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S
olid-state nanopores are manufac-
tured drilling through synthetic mem-
branes made of silicon-based

glasses,1�3 aluminum oxide,4,5 or polymeric

films.6,7 Figure 1a depicts a model of a poly-

ethylene terephthalate (PET) polymer

nanopore in electrolytic solution. Because

of their apertures of just a few nanometers,

nanopores usually translocate a single

charged biopolymer at a time,8 for example,

a strand of nucleic acid. As the molecules

thread their way through a nanopore, they

produce electrical signals characteristic of

their structure. Such signals have been used

to differentiate single-stranded from

double-stranded DNA,9,10 to detect hairpin

formation in RNA,11 to recognize methyla-

tion in DNA,12 and to study DNA�protein

complexes.13,14 Recently, researchers have

started to add chemical modifications to

the pore surface, opening the possibility for

more complex applications, such as nano-

fluidic diodes that control ion flow,15,16

protein-coated channels to study cellular

transport,17 and DNA-coated nanopores

that switch the diameter depending on pH

conditions.18 Even though the number of

nanopore applications is increasing, our un-

derstanding of the physical processes in-

side the nanopore is still in its early stages.

In this regard, an atomic level description of

the interactions with the pore surface is es-

sential to improve technical uses of nano-

pores. Those interactions, due to the high

surface-to-volume ratio inside nanopores,

affect the selectivity of the pore as well as

the dynamics of the translocating

molecules.

In a recent study,19 Powell and col-

leagues described a new phenomenon oc-

curring in polymeric PET nanopores, namely

the formation of transient precipitates in-

side the pore lumen, so-called nanoprecipi-
tation. This phenomenon occurs when a
voltage bias is applied across a polymeric
nanopore membrane immersed in phos-
phate buffer solution. If the solution con-
tains monovalent cations, such as K�, the
ions flow through the pore establishing a
constant ionic current. However, if the solu-
tion contains submillimolar concentrations
of divalent cations, such as Ca2�, Co2�, or
Mg2�, the ionic current is not constant but
oscillates, reflecting a sequence of low and
high conductance states. Figure 1b shows a
cartoon representation of the ionic current
oscillations, that is, it is only a schematic
representation of the low-conductance/
high conductance states observed in ex-
periments.19 Powell et al. demonstrated that
the oscillations are due to the formation of
small precipitates containing divalent cat-
ions and phosphate ions. The low conduc-
tance state is caused by a precipitate get-
ting clogged in the nanopore, obstructing
the ion flow, while the high conductance
state is caused by the dissolution of the pre-
cipitate, resetting the ion flow.
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ABSTRACT A novel phenomenon has recently been reported in polymeric nanopores. This phenomenon, so-

called nanoprecipitation, is characterized by the transient formation of precipitates in the nanopore lumen,

producing a sequence of low and high conductance states in the ionic current through the pore. By means of all-

atom molecular dynamics simulations, we studied nanoprecipitation for polyethylene terephthalate nanopore

immersed in electrolytic solution containing calcium phosphate, covering a total simulation time of 1.24 �s. Our

results suggest that protonable surface residues at the nanopore surface, namely carboxyl groups, trigger the

formation of precipitates that strongly adhere to the surface, blocking the pore and producing the low conductance

state. On the basis of the simulations, we propose a mechanism for the formation of the high conductance state;

the mechanism involves detachment of the precipitate from the surface due to reprotonation of carboxyl groups

and subsequent translocation of the precipitate out of the pore.

KEYWORDS: polymer nanopore · polyethylene
terephthalate · nanoprecipitation · calcium phosphate · ionic current oscillations

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 8 ▪ 4463–4474 ▪ 2010 4463



The discovery of nanoprecipitation inside nano-
pores provides us with a clear example of the interplay
between pore surface and translocating molecules. The
chemical structure of the nanopore walls plays a key
role in the formation of the nanoprecipitates. As a re-
sult of the fabrication process, the pore surface is cov-
ered by PET terminal residues, which contain negatively
charged carboxyl groups6,7 (see Figure 1). Using theo-
retical modeling based on Poisson-Nernst�Planck
(PNP) equations, Powell et al. proposed that the com-
bined effect of the negative nanopore surface and the
applied voltage bias produces a high accumulation of
ions inside the nanopore, leading to the formation of a
nanoprecipitate blocking the pore. Even though the
PNP modeling captures some physical insight regard-
ing the phenomenon, it lacks an atomic description of
the nanopore and assumes a smooth pore surface with
continuous negative charge. Therefore, a molecular un-
derstanding of the nanoprecipitation mechanism is
still needed.

In this paper, we investigate nanoprecipitation us-
ing atomic level molecular dynamics (MD) simulations.
MD simulations provide an all-atom description of the
nanopore surface, ions and solvent molecules, on time
scales that can be extended up to microseconds. In-
deed, MD simulations have been extensively employed
in nanopore research,9,10,12,20�23 providing accurate dy-
namic images used to complement experiments. The
paper is organized as follows: First, we discuss the for-

mation of precipitates in solution. Second, we study
the formation of precipitates inside PET nanopores and
describe the atomic events that take place during the
low conductance state. Finally, we investigate the high
conductance state, exploring three different scenarios
for pore opening.

RESULTS AND DISCUSSION
To elucidate the atomic origin of nanoprecipitation,

we performed all-atom MD simulations of a PET
nanopore immersed in electrolyte solution containing
divalent cations and phosphate ions. Our choice of di-
valent cation is Ca2�, as it is also used in the experimen-
tal studies24,25 leading to the discovery of nanoprecipi-
tation in polymeric nanopores. The Methods section
contains detailed information about the atomic mod-
els, force fields, and MD protocols employed. Experi-
mentally, nanoprecipitation oscillations take place in
hundreds of milliseconds. To avoid this time scale which
is prohibitively long for MD simulations, the systems
were set up in conformations where the relevant atomic
events of nanoprecipitation can occur rapidly, that is,
on a time scale accessible for MD.

Below, we report the results of 23 MD simulations,
covering altogether 1.24 �s. First, we focus on the for-
mation of calcium phosphate precipitates in solution,
without PET nanopore. Second, we study the calcium
phosphate precipitation in nanopores. Third, we con-
sider two proposed mechanisms for removal of the pre-
cipitates from the nanopore, namely dissolution and
voltage-driven translocation of the precipitate. Finally,
we suggest a new mechanism for removal of the pre-
cipitate, namely the translocation of the precipitate af-
ter reprotonation of the PET surface.

Formation of Calcium Phosphate Precipitates in Solution. Our
first aim was to determine whether calcium phosphate
precipitation can be observed in MD simulations. In
aqueous solution, ionic salts containing weak acids or
weak bases precipitate if the product of the ionic activi-
ties is higher than the solubility product (Ksp). The Ksp

value for CaHPO4, at ambient conditions, is in the range
of 1 � 10�7 mol2 L�2,26 which indicates that CaHPO4 is
a sparingly soluble salt and precipitates when its con-
centration exceeds 0.3 mM. To observe precipitation,
we prepared five systems containing only water, Ca2�

and HPO4
2� ions, with CaHPO4 concentrations higher

than 0.3 mM. A system with an ionic concentration
close to 0.3 mM is not practical for MD studies, as it
would contain just a few ions in a very large water box.
The range chosen was 0.2 to 2.2 M. Since CaHPO4 acts
as a buffer and the phosphate ions can change their
protonation states, we decided to include systems con-
taining Ca(H2PO4)2. The MD simulations performed are
summarized in Table 1.

We observed the formation of precipitates for all
MD simulations as listed in Table 1. The transition of
the ions from bulk solution into a solid phase can be

Figure 1. (a) Atomic model of a polyethylene terephthalate
(PET) nanopore. The snapshot shows a PET nanopore in elec-
trolyte solution, the nanopore sliced along the pore axis.
PET material is shown as a gray surface; negatively charged
PET residues are shown in purple; K�, Cl�, Ca2�, and HPO4

2�

ions are colored in blue, orange, green, and red, respectively;
water molecules are not shown. (b) Schematic representa-
tion of nanoprecipitation oscillations. When a PET nanopore
is immersed in electrolyte solution containing Ca2� and
HPO4

2� ions, an external electric field produces an oscillat-
ing ionic current through the pore, characterized by a se-
quence of low and high conductance states.19
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detected by calculating the mean-square-displacement

(MSD) and the radial distribution function (g(r)). Figure

2 shows the MSD computed for all phosphorus (P) at-

oms. A linear increment in the MSD corresponds to ran-

dom diffusion of solvated ions, while a constant MSD

value reveals the existence of a solid phase.

For both HPO4
2� and H2PO4

� ions, concentrations

higher than 0.4 M (Sim 2�4, 6�8) show an initial lin-

ear increment in the MSD, which reflects the movement

of the ions from their random distribution into a solid

aggregate. In the last 20�25 ns, the MSD values exhibit

constant horizontal slopes due to the formation of a

stable precipitate. The subsequent small rises in MSD

correspond to the diffusion of both the solid precipi-

tates and of some ions still free in solution. For concen-

trations lower than 0.4 M (Sim 1 and 5), the MSD val-

ues show the formation of precipitates only at the end

of the 50 ns MD simulations.

Figure 3 shows the variation of g(r) for 1 M phos-

phate solutions, each color line representing a 10 ns av-

erage. Similar g(r) profiles were seen for the other con-

centrations, only 1 M concentrations being presented.

The g(r) profiles not only confirm the formation of a

solid phase, but also provide information about the lo-

cal structure of the precipitate. Figure 3a and b shows

g(r) for P�P and P�Ca atom pairs, respectively, for a 1.1

M HPO4
2� concentration. As the simulation progresses

in time, a P�P peak appears near 4.6 Å (Figure 3a),

which is the average distance between two P�P cen-

ters capturing a common Ca2� ion. This is followed by

a sequence of P�P peaks periodically spaced, such

strong correlation being characteristic of a solid crystal-

line structure. The g(r) for P�Ca pairs (Figure 3b) shows

two sharp peaks at 3.0 and 3.4 Å. The first peak occurs

when Ca2� is in contact with two oxygens from the

same HPO4
2�, while the second peak occurs when Ca2�

is in contact with only one oxygen of HPO4
2�. Moreover,

the value of gP�Ca(r) around 4 Å is zero, Ca2� ions be-

ing excluded from that region because it is already filled

with a P atom.

For 1.0 M H2PO4
� concentration, g(r) for P�P and

P�Ca atom pairs are presented in Figure 3c and d, re-

spectively. A comparison between the gP�P(r) profiles

for HPO4
2� (Figure 3a) and H2PO4

� (Figure 3c) reveals that

the change in phosphate protonation state modifies

TABLE 1. MD Simulations of Calcium Phosphate
Precipitation in a Solvent Boxa

Sim # Ca2� # HPO4
2� # H2PO4

� MHPO4
2� MH2PO4

� time (ns)

1 20 20 0 0.2 0 50
2 49 49 0 0.5 0 50
3 98 98 0 1.1 0 50
4 196 196 0 2.2 0 50
5 10 0 20 0 0.2 50
6 20 0 40 0 0.4 50
7 49 0 98 0 1.0 50
8 98 0 196 0 2.0 50

aListed are the CaHPO4 (1�4) and Ca(H2PO4)2 (5�6) concentrations used. Each
simulation is labeled with a number (first column), followed by the number of ions
employed. The fifth and sixth columns present the molar concentration for HPO4

2�

and H2PO4
� ions, respectively. The systems were first equilibrated as described in

Methods.

Figure 2. Mean-square displacement (MSD). The figure
shows the MSD for all phosphorus atoms for (a) HPO4

2� and
(b) H2PO4

� MD simulations listed in Table 1.

Figure 3. Radial distribution function g(r). The figures
present g(r) for calcium phosphate solutions containing
(a,b) 1.1 M HPO4

2� and (c,d) 1.0 M H2 PO4
�. Each line presents

g(r) averaged over a 10 ns period: 0�10 ns (black), 10�20 ns
(gray), 20�30 ns (green), 30�40 (blue), and 40�50 ns (red).
The g(r) values were calculated for (a,c) phosphorus�
phosphorus atom pairs and (b,d) phosphorus�calcium atom
pairs.
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the molecular arrangement of the precipitate. The over-

all P�P distribution in Figure 3c corresponds to a less

structured amorphous solid. The gP�Ca(r) profile (Figure

3d) shows a single sharp peak at 3.5 Å, which corre-

sponds to the P�Ca distance when Ca2� is in contact

with only one oxygen of H2PO4
�. There are no contacts

between Ca2� and two oxygens from the same H2PO4
�.

Both MSD and g(r) display clear evidence of the de-

velopment of a solid phase, but do not provide informa-

tion about number, size and charge of the precipitates.

To address this point, we counted the precipitates as

they appeared in solution. The procedure to identify a

precipitate is based on the pair distances presented in

Figure 3 and is described in Methods. Figure 4 provides

a schematic view of each individual precipitate, its size

and charge, for the entire range of concentrations. Each

precipitate is represented as a circle, the radius being

proportional to the cube root of the precipitate’s mass.

The charge sign is color coded and the total charge is

indicated in each circle. Such snowman-like representa-

tions provide a generic picture of the precipitation pro-

cess. Similar plots will be used in the next subsection

to present the development of precipitates inside

nanopores.

In Figure 4, one can identify the two stages of pre-

cipitation, namely, the initial nucleation of small precipi-

tates and the following fusion and growth. For in-

stance, for solutions with 0.2 M H2PO4
2� (Figure 4a) and

0.2 M H2PO4
� (Figure 4e), nucleation started after about

15�25 ns, but there were not enough ions to observe a

significant growth. For 0.5 M H2PO4
2� (Figure 4b) and

0.4 M H2PO4
� (Figure 4f) concentrations, small precipi-

tates appeared within the first 5�10 ns and started to

aggregate at 20�30 ns. In the case of 1.1 M H2PO4
2� (Fig-

ure 4c) and 1.0 M H2PO4
� (Figure 4g) concentrations,

small precipitates appeared immediately and fusion

started at about 10 ns; a movie showing the two MD

simulations (Sim0307.mpg) is provided with the Sup-

porting Information. Finally, for 2.2 M H2PO4
2� (Figure

4d) and 2.0 M H2PO4
� (Figure 4h) concentrations, the

high ionic concentrations produced a large number of

small precipitates from the very beginning, and fusion

Figure 4. Variation of individual precipitates as a function of time. The figure shows schematic representations of individual
precipitates for calcium phosphate solutions with different (a�d) HPO4

2� and (e�h) H2PO4
� concentrations. Each precipitate

is represented as a circle, the radius being proportional to the cube root of the precipitate’s mass. For each given time, the
precipitates are sorted based on their weight with the heavier ones at the bottom. The legend shows four reference circles,
which represent masses of 1, 5, 10, and 20 kDa. Precipitates heavier than 1 kDa have black contour lines around the circle. The
precipitate’s charge is color coded: blue for positive, red for negative, and green for neutral. The total charge is displayed
in each circle.
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started after 5 ns. As can be discerned from Figure 4,

the higher the concentration, the larger the size of the

final precipitates.

Formation of Calcium Phosphate Precipitates in Nanopores.
The ionic current oscillations observed in PET nano-

pores19 have been attributed to the negative charge

on the PET walls that, together with the applied volt-

age bias, increase the Ca2� concentration inside the

nanopore, leading to the formation of transient CaH-

PO4 precipitates. The precipitation of CaHPO4 should be

clearly observable in MD simulations for two reasons:

First, we recently reported27 that Ca2� ions are adsorbed

by negatively charged PET residues present at the nano-

pore surface. In that study, we showed that Ca2� ad-

heres to PET carboxyl groups, resulting in a high local

concentration of Ca2� ions inside the pore. Second, in
the previous subsection we demonstrated that MD
simulations can accurately describe the formation of
CaHPO4 precipitates. Therefore, it is expected that a MD
model, composed of phosphate ions, a PET nanopore,
and Ca2� adsorbed at the PET surface, would display the
atomic dynamics of the precipitation process.

Accordingly, we performed six simulations using a
nanopore with 1 nm minimum radius, 10 nm length,
and surface charge density of �1 e nm�2. The nano-
pore was solvated and a layer of Ca2� ions was located
next to the deprotonated carboxyl groups. The nega-
tive surface charge was neutralized by adding one Ca2�

ion for each pair of carboxyl groups. The Ca2� ions
were located based on the electrostatic potential of
the nanopore (see ref 27 and Supporting Information).
Six systems were created by adding phosphate ions, us-
ing two phosphate protonation states and different
spatial distributions. K� and Cl� ions were added into
the solvent compartments to ensure electroneutrality,
and the systems were equilibrated for 2.2 ns (see Meth-
ods). A summary of the MD simulations performed is
presented in Table 2. The simulations are organized into
two groups: In a first group (Sim 9 and 10), phosphate
ions were arranged into two different starting confor-
mations, either in the solvent compartments or inside
the nanopore, and were allowed to freely diffuse. In a
second group (Sim 11�14), phosphate ions were lo-

cated at the top pore opening and their displacements

were biased toward the nanopore interior.

The purpose of the first group of MD simulations

was to produce spontaneous CaHPO4 precipitation

without any restraints in the system. In simulation 9,

50 HPO4
2� ions were randomly located in the upper and

lower solvent compartments. As reported before,27

Ca2� ions remained adsorbed at the PET surface and

did not diffuse into the solvent compartments. During

the simulation, some HPO4
2� ions moved close to the

surface and into the nanopore, binding to the adsorbed

Ca2� ions, but the ions did not aggregate to create a

precipitate large enough to block the pore opening.

Figure 1a shows a snapshot of the last frame of the

simulation.

In simulation 10, 50 HPO4
2� ions were located inside

the nanopore volume, providing a high phosphate con-
centration near the layer of adsorbed Ca2� ions. In this
case, CaHPO4 precipitation was observed, the results
being presented in Figure 5a (see also movie
Sim10.mpg in Supporting Information). Within the first
25 ns, we observed the formation of three small precipi-
tates bound to negatively charged PET residues. At the
same time, some phosphates attached to Ca2� ions, re-
leasing them from the surface. The small growth was
due to the union of these released fragments with the
precipitates at the surface. An interesting result is that
nucleation took place at the surface of the pore. The
deprotonated carboxyl groups of PET acted as nucle-
ation centers, providing accessible Ca2� ions for precipi-
tation and retaining the precipitates during their
growth. Figure 5b shows a snapshot of the last frame
of simulation 10; three precipitates are seen, all at-
tached to PET carboxyl groups through Ca2� ions. An-
other interesting result is that some precipitates con-
tained K� ions. The final compositions of the three
precipitates are 4 HPO4

2� /9 Ca2� (0.6 kDa), 7 HPO4
2� /9

Ca2� /1 K� (1.1 kDa), and 13 HPO4
2� /15 Ca2� /1 K� (1.9

kDa).
The objective of the second group of MD simula-

tions was to create a flow of phosphate ions through
the nanopore. For this purpose, the phosphates were
initially placed in front of the top pore opening, their

TABLE 2. MD Simulations of Calcium Phosphate Precipitation in PET Nanoporesa

Sim # K� # Cl� # Ca2� # HPO4
2� # H2PO4

� initial phosphate distribution phantom surface time (ns)

9 151 50 145 50 0 solvent compartments no 30
10 151 50 145 50 0 nanopore region no 50
11 151 50 145 50 0 top opening yes 150
12 101 50 145 0 50 top opening yes 150
13 125 50 145 24 26 top opening yes 100
14 441 50 0 50 0 top opening yes 100

aNumber of ions and conditions applied to phosphate ions. For simulations 9�13, 145 Ca2� ions were located near the deprotonated carboxyl groups. For simulation 14,
instead of Ca2� ions, 290 K� ions were located near the negatively charged PET surface. The phosphate ions were initially arranged using three different conformations: in
the solvent compartments (Sim 9), inside the nanopore region (Sim 10) and inside a cylindrical volume located at the top opening (Sim 11�14). For simulations 11�14, the
movement of phosphate ions was restrained using phantom surfaces (see text). The systems were first equilibrated as described in Methods. MD simulations were per-
formed under �1 V bias.
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starting positions randomly assigned within a cylindri-
cal volume of 2.2 nm radius and 3 nm height concen-
tric with the pore axis. The displacement of the phos-
phate ions was restrained by the top surface and the
lateral walls of the cylinder using phantom surfaces:22,28

any phosphate reaching those boundaries experienced
an elastic collision toward the interior of the cylinder,
as shown schematically in Figure 6a. In this way, the
phosphates were forced to diffuse toward the interior
of the nanopore. The restraints were removed for all
phosphate ions that completely translocated the pore
and crossed the periodic cell into the upper solvent
compartment.

Three simulations were performed using two differ-
ent protonation states: one with 50 HPO4

2� ions (Sim
11), one with 50 H2PO4

� ions (Sim 12), and one with a
mixture of 24 HPO4

2� and 26 H2PO4
� ions (Sim 13). We

also performed a control simulation with 50 HPO4
2� ions

but without Ca2� ions (Sim 14). The results are summa-
rized in Figures 6b�e. Precipitation was observed for all
three simulations containing calcium and phosphate
ions (Sim 11�13). For simulation 11 (Figure 6b), nucle-
ation and growth occurred within the first 30 ns, result-
ing in the formation of a single massive precipitate of
4.5 kDa, which remained stable for the rest of the simu-
lation (see movie Sim11.mpg, Supporting Information).
The red curve in Figure 7 shows the z-position of the
precipitate from 50 to 150 ns. The precipitate remained
attached to the PET surface at the same location, near

the pore opening. Its final composition is 34 HPO4
2�/25

Ca2�/13 K� (4.8 kDa), covering about 37% of the area at
the top pore opening. It can be assumed that if we
had provided more than 50 HPO4

2� ions, the precipi-
tate would keep growing until blockage of the pore is
complete, hence stopping the ion flow and producing
the low conductance state. For simulation 12 (Figure
6c), the change in phosphate protonation state slowed
down the aggregation, avoiding the formation of a
single large precipitate. As H2PO4

� ions moved through
the nanopore, some of them were absorbed by Ca2�

ions at the surface, resulting in few small precipitates
(see movie Sim12.mpg). The blue curve in Figure 7
shows the z-coordinate of the heaviest precipitate. This
precipitate was initially formed near the pore opening
but loosely bound to the surface. Therefore, it was re-
leased and moved through the pore surface, until it was
adsorbed below the middle of the pore. At the end of
simulation 12, we observed three precipitates attached
to the surface, whose compositions are 5 H2PO4

�/3
Ca2�/1 K� (0.6 kDa), 7 H2PO4

�/4 Ca2� (0.8 kDa), and 14
H2PO4

�/9 Ca2� (1.7 kDa). For simulation 13 (Figure 6d),
the presence of HPO4

2� ions accelerated the aggrega-
tion process (movie Sim13.mpg). At 30 ns, two separate
precipitates were seen, their final compositions after
100 ns were 5 H2PO4

�/3 HPO4
2�/7 Ca2�/1 K� (1.1 kDa) and

8 H2PO4
�/14 HPO4

2�/17 Ca2�/3 K� (2.9 kDa). The green
curve in Figure 7 shows that the heaviest precipitate re-
mained attached to the pore wall. Finally, simulation
14 (Figure 6e), did not produce precipitation, which is
in good agreement with experimental results.19,25 As
precipitation does not occur between K� and HPO4

2�

ions; the small circles observed in Figures 6e correspond
to HPO4

2� and K� ions that were in close contact due
to random collisions, but did not aggregate, and even-
tually dispersed as they diffused toward the lower sol-
vent compartment (movie Sim14.mpg, Supporting In-
formation).

Dissolution and Translocation. As presented above, the
low conductance state is associated with the forma-
tion of a solid precipitate in the nanopore. Naturally, a
high conductance state indicates that the flow of ions
has resumed (see Figure 1b); thus, high conductance
has to be associated with the opening of the pore due
to removal of the precipitate. In their original work,
Powell et al.19 considered that pore opening can not
be due to the voltage-driven translocation of the en-
tire precipitate and the authors suggested as the most
likely scenario the dissolution of the precipitate inside
the nanopore. This hypothesis was supported by PNP
modeling of Mg(OH)2 precipitation. The PNP model as-
sumed that both cations and anions are mobile; there-
fore, the ionic concentrations inside the pore are pro-
portional to the magnitude of the applied voltage.
When the pore is blocked, the voltage drop focuses
mainly on the precipitate, causing a complementary de-
crease in the electric field at the vicinity of the precipi-

Figure 5. Precipitation in PET nanopores. (a) Schematic rep-
resentation of CaHPO4 precipitation observed in simulation
10. Each precipitate is represented as a circle; the radius is
proportional to the cube root of the mass, the charge is color
coded and labeled in each circle. (b) Snapshot of the final
frame of the simulation. The nanopore is shown sliced in the
middle, the negatively charged PET residues are shown in
purple. HPO4

2�, Ca2�, and K� ions are colored in red, green,
and blue, respectively. The three precipitates are high-
lighted with dashed blue lines. Water molecules and ions
that are not part of precipitates are not shown. A movie
showing this MD simulation is provided in Supporting Infor-
mation.
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tate; therefore, the ionic concentrations/activities de-

crease at the regions near the precipitate. Due to the

low ionic concentrations, the product of the ionic activi-

ties becomes lower than the Ksp value and the precipi-

tate dissolves.

We tested both the dissolution and the voltage-

driven translocation hypotheses. A summary of the

MD simulations performed is presented in Table 3. For

these MD simulations, the starting structure was the

Figure 6. Precipitation in PET nanopores using different phosphate protonation states. (a) Schematic view of the system.
Fifty phosphate ions were randomly distributed within a cylindrical volume located at the top pore opening (red lines). When
a phosphate ion crosses the top or the lateral walls of the cylinder, it experiences an elastic collisions normal to the cylin-
der surface (black arrows). (b�e) Precipitation process for simulations 11, 12, 13, and 14. Movies for these MD simulations
are provided in Supporting Information.

Figure 7. Location of precipitate along the pore axis. Figure
shows the z-coordinate of the center of mass for the heavi-
est precipitates in simulations 11 (red line), 12 (blue line),
and 13 (green line). Black horizontal lines indicate the loca-
tion of the top and bottom openings of the pore.

TABLE 3. MD Simulations of Dissolution and
Translocationa

Sim type steering atoms voltage (V) time (ns)

15 EQ � 0 25
16 cv-SMD 1 HPO4

2� �1 5
17 cv-SMD 34 HPO4

2� �1 5
18 g-SMD 50 HPO4

2�, 145 Ca2� �1 30

aConditions applied for dissolution (Sim 15) and translocation (Sim 16�18). The
type of MD simulation is listed in the second column: EQ, cv-SMD and g-SMD de-
note equilibration, constant velocity SMD and grid-SMD, respectively. The third col-
umn contains the number of ions under the influence of SMD forces. For simulations
16 and 17, the steering atoms are part of the precipitate. For simulation 18, all
HPO4

2� and Ca2� ions in the system experience g-SMD forces. Details of the SMD pro-
tocols and equilibration procedures are presented in Methods.
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last frame of simulation 11, which contains the largest
precipitate (Figure 8a). The dissolution hypothesis was
evaluated in simulation 15. To mimic the proposed re-
duction of the electric field, no voltage bias was applied
to the system. In this case, no dissolution was observed;
the precipitate remained attached to the surface at the
same position and its size barely changed (Figure 8b).
During this simulation, the solvent compartments con-
tained on average 9.45 HPO4

2� ions and not a single
Ca2� ion; therefore, the Ca2� and HPO4

2� concentra-
tions in the regions close to the precipitate were very
low. It can be argued, though, that a 25-ns MD simula-
tion is not long enough to observe dissolution. How-
ever, we do not expect to observe dissolution even for
a longer simulation. There is a substantial difference be-
tween PNP and MD models. In PNP modeling, Ca2�

ions are able to move under the influence of the exter-
nal electric field, whereas in MD simulations, most Ca2�

ions remain bound to PET carboxyl groups, resulting in
a high number of Ca2� ions available for precipitation
even at zero voltage. We can not rule out the dissolu-
tion hypothesis, since the dissolution of the nanopre-
cipitate requires time scales that are not accessible to
all-atom MD simulations. Nevertheless, the possibility of
precipitate dissolution should be revised, since the
PNP model considered that divalent cations are mo-
bile, which does not seem to be the case in reality.

We also tested the voltage-driven translocation hy-
pothesis, which was initially discarded by Powell et al.
For this purpose, we performed a group of three
steered molecular dynamics (SMD) simulations (Sim
16�18). Different SMD conditions were employed for
each simulation (see Table 3). In a first attempt (Sim 16),
we pulled the precipitate through a single phosphate
ion attached to it. The precipitate did not translocate
and remained attached to the surface, whereas the
phosphate pulled was released from the precipitate
(Figure 8c). In a second attempt (Sim 17), we pulled all
phosphate ions forming the precipitate. Due to the
strong attachment to the PET carboxyl groups, the pre-
cipitate tore off three PET polymer chains, damaging
the pore (Figure 8d). In a third attempt, we used grid-

SMD (g-SMD)29 to pull all phosphate and Ca2� ions
(Sim 18). In g-SMD, the steering forces are calculated
from a potential defined on a grid; hence, it can be used
to scale up the electrostatic force. As the precipitate
translocated, it collected Ca2� ions, resulting in a de-
crease in its negative charge. Accordingly, the steering
forces acting on the precipitate also decreased, and the
precipitate moved only up to the middle of the pore.
Similar to simulation 17, three PET chains were torn off
from the pore (Figure 8e).

The results of simulations 16�18 led us to discard
voltage-driven translocation. On the one hand, the
strong interactions with the PET surface can readily
stop the precipitate from moving. On the other hand,
the charge of the precipitate is not fixed and can be de-
creased or neutralized during translocation, reducing
the effect of the applied voltage.

Surface Reprotonation. We considered, therefore, an al-
ternative scenario for pore opening, which overcomes
the strong binding between nanopore and precipitate.
To release the precipitate from the nanopore surface,
deprotonated PET carboxyl groups were reprotonated.
The change in protonation state was taken into consid-
eration for two reasons: First, PET carboxyl groups are
covalently joined to benzene rings, resembling the
structure of benzoic acid, a weak acid that is easily pro-
tonated under mildly acidic conditions. Second, phos-
phate ions coexist in different protonation states and
can donate protons to PET carboxyl groups. Based only
on the pKa values of 4.2 for benzoic acid and 7.2 for
HPO4

2�, we should not have considered this event. How-
ever, pKa values describe the average protonation state
of millions of ions in solution; the mechanism in the
nanopore, with few phosphate ions in very close prox-
imity to the PET carboxyl groups, may not be well char-
acterized through the bulk pKa values. A previous quan-
tum/classical molecular mechanics study30 proposed
that during the crystallization of calcium phosphates,
HPO4

2� ions act as proton donors. The mechanism de-
scribed for HPO4

2� deprotonation involves the aggrega-
tion with two Ca2� ions to assemble a
[Ca2� · · · HPO4

2� · · · Ca2� ]2� ion complex. The positive

Figure 8. Dissolution and translocation connected with pore-opening. Snapshots show (a) the starting structure and the
last frames for simulations (b) 15, (c) 16, (d) 17, and (e) 18. Deprotonated PET residues are pictured as purple lines, HPO4

2�,
Ca2�, and K� ions are colored in red, green, and blue, respectively. The location of the precipitate is highlighted with a black
circle. For simulation (c) 16, the position of the pulling HPO4

2� ion is highlighted with a black arrow. For simulations (d) 17
and (e) 18, the precipitate tore three PET chains from the pore, colored in cyan.
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net charge of the ion complex increases the acidity of

the HPO4
2� ion, releasing a proton. A similar mechanism

can be formulated for reprotonation of PET carboxyl

groups. The precipitate contains HPO4
2� ions in direct

contact with Ca2� ions. Protons can be released from

the precipitate and diffuse toward the PET carboxyl

groups located in the near vicinity. Indeed, the PET car-

boxyl groups attached to the precipitate are in direct

contact with water molecules (see Supporting Informa-

tion), that is, the carboxyl groups holding the precipi-

tate are also accessible to hydrogen-bond donors from

the aqueous solution. We have already reported that

protonated PET residues do not adsorb Ca2� ions;27

therefore, the precipitate should detach from the

nanopore surface and would eventually abandon the

pore.

To test the stated hypothesis, we performed five

MD simulations. We employed two approaches for re-

protonation: in the first one, referred to as total repro-

tonation, all PET carboxyl groups in the nanopore were

reprotonated; in the second one, referred to as gradual

reprotonation, only the PET carboxyl group in contact

with the precipitate were reprotonated. A summary of

the MD simulations is presented in Table 4.

For the total reprotonation approach, we performed
two MD simulations using �1 V (Sim 19) and �1 V (Sim
20) biases. In both MD simulations, the precipitate ex-
ited the pore (see movies Sim19.mpg and Sim20.mpg,
Supporting Information). Figure 9a shows the location
of the precipitate for �1 V (blue line) and �1 V (red
line) biases. As can be seen, the direction of the translo-
cation is determined by the voltage sign. This is be-
cause after reprotonation there is an excess of Ca2� ions
inside the nanopore; these Ca2� ions attach them-
selves to the precipitate, changing its charge from a
low negative value to a high positive one. For a posi-
tive charge, the direction of the electrostatic force is up-
ward for �1 V bias and downward for �1 V bias. Fig-
ure 9b shows the charge/mass ratio of the precipitate
for simulations 19 (blue) and 20 (red). For comparison,
the charge/mass ratio for K� and H2PO4

� are �25.6 and
�10.3 e kDa�1, respectively.

For the gradual reprotonation approach, we per-
formed three consecutive MD simulations (Sim 21�23).
In this case, we observed a partial translocation of the
precipitate (see movie Sim212223.mpg, Supporting In-
formation). Figure 10a shows the position of the pre-
cipitate for simulations 21 (blue), 22 (red), and 23
(green). In simulation 21, the precipitate was released
from the surface, but did not leave the pore. Figure 10i
shows the starting conformation for simulation 21, the
six PET residues shown in cyan licorice representation
have their carboxyl groups reprotonated. Three of those
six carboxyl groups were bound to the precipitate, as
it was revealed by SMD simulations (see Figure 8d and
e). The other three carboxyl groups did not bind di-
rectly, but were located within 1 nm from the precipi-
tate. At the end of simulation 21, the precipitate at-
tached to another deprotonated carboxyl group.
Simulation 22 started from the last frame of simulation
21, but the carboxyl group binding the precipitate was

Figure 9. Total reprotonation. Plots depict (a) the position of the precipitate’s center of mass and (b) its charge/mass ratio
for simulations 19 (blue) and 20 (red). The snapshots on the left side show: starting conformation for simulations (i) 19 and
20, and final frames for simulations (ii) 19 and (iii) 20. Reprotonated carboxyl groups are pictured as cyan lines. The black hori-
zontal lines in panels (a), (i), (ii) and (iii) are guidelines to locate the top and bottom pore openings. Movies are provided in
Supporting Information.

TABLE 4. MD Simulations of PET Surface Reprotonationa

Sim start # reprot. #deprot. voltage (V) time (ns)

19 Sim 11 291 0 �1 30
20 Sim 11 291 0 �1 80
21 Sim 11 6 285 �1 35
22 Sim 19 7 284 �1 25
23 Sim 20 9 282 �1 25

aListed are the starting structures and the number of reprotonated and deproto-
nated carboxyl groups for total reprotonation (19�20) and gradual reprotonation
(21�23) MD simulations. For each simulation, the initial coordinates were taken
from the last frame of the simulations listed in the second column (see Table 2 for
Sim 11). The systems were first equilibrated as described in Methods.
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reprotonated. The precipitate detached from the sur-
face and moved upward into the upper solvent com-
partment (Figure 10a, red curve), but it was caught by
two carboxyl groups before complete exit. In simulation
23, the two attaching carboxyl groups were reproto-
nated. Once more, the precipitate was released from
the surface, but did not moved further and remained
in about the same position. Figure 10ii shows the final
frame for simulation 23, the nine protonated carboxyl
groups being highlighted. Figure 10b shows the pre-
cipitate’s charge/mass ratio for simulations 21, 22, and
23. The values registered are negative and small, that is,
the effect of the voltage sign on the direction of trans-
location is minimal. The overall upward displacement
was caused by collisions with K� ions, that pushed the

precipitate while exiting the pore through the top pore

opening.

The reprotonation simulations described above pro-

vide evidence that protonation of carboxyl groups is a

likely scenario for the removal of the precipitate. Once

the precipitate is out of the pore, the ionic current

should resume the high conductance state.

CONCLUSIONS
In this article, we studied calcium phosphate precipi-

tation in PET nanopores using all-atom MD simulations.

We presented a total of 1.24 �s of MD simulations, 0.4

�s to study precipitation in bulk solution and 0.84 �s to

study precipitation in PET nanopores. Overall, our re-

sults revealed a dynamic interplay between nanopore

surface and translocating ions. Key players are the PET

carboxyl groups exposed at the nanopore surface.

When deprotonated, carboxyl groups retain Ca2� ions

and act as nucleation centers for precipitation. The pre-

cipitate grows around carboxyl groups, blocking the

pore entrance and decreasing the flow of ions through

the pore. Previously, it was assumed that the precipitate

would dissolved inside the nanopore. We propose here

an alternative mechanism, where the entire precipitate

exits the pore after being released from the nanopore

surface. Our MD simulations showed that the precipi-

tate remains strongly attached to carboxyl groups.

However, by reprotonation of the PET carboxyl groups

exposed in the nanopore, the precipitate can detach

from the PET surface and diffuse out of the pore, leav-

ing the pore open and restoring ion flow. The proposed

reprotonation mechanism can explain the resumption

of the high-conductance state. However, there are still

several features of the oscillations that need to be inves-

tigated: the asymmetric shape of the oscillations, the

varying frequencies for different ionic species, and the

precipitation threshold for negative voltages.19 The re-

protonation of carboxyl groups may be part of a more

complex mechanism behind nanoprecipitation

oscillations.

METHODS
Atomic Models. The PET force field parameters27 are based on

the CHARMM force field;31 therefore it is compatible with MD
models for water and ions used in biomolecular simulations. K�,
Cl�, and Ca2� parameters were taken from the CHARMM force
field. H2PO4

� parameters were taken from Yang et al.;32 HPO4
2� pa-

rameters were obtained by homology using model compounds
in the CHARMM force field and are included in Supporting Infor-
mation; the TIP3P model33 was used for water.

Systems composed of water and ions without PET nano-
pore (Sim 1�8) comprise in our simulations about 16 000 at-
oms; systems composed of PET nanopore, water and ions (Sim
9�23) comprise about 226 000 atoms. The systems were build as
follows: for simulations 1�8 (Table 1), ions were randomly dis-
tributed within a water box of 5.5 nm � 5.5 nm � 5.0 nm; for
simulations 9�14 (Table 2), we used a previously reported coni-
cal PET nanopore structure.27 The simulated nanopore system is

periodic in the x- and y-directions, has 10.7 � 8.4 nm2 of horizon-
tal area, 10 nm length, 1 nm radius at the bottom pore open-
ing, 1.6 nm radius at the top pore opening, and a surface charge
density of �1 e nm2. The final systems, containing nanopore, wa-
ter and ions, have elementary cells of dimension 10.7 nm � 8.4
nm � 26.5 nm. For simulations 15�18 (Table 3), the starting
structures were taken from the last frame of simulation 11. For
simulations 19�23, the starting structures are listed in Table 4;
to keep electroneutrality, for each reprotonated carboxyl group,
a Cl� ion was added into the solvent compartment.

MD Protocols. MD simulations were carried out using the pro-
gram NAMD 2.7.34 All MD simulations were performed under pe-
riodic boundary conditions, using 1 fs time step and particle-
mesh Ewald electrostatics with a grid density of 1/Å3. van der
Waals interactions were calculated using a cutoff of 12 Å with a
switching function starting at 10 Å. The temperature was main-
tained at 300 K using a Langevin thermostat. For MD simulations

Figure 10. Gradual reprotonation. On the left side, plots depict
the position of the precipitate’s (a) center of mass and (b) its
charge/mass ratio for simulations 21 (blue), 22 (red), and 23
(green). On the right side, snapshots show the first frame of
simulation (i) 21 and the last frame of simulation (ii) 23. Depro-
tonated PET residues are pictured as purple lines. Reprotonated
PET residues are shown in cyan licorice representation. The
black horizontal lines in panels (a), (i) and (ii) indicate the loca-
tion of the top pore opening. A movie is provided in Support-
ing Information.
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performed in the NpT ensemble, a hybrid Nosé -Hoover Lan-
gevin piston was used to maintain the pressure at 1 atm.

The systems were equilibrated as follows: Systems composed
of water and ions without PET nanopore (Sim 1�8) were mini-
mized for 1000 steps and then equilibrated for 1 ns in the NpT
ensemble. Systems composed of PET nanopore, water and ions
(Sim 9�23) were minimized for 2000 steps, and then equili-
brated in the NpT ensemble for 0.2 ns with the PET structure con-
strained, and for 1 ns without any constraints; after that, the sys-
tems were equilibrated in the NVT ensemble for 1 ns. The last
frames of the MD equilibrations were used as starting structures
for further simulations, which were performed under NVT condi-
tions. Simulation times are presented in the last columns of
Tables 1�4.

For simulations containing PET nanopores (Sim 9�23), volt-
age biases were applied along the z-direction. A positive volt-
age induces cations to move from the lower solvent compart-
ment to the upper one. To prevent the PET nanopore from
moving, the benzene carbons located in a toroidal volume of 4
nm height and 3 nm away from the pore axis were restrained us-
ing harmonic forces with a spring constant of 1 kcal mol�1 Å�2.

For simulations 16�18, steered molecular dynamics (SMD)
was carried out to accelerate the translocation of the precipi-
tate. In simulations 16 and 17, constant velocity SMD35 was ap-
plied on different phosphate ions (see Table 3), using a spring
constant of 3 kcal/mol/Å2. The pulling velocities for simulations
16 and 17 were 0.010 Å/ps and 0.025 Å/ps, respectively. In simu-
lation 18, grid-SMD29 was applied to all Ca2� and HPO4

2� ions.
The grid was taken from a previously reported averaged elec-

trostatic potential calculation involving the last 10 ns of a 20-ns
MD simulation27 of a PET nanopore immersed in 1 M KCl and un-
der �1 V bias. The steering forces derived from the grid were
scaled up by a factor of 3, only the z-components of the forces
being applied.

Analysis. The analysis was performed using VMD36 and Mat-
Lab37 scripts. Snapshots of the MD simulations were made with
VMD. For the MSD plots (Figure 2); first, the MD trajectories were
unwrapped using the VMD plugin pbctools; then, the MSD was
computed using:

where MSD(t) is the MSD at time t, N is the number of phospho-
rus (P) atoms, and ri(t) and ri(0) are the positions of Pi at times t
and 0, respectively. The g(r) profiles (Figure 3) were computed us-
ing the VMD command measure gofr.

To identify individual precipitates (Figures 4�6), we per-
formed a nearest-neighbor search for each simulation frame.
First, a P atom, denoted as Pi, is added to a list, the so-called clus-
ter list. Second, a distance search is performed around Pi and
new atoms are added to the cluster list. Taking Pi as a center,
we search for P, Ca2�, and K� within distances dP�P (6 Å), dP�Ca

(4 Å), and dP�K (4 Å), respectively. The cutoff distances dP�P, dP�Ca,
and dP�K were obtained from the g(r) profiles (Figure 3) and lo-
cate the first shell of atoms around Pi. Third, distance searches
are performed over all new elements in the cluster list. For new
P atoms, we search for P, Ca2�, and K� within distances dP�P,
dP�Ca, and dP�K, respectively. For new Ca2� and K�, we search
for P atoms within distances dP�Ca and dP�K, respectively. Fourth,
repeated elements are removed from the cluster list. The third
and fourth steps are iteratively repeated for all new elements,
until the cluster size become constant. The final cluster list con-
tains the components of an individual precipitate; its mass and
charge are calculated taking into account the hydrogens and ox-
ygens of the phosphate ions. The entire procedure is repeated
for the remaining P atoms. Due to random collisions, transient
aggregates containing only 2 or 3 P atoms can be formed. To
avoid counting such insignificant aggregates, clusters contain-
ing less than 4 P atoms were discarded.
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