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Weak magnetic fields (< 1 T) are known to change the paths
and kinetics of some radical chemical reactions at room
temperature through spin conversion of short-lived radical
pairs.' Magnetic fields were also used to tune enzyme activity
(oxidation of glucose). Specifically, exposure of magnetic
nanoparticles functionalized with enzymes to magnetic field
allowed the movement of particles in proximity to electrode,
thus activating the enzyme.” Moreover, radio-frequency
(RF) alternating current (AC) magnetic fields can induce
the heating of single-domain magnetic nanoparticles (MNPs),
and this can be used in magnetic hyperthermia to kill
tumors.”’

Herein we describe a distinct effect of non-heating super-
low-frequency magnetic fields as well as more conventional
RF magnetic fields on the kinetics of chemical reactions
catalyzed by the enzymes o-chymotrypsin (ChT) or f3-
galactosidase (B-Gal) immobilized on nanoscale MNP
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aggregates. Magnetite MNPs (7 to 12 nm diameter) were
synthesized by reducing tris(acetylacetonato)iron(III), then
they were coated with anionic poly(ethylene glycol)-b-
polyacrylate (PEG-PAA), or poly(ethylene glycol)-b-poly-
methacrylate (PEG-PMA) copolymers. The polymers were
bound to the magnetite surfaces by the carboxylate groups.
According to thermogravimetric analysis, the content of
Fe;0, in both coated MNP materials was about 35 wt %,
and this was in excellent agreement with that measured by
inductively coupled plasma-mass spectrometry. Upon disper-
sion in water (pH 6.5), they formed nanoscale, negatively
charged aggregates (hydrodynamic intensity average diame-
ters and zeta potentials of 194 nm, —70 mV and 39 nm,
—49 mV for PEG-PAA/MNP and PEG-PMA/MNP, respec-
tively, as determined by dynamic light scattering). Based on
TEM, they contained clusters of 7 to 20 MNP grains. Enzymes
were conjugated to these aggregates using 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide and N-hydroxysulfosuc-
cinimide to couple amines on the protein to carboxylic acids
on the copolymer (Scheme 1).

Enzyme

lonic block

Scheme 1. Immobilization of an enzyme on copolymer—MNP aggre-
gates and TEM image of PEG-PMA/MNP aggregates after immobiliza-
tion of ChT. Scale bar: 100 nm.

The protein content ranged from 0.13 to 5.3 mg per mg of
iron (7-270 molecules per MNP). After conjugation the
aggregate sizes decreased by about 25 %. The residual activity
of the enzymes after conjugation was from 16-70% of the
unmodified enzyme activity (the majority retained 30-40 % of
the initial activity). Field exposures (50 Hz, 110 kAm™)
resulted in considerable decreases of enzymatic reaction
rates compared to the reference sample (Figure 1a), albeit no
effect on free enzyme or on the non-conjugated enzyme-MNP
mixture was observed (Supporting Information, Table S2).
Repeated exposures resulted in progressive enzyme inactiva-
tion (Figure 1a; Supporting Information, Figure S1). A
significant decrease in ChT reaction rate was observed after
three pulse exposures of 2.5 min; this exposure regime was
used in subsequent experiments unless specified differently.
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Figure 1. Effect of a super-low-frequency AC field (50 Hz, 110 kAm™)
on rates of enzymatic hydrolysis of N-benzoyl-L-tyrosine p-nitroanilide
catalyzed by ChT immobilized on copolymer—MNP aggregates.

a) Changes in enzyme kinetics after 2.5 min exposures to the field
(shown as TTTH) versus no field exposure (ChT/PEG-PMA/MNP-2).
b) Residual activity (V/V,) with ChT attached to the MNP through 2 or
13 amines (ChT/PEG-PMA/MNP-1 and ChT/PEG-PMA/MNP-2) after
3x2.5 min field exposures compared to untreated samples (*p <0.05,
**p <0.01, n=3 (2) or n=9 (13)). Temperature: 20+0.1°C.

Notably, the number of ChT attachment points played
a significant role in enzyme inactivation. ChT was covalently
linked to the aggregates through either 2 or 11-15 of its 15
amines (Supporting Information, Table S1). The inactivation
increased as the number of enzyme attachment points to the
MNP increased from 2 to 13 amines (Figure 1b). Notably,
after each field exposure, the activity of the enzyme on MNP
aggregates did not restore for at least an hour. The dispersions
remained stable in the field, as we did not detect any
substantial change in the particle size or precipitation.

To demonstrate the general character of the observed
effect we immobilized ChT on 85 nm diameter magnetite-
core—gold-shell MNP aggregates by short L-cysteine bridges.
Exposure to 3 x 2.5 min pulses of 50 Hz, 110 kAm ™" AC field
resulted in 31 % reduction in enzyme activity. Therefore, the
effect was observed regardless of whether the enzymes were
coupled to MNPs through flexible copolymer chains or
attached to the rigid gold surface.

Enzyme inactivation was also observed with RF fields in
the kHz range (337 kHz), which is commonly used in
magnetic hyperthermia.’?l Experiments at 337 kHz were
carried out at a lower field of 21 kAm™ to avoid solution
heating. In this case, we compared effects of pulsed versus
continuous RF exposure of the same overall duration.
Interestingly, the extent of enzyme inactivation increased
when the field was applied in pulses (Figure 2a). This was
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Figure 2. Effect of RF magnetic field (337 kHz, 21 kAm™) on residual
activity (V/V,) of a) ChT/PEG-PAA/MNP-2 or b) B-Gal/PEG-PAA/MNP.
The samples were exposed to a continuous or pulsed field. *p <0.05,
*%p <0.01, ***p <0.005 (n=3). Temperature: 25+1°C.
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reproduced with several ChT-MNP aggregates with different
polymer coatings and enzyme contents (Supporting Informa-
tion, Figure S2). The same trend was observed with $-GaL
immobilized on MNPs (Figure 2b). Longer field exposure
resulted in greater inactivation of $-GaL. However, for the
same overall duration, the shortest pulsed exposures pro-
duced the greatest inactivation.

The observed effects could not be explained by elevation
of the temperature for any field frequency. First, changes in
the bulk temperature were either negligible (50 Hz) or < 1°C
(337 kHz, even in a concentrated 10 mgmL~' MNP solution).
Second, measurements in the absence of the field suggested
that comparable inactivation of ChT immobilized on MNP
aggregates only occurred at 45-50°C (Supporting Informa-
tion, Figure S3). This is at least 25°C above the solution
temperatures during the field exposures. Furthermore, due to
short characteristic thermal times of r*~ R*yp/4x~10"s
(Runp~10nm, x=15x10"m?s"" thermal diffusivity in
aqueous solution), the heat wave would rapidly spread in
the liquid to several mm and this should abolish any
temperature gradients. Indeed, the upper estimate for local
temperature increases in the nanoparticle surface region
should not exceed 107K and thus is negligible (Supporting
Information). These estimates are consistent with published
data.”!

Circular dichroism (CD) showed that pulsed exposure to
the AC field resulted in changes in the secondary structure of
ChT covalently immobilized on MNP aggregates, whereas no
changes were observed for free enzyme or a non-conjugated
enzyme-MNP mixture (Table 1). There was an increase in o-
helices mainly at the expense of f-sheets, thus suggesting
structural condensation of the protein. A decrease in 3-sheets
also suggests lack of aggregation. Similar structural transi-
tions are generally characteristic of misfolding of proteins in
hydrophobic environments and were previously observed for
modified ChT in an organic solvent.! In contrast, heat
exposure (60°C) of the free enzyme and non-conjugated
enzyme-MNP mixture resulted in marked decreases in o-

Table 1: Secondary structural elements from CD spectra [%].

Sample a-helix  pB-sheet f-turn  Random coil
No treatment

Free ChT® 10.0 34.0 200  36.0

Free ChT® 11.3 333 18.9 34.4

ChT and PEG-PMA/MNP 125 333 19.4 35.3

ChT- 11.6 33.4 19.1 349

PEG-PMA/MNPH
RF: 337 kHz, 21 kAm™' 2.5 minx3

Free ChT®! 1.1 33.5 19.1 36.3
ChT and PEG-PMA/MNP!  11.4 34.7 220 349
ChT- 26.8 21.7 185 336

PEG-PMA/MNP!
Heating: 60°C, 10 min

Free ChT® 3.4 40.4 18.2 4.4
ChT and PEG-PMA/MNP 2 475 15.7 40.3
ChT- 12.1 29.8 13.8 42.6

PEG-PMA/MNPH!

[a] Theoretical values. [b] Experimental values. [c] Non-conjugated mix-
ture. [d] Covalently conjugated. ChT/PEG-PMA/MNP-3 was utilized.
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helices with increases in 3-sheets and random coils, indicating
protein unfolding and aggregation. Changes in the secondary
structure of the conjugated ChT after heat exposure were
different than those observed for free ChT and the non-
conjugated mixture (no aggregation or unfolding owing to
multipoint attachment of protein to carrier occur, leading to
increased thermal stability of the enzyme after immobiliza-
tion). However, these changes were significantly different
from those observed after RF treatment.

Thus, we posit that there are non-heating factors that
underlie the observed phenomena. Specifically, realignment
of the MNPs along the AC magnetic field may lead to stresses
in MNP-linked polymer chains. For example, a polymer
attached to a MNP can experience hydrodynamic stretching
forces ranging from several to dozens of pN. A chain attached
to two particles in a MNP cluster can undergo tensile,
contraction, twisting and tangential (grinding) forces. The
amplitude of these forces (F) depends on the saturation
magnetization of the single domain particle (m), radius of the
magnetic domain R,,, distance between the rotation center of
the magnetic particle in an AC magnetic field and the radius
of the whole particle with the enzyme attached (R,), and the
field strength (H), and is expressed as F= (4/3)nugnH(R,,)"/
R.. For R, =5-10nm, R,=15-20 nm, and H=100 kAm™, F
is predicted to be up to several hundred pN. Such stresses
translated to an immobilized enzyme on a MNP aggregate
could induce deformation and irreversible (or long-lasting)
conformational changes (or even breakage of weak chemical
bonds), leading to inactivation. Similar effects are produced
by force spectroscopy using optical and magnetic tweezers.”!
In this regard it is reasonable that the effect increases as the
number of attachment points increases. Also, following the
application of force, stress-relaxation processes can occur in
the MNP aggregates, and this may at least partially explain
why multiple pulses of the field result in stronger effects than
continuous application.

Therefore, we have discovered non-heating effects of
super-low- and medium-frequency magnetic fields on the
activities and conformations of enzymes immobilized on
MNPs in dispersions. The observation is unprecedented and
suggests the significance of magneto-mechanochemical
effects induced by realignment of MNP magnetic moments
in an AC magnetic field rather than traditional heating. Such
low frequency and amplitude fields are safe and are not
expected to cause any damage to biological tissues.*”) Thus,
from a practical standpoint, our findings could open new
directions for remote control of drug release systems, as well
as modulation of biochemical functions in cells. It should be
noted that several recent studies have described RF-field
phenomena in MNP-based systems that may not be reason-
ably explained by heating. Such studies involved RF-field
actuation of MNPs to kill cancer cells by disrupting epidermal
growth factor receptors,® and release of drugs and polynuc-
leotides from MNP-containing materials: liposomes,”’ nano-
spheres,'”! nanogels,"!! silica nanoparticles,'” and dextran-
coated MNPs.™® These diverse phenomena may in fact be
magneto-mechanochemical in nature. Altogether, this work
may lead to magneto-mechanochemical spectroscopy of
relaxation processes that can focus on the elementary acts
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and transition states of macromolecules immobilized on
MNPs. If successful, this could profoundly influence future
research directions in nanomedicine and drug delivery, and
perhaps in other fields such as tissue engineering. Further-
more, this work may be of interest to other areas of life
science, such as effects of super-low-frequency AC magnetic
fields in biological systems with natural MNPs; for example,
magnetosomes in magnetostatic bacteria.

Experimental Section
Detailed methods are described in Supporting Information.

The super-low-frequency AC field (20 Hz to 20kHz, 10 to
220kAm™") was generated using a custom water-cooled coil con-
nected to an AC power supply (see picture in the Supporting
Information). A medium-frequency AC field (337 kHz, 21 kAm™)
was generated using 8 turns of a 2.5 cm-diameter water-cooled copper
coil connected to a RF field generator (2.4 kW EasyHeat, Amer-
itherm). For ChT, the reaction rate was measured after RF field
application and residual activity was calculated relative to the rate
measured in the reference cuvette at the same time point. For 3-GaL,
the reaction rate was measured in situ and calculated relative to the
reaction rate prior to RF exposure. CD spectra were recorded at 200
to 300 nm, 4 sec/measurement. Each measurement was an average of
two scans. Measurements were normalized against buffer and
unmodified PEG-PMA/MNP readings. Spectra were analyzed using
CDNN secondary structure analysis software.
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