amikabeads-Q_because
the increase in surface area over Amikabeads-P is not significant
(~1.66-fold increase in Amikabead-Q surface area over
Amikabead-P surface area).

Static binding capacities of commercially available resins
typically range from 1 to 10 mg of pDNA/mL of resin slurry.
Gigaporous rigid ceramic HyperD-Q_ polymerized hydrogel
resins containing quaternary amine moieties and quaternized
polyethylenimine-containing porous resins (POROS HQ
resins) possess among the highest static binding capacities at
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Figure S. (a) Adsorption isotherm of pGL4.S plasmid DNA on quaternized Amikabeads-Q (average diameter: 12 + 6 ym) in (buffer I) 10 mM,
Tris—HCI buffer, pH 8.5, at 25 °C following equilibration for 24 h. Quaternization of Amikabeads greatly enhanced the plasmid DNA binding
capacity compared to Amikabeads-Q (p < 0.001). (b) Q. calculated for three independent adsorption experiments in 10 mM, Tris—HCl buffer, pH
8.5, at 25 °C. Average Q,,,, calculated for Amikabeads-Q was ~300 yg of plasmid DNA/mg of Amikabeads-Q. (c) Percentage of bound pDNA
desorbed with Tris—Cl buffer with 1 M salt (0.99 M NaCl, 10 mM Tris—Cl, pH 8.5), Tris—Cl buffer with 1.3 M salt (1.25 M NaCl, 50 mM Tris—Cl,
pH 8.5) and Tris—Cl buffer with 1.3 M salt (1.25 M NaCl, S0 mM Tris—Cl, pH 8.5) supplemented with 15% isopropyl alcohol is shown.
Significantly higher desorption of pDNA was observed when isopropyl alcohol was used in the eluent (p < 0.05%, Students’ t-test). (d) Desorption of
pDNA from Amikabeads-Q at elevated temperature (SO °C) and higher percentage of isopropyl alcohol (30%). Increasing the temperature from 25
to 50 °C significantly improved the amount of pDNA desorbed (p < 0.05%, Students’ t-test) while increasing the percentage isopropyl alcohol in the
buffer from 15% to 30% had the opposite effect (p < 0.001%*, Students’ t-test).

~10 mg of pDNA/mL of resin shurry.”® Static pDNA binding
capacities of Amikabeads-Q and Amikabeads-P were estimated
to be ~6 mg of pDNA/mL of resin slurry and ~1.2 mg of
pDNA/mL of resin slurry, respectively, which are comparable
to that of several commercially available resins.

3.4.1. Desorption of pDNA from Amikabeads-Q. Up to
40% of bound pDNA was desorbed from Amikabeads-Q when
eluted with Tris—Cl buffer containing 1 M salt (0.99 M NaCl
and 10 mM Tris—Cl, pH 8.5) at 25 °C (Figure Sc). This
relative desorption was significantly less in percentage than that
from Amikabeads-P. Thus, although Amikabeads-Q were able
to bind higher quantities of pPDNA, complete recovery of the
beads was not possible using 1 M salt as the elution buffer. It is
known that addition of small organic molecules to desorption
buffers reduces the polarity of the solution, which can facilitate
desorption of molecules from resins.**** Improved recovery
was seen when Tris—Cl buffer containing 15% isopropyl
alcohol (1.25 M NaCl and 50 mM Tris—Cl, pH 8.5) was
employed for pDNA desorption at 25 °C (Figure Sc).
However, use of 1.25 M NaCl did not enhance desorption of
pDNA from Amikabeads-Q in absence of isopropyl alcohol
(Figure Sc), indicating that the hydrophobic modifier was
important for pDNA recovery from Amikabeads-Q. It is
important to note that use of 15% (v/v) isopropyl alcohol did
not enhance pDNA desorption from Amikabeads-P (Figure
4b), indicating that secondary hydrophobic interactions did not
play a role in pDNA binding to the parental microbeads.

We observed that although use of 15% isopropyl alcohol (v/
v) in the elution buffer signficantly enhanced desorption of

18584

pDNA from Amikabeads-Q, use of 30% isopropyl alcohol
resulted in lower pDNA desorption from the microbeads
(Figure 5d). Our results are consistent with previous
observations in the literature. For example, Chang et al.*®
reported higher pDNA desorption from a substrate modified
with tetraethyl quaternary ammonium groups in the presence
of ~20% isopropyl alcohol (v/v), when compared to ~40%
isopropyl alcohol (v/v). Tseng et al.***" suggested the
existence of a threshold volume percentage up to which the
presence of an alcohol in the liquid phase can help overcome
hydrophobic interactions while not greatly influencing the
solution dielectric constant. This, in turn, allows for increased
desorption of an adsorbed molecule from the surface, as seen in
the case of pDNA desorption from Amikabeads-Q when 15%
isopropyl alcohol was used in the desorption buffer. Once this
threshold is crossed, increased alcohol content in the
desorption buffer results in an increase in the dielectric
constant of the liquid phase. This, in turn, can strengthen the
magnitude of electrostatic interactions between a biomolecule
and the adsorbent material. This is likely the cause for lower
pDNA desroption from Amikabeads-Q when 30% isopropyl
alcohol was employed in the liquid phase desorption buffer.

Finally, pDNA desorption was significantly increased when
the temperature was raised from 25 to S0 °C (p < 0.001)
(Figure Sd) in the presence of 15% isopropyl alcohol; a
recovery of ~70 + 6% of initially adsorbed pDNA was obtained
at 50 °C. Higher temperatures are known to facilitate increased
desorption of pDNA from chromatographic columns,*® and our
results are along expected lines.
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Figure 6. Confocal microscopy of pDNA loading on (a) Amikabeads-P (average diameter: ~9 + 4 ym) and (b) Amikabeads-Q_(average diameter:
~14 # 6 um) is shown. Amikabeads-P and -Q_(1 mg each) were incubated with 40 000 ng and 200 000 ng of pDNA, respectively, in 10 mM Tris—
Cl buffer, pH 8.5 at 25 °C for 24 h. Following washes, the beads were stained with 2 yM ethidium homodimer-1 for 20 min prior to imaging.
Fluorescence of ethidium homodimer-1 was visualized using an excitation of 528 nm and emission of 617 nm (red color). Plasmid DNA adsorbed on
the surface of both, Amikabeads-P and -Q, with minimal penetration into the beads. Amikabead clusters were observed after addition of plasmid
DNA, possibly due to the bridging. (c) Amikabeads not treated with pDNA did not demonstrate ethidium homodimer-1 fluorescence and clustering.
A representative image of Amikabeads-Q_is shown. Scale bar = 100 gm in all cases.

The quality of the recovered pDNA from the unmodified
Amikabeads-P and the quaternized Amikabeads-Q was
determined by running it on a 1% agarose gel. As shown in
Figure SS (Supporting Information), the desorbed pDNA
recovered by the addition of salt was of the same integrity as
that of the pDNA that was loaded on the resin, indicating that
Amikabeads did not induce any visible or gross damage to
pDNA.

3.5. Visualization of Amikabeads before and after
pDNA Binding. Confocal fluorescence microscopy was
employed in order to visualize the localization of pDNA on
the Amikabeads upon binding. As shown in Figure 6, pPDNA
was predominantly found to adsorb on the surface of both,
Amikabeads-P and -Q. BET analysis indicated that Amikabeads-
P possessed a surface area of approximately 2.0 m*/g and a pore
size of 4.0 nm. This pore size is consistent with that of several
existing ion-exchange resins, but indicates challenges that may
be associated with pDNA transport and penetration into the
beads, given the larger size (70—100 nm) of supercoiled
pDNA.* These results can explain the observation that pDNA
binding is primarily observed on the surface of Amikabeads.

Amikabeads-P and -Q were found to aggregate following
binding of pDNA on their surfaces, likely due to bridging of the
biomacromolecule and the beads (Figure 6a,b). It is important
to note that pDNA loading was in the nonlinear part of the
adsorption isotherm in both cases. Neither Amikabeads-P nor
Amikabeads-Q were found to aggregate in absence of pDNA
loading (Figures 2c, 6c, and S6a,b, Supporting Information).
The average aggregate size of pDNA with Amikabeads-Q was
significantly higher than that of Amikabeads-P (p < 0.001,
Students’ t-test; Figure S6c-e, Supporting Information). It is
likely that the higher cationic content on Amikabeads-Q allows
the formation of bigger aggregates upon pDNA binding,
compared to those seen in the case of Amikabeads-P.

Desorption of pDNA from both Amikabeads-P and -Q
resulted in a decrease in aggregate size (Figure S6 fg,
Supporting Information), likey due to reduction in bridging
between the biomacromolecule and the microbeads. Larger
aggregate sizes were seen in the case of Amikabeads-Q
compared to Amikabeads-P following desorption of pDNA.
This is likely due to differences in the initial amounts of pPDNA
present on the microbeads, as well as in the amounts of pDNA
desorbed in both cases. As described before, lower relative
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amounts of pDNA were desorbed from Amikabeads-Q
compared to that from Amikabeads-P (~40% of initially
adsorbed pDNA for Amikabeads-Q vs ~75% of initially
adsorbed pDNA for Amikabeads-P using 1 M salt). It is also
possible that desorption is more challenging from Amikabeads-
Q_given the larger size of the aggregate first formed upon
pDNA adsorption on these microbeads comapred to pDNA-
Amikabead-P aggregates. This, in turn, can contribute to the
higher aggregate sizes observed for Amikabeads-Q compared to
those for Amikabeads-P seen after pDNA desorption (Figure
S6f,g, Supporting Information).

Sizes of pDNA-Amikabead-Q_aggregates following equilibra-
tion with different elution buffers were further investigated.
(Figure S7a—d, Supporting Information). It was observed that,
in general, the size of pPDNA-Amikabead-Q aggregate decreased
with increasing desorption of the biomacromolecule from the
bead surface (Figure S7e, Supporting Information). Plasmid
DNA that was not desorbed remained bound to the surface of
Amikabeads (Figure S7f, Supporting Information). It is
important to note that this colloidal aggregation behavior
may be moot in cases of well-packed chromatographic columns
that may employ Amikabeads as the stationary (solid) phase for
biomolecule (e.g., pDNA) separations.

3.6. In Situ Capture of DNA from Mammalian Cells.
Cationic microparticles and membranes have been previously
used for on-site capture of genomic DNA for polymerase chain
reactions.>® For example, Cao et al®! reported chitosan coated
beads that could extract DNA from lysed whole blood sample
for PCR analyses. Here, we investigated if Amikabeads-P and
-Q could be employed for extracting DNA directly from
mammalian cells. PC3 human prostate cancer cells were
incubated with different amounts of Amikabeads-P and -Q_in
order to investigate their effect on viability following cell lysis;
we hypothesized that direct lysis mediated by the microbeads
can facilitate extraction of DNA from cells. Amikabeads-P (500
ug, 24 h of incubation) resulted in loss of viability of ~80% of
the cell population, as determined by the MTT assay (Figure
7a, diamonds). The LCg, (amount required to reduce cell
viability to 50%) value of Amikabeads-P was approximately 400
ug for PC3 prostate cancer cells under these experimental
conditions.

In contrast, unlike Amikabeads-P, Amikabeads-Q_ did not
induce significant cell death in PC3 cells, even when amounts
as high as 500 ug were employed (Figure 7b, squares). These
results from the MTT assay were further confirmed using Live/
Dead analyses, in concert with fluorescence microscopy
(Figures 7a,b and S8, Supporting Information). Cells treated
with Amikabeads-P demonstrated significantly higher levels of
red fluorescence compared to those with Amikabeads-Q,
because cell lysis by the former results in damage and exposure
of cellular DNA to the red-fluorescent ethidium homodimer-I
dye. In all cases, the microbeads were seen in close proximity
with the cells (Figures 7c and S9, Supporting Information).
Incubation of Amikabeads-P and -Q with PC3 cells in absence
of serum proteins for 6 h did not change the toxicity of parental
(P) or quaternized (Q) Amikabeads (Figure S9, Supporting
Information), indicating that serum proteins have minimal or
no role in determining Amikabead cytotoxicity under the
conditions employed.

The above results are along the lines of previous reports in
literature that indicate reduced cytotoxicity of cationic polymers
after quaternization.>>>° For example, Brownlie et al. showed
that quaternization of amines in polyethylenimine (PEI)
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Figure 7. (a) Cell viability of PC3 human prostate cancer cells after
exposure to different amounts of unmodified and quaternized
Amikabeads for 24 h, as determined using the MTT assay (n = 2).
*1: statistical significance p = 0.003 between cell viability of cells
exposed to 300 pig of Amikabeads-P and -Q. *2: statistical significance
p = 0.000 02 between cell viability of cells exposed to 500 ug of
Amikabeads-P and -Q. Amikabeads-P (approximate diameter: ~12 + 4
um) and Amikabeads-Q (approximate diameter: ~11 + 6 um).
Students’ t-test was used to determine statistical significance. (b)
Amikabeads-P (500 ug. Approximate diameter: ~12 + 4 ym) and (c)
500 pug Amikabeads-Q (approximate diameter: ~11 + 6 um) were
exposed to 10 000 PC3 prostate cancer cells for 24 h followed by Live
(green)—Dead (red) staining. Scale bar = 100 ym. Green fluorescence
emission of Calcein inside the live cells was detected using 38 HE filter
set (Excitation: 470/40. Emission: 525/50) and red fluorescence of
nucleic acid bound-EthD-1 was detected using a 43 HE filter set
(Excitation: 550/25. Emission: 605/70).

reduced its cytotoxicity by almost 4-fold in A431 lung cancer
cells.>* Previous reports in literature®” indicate that conversion
of primary amines to quaternary amines (e.g, in the case of
Amikagel-P to Amikagel-Q) results in increasing hydrophilicity
of the resulting derivative. This, in turn, results in increased
hydration of these molecules, which is thought to be
responsible for their lower hemolytic activities.”*> The
relatively mild negative charge on the surface of mammalian
cells®® is likely not sufficient to overcome the hydration of
Amikabeads-Q _(in contrast to strong Coulombic interactions of
the microbeads with the strongly anionic plasmid DNA). This
can likely indicate minimal interactions between the cells and
Amikabeads-Q, and therefore explain the low cytotoxicity of
these microbeads toward PC3 cells. However, given the lower
hydration of primary amines compared to quaternary amines,
it is more likely for Amikabeads-P to interact with cell
membranes, leading to their disruption, and eventual cell lysis.
Thus, although quaternization of Amikabeads-P led to
microbeads with significantly lower toxicities, Amikabeads-P
were employed for directly sequestering cellular DNA following
lysis of mammalian cells.
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Fluorescence microscopy indicated in situ capture of cellular
DNA in the case of PC3 cells treated with 12 + 4 um
Amikabeads-P for 24 h (Figure 8a). As seen in Figure 8a,

a. b.

Figure 8. In situ DNA capture using Amikabeads-P from mammalian
cells (a) 500 g Amikabeads-P (approximate diameter: ~12 + 4 ym)
were exposed to 10 000 PC3 prostate cancer cells for 24 h followed by
staining with the nucleic acid binding dye, ethidium homodimer-1.
Nucleic acids adsorbed to the beads were stained red. (b) No red
fluorescence was observed with ethidium homodimer-1 stained
Amikabeads in the absence of bound DNA. Scale bar = 20 ym.

Amikabeads-P were able to simultaneously lyse cells, extract
DNA molecules, and bind them. This activity of Amikabeads-P
may have applications in point-of-care testing,”” on-chip nucleic
acid extraction and detection,”® and on-site/on-chip whole cell
lysis and DNA/RNA capture for PCR reactions.”” Amikabeads-
P, in absence of bound DNA, did not demonstrate any red
fluorescence, which is along expected lines (Figure 8b).

4. CONCLUSIONS

We have developed a novel anion-exchange resin material based
on hydrogel microbeads (“Amikabeads”) generated from
amikacin and poly(ethylene glycol) diglycidyl ether, with an
eye toward applications in biotechnology. Parental Amikabeads-
P demonstrated a Q,,,, of 44.5 g pPDNA/mg of the microbeads
as determined by fitting a Langmuir isotherm to experimental
batch adsorption data. Near-complete recovery of pDNA was
possible from Amikabeads-P using high salt concentrations,
indicating electrostatic binding between the biomolecule and
the microbeads. Quaternization of amines present in parental
Amikabeads resulted in the formation of microbeads
(Amikabeads-Q), which demonstrated Q,,, values approx-
imately 7-fold higher than those for Amikagels-P under the
conditions employed. Desorption of the pDNA from these
beads was not as efficient as Amikabeads-P, although recovery
could be significantly improved by using isopropyl alcohol as an
organic modifier. Amikabeads-P were able to extract and bind
cellular DNA following lysis of mammalian cells, indicating
their use for in situ DNA extraction; Amikabeads-Q, however,
were not able to lyse cells and demonstrated lower
cytotoxicities. Our results indicate that Amikabeads are a
versatile platform, with multiple easily conjugable groups for
several applications in DNA biotechnology ranging from
purification to cellular DNA recovery.
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