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ABSTRACT: Polyprotic acids often serve as effective regulators of inorganic crystallization in natural, biological, and synthetic systems. 
These molecules or macromolecules can function as efficient modifiers that either inhibit or promote crystal growth. Few studies report 
potent inhibitors of crystal nucleation owing to the presumed challenges of hindering these stochastic events; however, in this study we have 
identified polyphosphates that operate as potent inhibitors of both nucleation and crystal growth of the natural mineral struvite 
(MgNH4PO4ˑ6H2O), which is a common component of scale in commercial and physiological processes (e.g. water purification and kidney 
disease). Systematic investigation of linear and cyclic polyphosphates of varying molecular weight reveal that micromolar concentrations of 
three modifiers, hexametaphosphate, polyphosphate type 45, and phytic acid, lead to suppressed struvite nucleation. Combined studies of 
struvite growth at the macroscopic level using microfluidics to track anisotropic rates of crystallization and at the molecular level using in 
situ atomic force microscopy (AFM) to monitor layered growth of crystal surfaces collectively reveal that these modifiers are also capable 
of fully suppressing crystal growth via their affinity to interact with all principal crystal facets. Time-resolved AFM images of the (101) 
surface at varying polyphosphate concentrations reveal a unique mode of crystal growth inhibition wherein surfaces become laden with an 
amorphous layer that leads to roughened interfaces and growth succession through dynamic sequences that are not commonly witnessed for 
other minerals. It is also observed under certain conditions that inhibitors can induce significant changes in crystal morphology, leading to 
exquisite leaf-like hierarchical structures. The discovery of potent inhibitors of struvite formation that operate by unparalleled dual modes 
of action capable of suppressing both nucleation and crystal growth has potential implications for their use in the prevention of commercial 
scale in water purification as well as in the treatment of kidney stones. Moreover, the fundamental mechanisms of polyphosphates identified 
in this study may prove to be relevant for other inorganic crystals given the ubiquitous use of inhibitors in processes spanning from bio-
mineralization to crystal engineering.

INTRODUCTION 
The formation of inorganic scale, such as struvite 
(MgNH4PO4ˑ6H2O), is often an unwanted outcome that nega-
tively impacts the efficiency of commercial processes, such as 
water treatment1-11, and is implicated in pathological diseases, 
such as infection stones12,13. Management of patients with in-
fection stones is challenging due to the high recurrence rates, 
and without appropriate treatment can result in death from 
sepsis.14 Scale is particularly problematic in wastewater where 
high levels of magnesium, ammonia, and phosphate create su-
persaturated media that promotes struvite crystallization. Pre-
cipitation of inorganic scale often compromises the operation 
and longevity of commercial equipment, while its accumula-
tion in pipes leads to constrictions that restrict flow, leading 
to reduced treatment capacity and higher energy costs for the 
transport of water. Many efforts have been made to effectively 
control struvite formation to bypass the need for mechanical 
removal. For example, it has been shown that induced precip-
itation in flow by either maintaining mildly acidic conditions 
or using pulses of electric energy can avoid buildup on the 
surfaces of pipes15,16. Metal ions in solution can be removed 
by chelating agents, although this approach requires excessive 
volumes of the latter17,18. Preventative measures also include 
the use of chemicals that interact with the surface of scale and 
inhibit crystal growth. It is reported that growth modifiers, or 
so-called “threshold” inhibitors, can be effective at trace con-

centrations (e.g. < 1% of the solute)19. While commercial in-
hibitors have been used to prevent struvite formation, few 
studies in literature have examined the mechanism by which 
these molecules selectively bind to crystal facets and impede 
surface growth. 

A common functional moiety of inorganic crystal growth 
inhibitors is carboxylic acids20,2122; however, there have been 
numerous studies reporting that molecules containing phos-
phates can be more potent inhibitors23–26. Phosphorylated or-
ganic molecules such as phytate27, phosphoproteins (e.g. oste-
opontin28,29), and peptides30–33 derived from proteins have 
been shown to effectively regulate mineralization. Phytate (or 
phytic acid) is a natural compound comprised of a cyclohex-
ane backbone decorated with six phosphates. It is found in 
most plant foods and is a reported inhibitor of calcification34. 
More generally, it has been shown that polyphosphates 
(PolyPs) are effective inhibitors of inorganic scales24,35,36 and 
biominerals23. In select cases, PolyPs can impede the transfor-
mation of amorphous precursors (e.g. amorphous calcium car-
bonate or amorphous calcium phosphate) to crystalline prod-
ucts37–39, whereas other examples have demonstrated the abil-
ity of PolyPs to alter crystal habit (size and morphology) via 
their putative adsorption on discrete growth sites of crystal 
surfaces23,38,40.  
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Previous studies of struvite crystallization have identified 
a select number of compounds (i.e. pyrophosphate41,42, phos-
phocitrate43, and hexametaphosphate24) that inhibit mineral 
formation39–42; however, the exact mode of action for all re-
ported struvite growth inhibitors has remained elusive. Under-
standing the mechanisms of inhibitor-crystal interactions and 
their impact on the kinetics of crystallization is critical for de-
veloping more efficient scale inhibitors. Similar knowledge 
has been used to design inhibitors for a broad range of crys-
tals. For instance, our group has previously shown that ad-
sorption of certain inhibitors leads to the dissolution of cal-
cium oxalate monohydrate in supersaturated media by induc-
ing strain on the crystal lattice44.  

Herein, we present a comprehensive investigation of 
struvite crystallization at both macroscopic and microscopic 
length scales in the absence and presence of various PolyP in-
hibitors. In situ measurements of bulk crystal growth by mi-
crofluidics were used to track changes in anisotropic growth 
rates, whereas time-resolved atomic force microscopy (AFM) 
was used to elucidate the modes of inhibition at near molecu-
lar level. Our findings reveal unique mechanisms of struvite 
crystal growth inhibition, including the ability of PolyPs to 
function as dual inhibitors of nucleation and crystal growth. 

 
RESULTS AND DISCUSSION 

Inhibitors of Struvite Crystallization. We screened a se-
ries of PolyP (macro)molecules as potential inhibitors of stru-
vite crystallization, restricting our selection to six commer-
cially-available compounds listed in Figure 1A. These com-
pounds include five PolyPs containing different numbers of 
phosphate groups and distinct structures (linear or cyclic): py-
rophosphate (PP), trimetaphosphate (TMP), triphosphate (TP), 
hexametaphosphate (HMP), and polyphosphate type 45 (P45). 
We also examined the effect of phytic acid (PA). Bulk crys-
tallization assays were conducted using identical weight per-
centages of each compound (i.e. similar number of total phos-
phate groups) for direct comparison of efficacy. 

Struvite crystallization was carried out in supersaturated 
solutions with a starting pH of 8.6, where HPO4

2- is the dom-
inant phosphate species (Figure S1). The incorporation of 
each phosphate into the crystal results in the release of a pro-
ton10,  

𝑀𝑔 𝑁𝐻 𝐻𝑃𝑂 6𝐻 𝑂 ↔ 𝑀𝑔𝑁𝐻 𝑃𝑂 ∙ 6𝐻 𝑂 𝐻    (1) 

The corresponding decrease in pH during crystallization al-
lows for the extent of reaction to be monitored as a function 
of time (for more details refer to the Supporting Information, 
SI). Using the final pH of solutions as an estimate of the ther-
modynamic equilibrium (i.e. relative to control samples in the 
absence of additives), we compared the extent of reaction for 
each putative inhibitor (Figure 1B) using a fixed concentration 
of 50 μg mL-1 PolyP. Our findings reveal three categories of 
growth inhibitors. The first is those having very little impact 
on struvite crystal growth, which are PP, TP, and TMP. All of 
these compounds contain three or fewer phosphates. Prywer 
et al.45 reported that PP is an effective inhibitor of struvite for-
mation; however, the concentration of PP used in their study 
was an order of magnitude higher than the one used in our 
study, which likely explains the difference in performance. 
When the concentration of inhibitor approaches that of the so-
lute, it is possible to observe thermodynamic effects as a result 
of phosphate sequestration of free Mg2+ ions, which lowers 
supersaturation and reduces the rate of crystallization. For all 

experiments reported herein, we intentionally used much 
lower concentrations of PolyPs in  

 

Figure 1. Screening the efficacy of polyphosphates to inhibit struvite 
crystallization. (A) Structures of the phosphate-based compounds tested 
in bulk crystallization assays. (B) Kinetic studies of struvite formation at 
21 ± 1 °C in the absence (black line) and presence of 50 μg mL-1 of addi-
tives. The extent of reaction is based on measured changes in pH under 
constant stirring for solutions prepared with an initial composition of 7 
mM MgCl2ꞏH2O: 7 mM NH4H2PO4: 150 mM NaCl and starting pH 8.6. 
These are representative curves from a minimum of three trials for each 
sample where characteristic features (e.g. induction times and rates of re-
action) are reproducible. 

relation to solute concentration to avoid the potential effects 
of ion sequestration. The second class of modifiers, which 
demonstrate moderate inhibition (i.e. <40% reduction in the 
extent of reaction), include HMP and P45. The third class is a 
single outlier, PA, which is the most effective among all phos-
phates assayed. There is an approximate 15 min delay in the 
induction time for nucleation of solutions containing HMP 
and P45, as indicated by a stable solution pH. The same effect 
was observed for PA; however, the onset of a gradual increase 
in the extent of reaction (Figure 1B) for PA is not seemingly 
associated with the nucleation and growth of struvite, but is 
the result of an amorphous precipitate. Evidence for the com-
plete suppression of struvite nucleation by PA is gleaned from 
polarized optical micrographs indicating the lack of crystal-
linity (and absence of distinct morphology) of collected solids 
under conditions of stirring (Figure S2) and under quiescent 
conditions (Figure 2A and B) compared to the birefringence 
of control crystals (Figure 2C and D). The quantity of amor-
phous precipitate is minute, such that attempts to extract suf-
ficient material (even with scale up) for ex situ characteriza-
tion was not possible; however, our observation of an amor-
phous phase is qualitatively consistent with previous studies. 
For example, Prywer et al. detected the formation of residual 
amorphous material during struvite crystallization46 and 
showed that its formation was promoted by (-)-epicatechin.47 
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Moreover, Hövelmann et al.5 showed that cobalt ions (Co2+) 
in excess of 0.5 mM resulted in the formation of an amorphous 
(Mg-)Co-phosphate precursor. The exact mechanism by 
which PA inhibits struvite nucleation is not well understood. 
It has been speculated2 that struvite formation (under certain 
conditions) may involve crystallization by particle attach-
ment, or CPA48. Although it is unclear whether struvite grows 
by classical (monomer addition) and/or nonclassical (CPA) 
pathways, our findings identify phytate (PA) as a potent in-
hibitor of struvite formation. Most notably, it is rare to en-
counter molecules capable of completely suppressing crystal 
nucleation, even among the most effective modifiers of min-
eralization49.   
 

 

Figure 2. Optical (A,C) and polarized (B,D) micrographs of materials 
formed in the presence of 50 μg mL-1 PA (A,B) and in the absence of an 
inhibitor (C,D) under quiescent conditions. Aliquots of samples were 
placed on glass slides for imaging. Polarized micrographs reveal the 
amorphous (B) and crystalline (D) nature of collected materials. Amor-
phous precipitate in growth solutions containing PA was also observed 
for experiments under stirring (Figure S2). Scale bars are equal to 25 μm.  

Bulk crystallization assays in Figure 1 were conducted 
under constant stirring.  A parallel study under quiescent con-
ditions using identical supersaturation and inhibitor concen-
tration (50 μg mL-1) was performed to assess the effect of each 
PolyP on struvite nucleation (Figure S3 in the SI). Crystalli-
zation in the absence of any additives resulted in layers of 
crystals collected at the bottom of synthesis vials (Figure 
S3A). Experiments performed with the three weak inhibitors 
identified in Figure 1 (i.e. PP, TMP, and TP) revealed similar 
populations of crystals, consistent with the extent of reaction 
measurements confirming their negligible effect on struvite 
nucleation (Figure S3B-D). Interestingly, the PolyPs identi-
fied as moderately effective inhibitors in Figure 1 (i.e. HMP 
and P45) were found to suppress nucleation under quiescent 
conditions. This was evident by the lack of visible precipitate 
at the bottom of the crystallization vials as well as optical mi-
crographs showing only a few crystals (Figure S3E and F). 
Nucleation suppression was also observed for growth solu-
tions containing PA under both quiescent (Figures 2A and 
S3G) and stirring (Figures 1 and S2A) conditions. One nota-
ble difference among inhibitors was the formation of amor-
phous precipitate, which was only observed for PA while both 
HMP and P45 maintained a supersaturated (metastable) solu-
tion. Collectively, these results reveal distinct differences in 
the effect of inhibitors under stirring and quiescent conditions. 
Indeed, switching from a dynamic growth environment to one 
that is static increases the number of potent nucleation inhibi-
tors from one (PA) to three (HMP, P45, and PA), respectively. 

Here we compare the effects of PolyPs on struvite crystal 
growth using a combination of electron and optical micros-
copy to examine time-resolved evolution of crystal size and 
habit. In the presence of PP and TMP, struvite crystals exhibit 
an elongated tabular habit (Figure S4B and C, respectively) 
that is indistinguishable from that of the control (Figure S4A). 
On the contrary, TP had a significant  
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Figure 3. Scanning electron micrographs of struvite crystals synthesized in solutions containing 50 μg mL-1 of (A) TP, (B) P45, and (C) HMP. Inset in panel 
A is a high magnification image of a representative crystal. (D and E) Time-elapsed SEM images of representative struvite crystals extracted from growth 
solutions containing HMP after (D) 4 h and (E) 8 h.

effect on struvite morphology despite having only a marginal 
impact on the extent of reaction (compared to TMP and PP). 
Notably, scanning electron microscopy (SEM) images of 
crystals prepared with TP indicate its preferential binding to 
surfaces growing in the b direction (i.e. the fastest growth di-
rection of struvite), leading to a reduction in the a/c and b/c 
aspect ratios (Figure 3A). There is also a net reduction in the 
size of struvite crystals (b direction) from 7 ± 4 μm (control) 
to 2.4 ± 0.9 μm in the presence of TP. This outcome is highly 
uncommon for crystal growth modifiers exhibiting such weak 
effects on the kinetics of crystallization. It also highlights the 
subtle differences in the number of phosphate groups (TP has 
three compared to two for PP), and the altered arrangement of 
three phosphate groups from a linear motif for TP to a cyclic 
one for TMP.  

Increasing the number of phosphate groups from 3 (TP) 
to 45 (P45) results in a significant reduction in the number of 
crystals collected in the final product (Figure S3F) as well as 
a morphology that is quite unusual (Figure 3B). The crystals 
formed in the presence of P45 have a shape resembling a spi-
ral leaf, and a structure that was confirmed to be struvite based 
on its powder X-ray diffraction pattern (Figure S5). Interest-
ingly, the same crystal morphology was directed by HMP 
(Figure 3C), which was unexpected in view of the distinct dif-
ferences in HMP and P45 structures (i.e. ring vs. linear chain). 
Time-resolved SEM images of struvite crystals grown in 50 
μg mL-1 HMP reveal the initial formation of a “seed” with a 
distinctive and highly reproducible shape (Figure 3D), con-
sistent with images of early-stage crystals extracted from so-
lutions containing P45 (Figure S6). The evolution of these fea-
tures involves sequential branching (Figure 3E) and growth of 
individual platelets (or leaves) that encompass the initial seed 

to form a symmetrical (Figure 3B and C), or sometimes asym-
metrical (Figure S7), hierarchical struvite crystal. The prefer-
ential binding of HMP and P45 to facets of struvite is difficult 
to discern; however, it is interesting to note that seeds (Figure 
3D) appear elongated in the c direction, which is the opposite 
of naturally grown struvite that exhibits preferential growth in 
the b direction (Figure S8).   

Microfluidics Analysis of Crystal Growth Inhibition. 
The extent of crystallization measured in Figure 1B cannot 
distinguish between the effects of nucleation and crystal 
growth inhibition. To this end, we assessed struvite growth at 
a macroscopic level using a microfluidics device (Figure S9) 
where channels were seeded with struvite crystals to bypass 
nucleation and focus solely on quantifying anisotropic growth 
under a constant flow of supersaturated solution with or with-
out inhibitors. Sequential images from time-resolved optical 
microscopy were used to assess changes in crystal dimensions 
in all three principal growth directions by statistically sam-
pling multiple crystals oriented (normal to the plane of imag-
ing) in both the c- and a-directions. We first analyzed the de-
pendence of struvite growth on inhibitor concentration for two 
mildly effective modifiers: PP and TP. The percent inhibition 
of struvite in the presence of PP (Figure 4A) exhibits the fol-
lowing trend (from highest to lowest): �⃗�, 𝑐, and �⃗�. The pref-
erential inhibition by PP in the b-direction is evident in time-
elapsed images (Figure 4C) showing an increased c/b aspect 
ratio. Comparison with TP reveals a more pronounced effect 
on struvite growth (Figure 4B) with the following trend (from 
highest to lowest): �⃗�, �⃗�, and 𝑐. Indeed, TP almost fully sup-
presses growth in the b-direction (ca. 90 ± 9 % inhibition), 
which is apparent in micrographs extracted  

 

Figure 4. (A-B) Percent inhibition of struvite crystal growth along three crystallographic directions as a function of (A) PP and (B) TP concentration. Each 
data point represents the average measurements of 30 or more crystals in a single batch using the microfluidics platform. Error bars span two standard 
deviations. The growth solution consisted of 2.5 mM MgCl2ꞏH2O: 2.5 mM NH4H2PO4: x μg mL−1 inhibitor. Dashed lines are interpolations to guide the eye. 
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All experiments were conducted at room temperature and pH 8.6. (C and D) Time-elapsed optical micrographs demonstrating the effects of 5 μg mL−1 (C) PP 
and (D) TP on struvite growth under solution flow (24 mL h-1). The scale bar for all images is equal to 20 μm.  

from Movie S1 at periodic times (Figure 4D) showing much 
larger c/b aspect ratio for TP compared to that with PP. These 
changes in struvite crystal morphology observed during mi-
crofluidics analysis of TP and PP are consistent with bulk 
crystallization assays under quiescent conditions (Figures 2A 
and S4B). 

For microfluidics studies we selected a range of inhibitor 
concentrations (1 – 20 μg mL-1) to avoid any potential reduc-
tion in supersaturation due to inhibitor complexation of free 
Mg2+ ions in solution (i.e. molar ratio of inhibitor/Mg2+ < 
0.03). The monotonic change in percent crystal inhibition with 
increasing inhibitor concentration exhibits a Langmuir-like 
behavior, which is characteristic of most inhibitor-crystal ad-
sorption profiles.21,44 The percent inhibition reaches a plateau 
at some threshold inhibitor concentration, beyond which fur-
ther addition of either PP or TP has little added effect on the 
rate of struvite growth. Interestingly, the profile for TP in the 
c-direction exhibits a sigmoidal shape that deviates from other 
profiles, which seems to indicate a higher tolerance for stru-
vite growth on these facets at low coverage of TP. In the Sup-
porting Information we provide the time-resolved analysis of 
TMP, the least effective inhibitor, and show that the percent 
inhibition is less than 25% without any observable specificity 
for TMP adsorption on struvite crystals (Figure S10). 

In Figure 5A we compare the maximum percent inhibi-
tion at 20 μg mL-1 of PP, TP, and TMP. Similar measurements 
performed with HMP, P45, and PA resulted in complete sup-
pression of crystal growth, even at much lower inhibitor con-
centration (1 μg mL-1). This is evident from Movie S2 show-
ing a single struvite crystal in a microfluidic channel where 
growth is unhindered in the absence of inhibitor (Figure 5B, 
control) and is completely stunted in all directions for potent 
inhibitors (e.g. Figure 5C for PA). It is interesting to note that 
under conditions of flow it is possible to fully inhibit struvite 
growth, whereas under constant stirring (Figure 1B) growth is 
only partially hindered. Conversely, under both conditions the 
most potent inhibitor, PA, fully suppresses nucleation and 
crystal growth. We are not aware of examples in the literature 
where a crystal growth modifier functions in a dual manner 
with such efficacy. Hereafter, we focus exclusively on the 
most potent inhibitors to investigate the underlying mecha-
nism governing their ability to fully arrest struvite growth. 

In situ AFM Characterization of Surface Dynamics. It 
has been suggested by others that PolyPs inhibit struvite 
growth either by chelating free Mg2+ ions24,35 or by interacting 
with crystal surfaces42; however, until now PolyPs have been 
shown to have a moderate effect on struvite formation while 
their specific impact on crystal growth has been gleaned from 
bulk techniques limited in their ability to provide molecular-
level information regarding inhibitor-crystal interactions and 
their impact on surface growth. To this end, we used in situ 
AFM to elucidate the mechanism of inhibitory action that 
leads to the full suppression of crystal growth. AFM has 
proven to be a powerful technique for characterizing the 
growth of crystal surfaces in the absence and presence of in-
hibitors. We recently used in situ AFM to establish that stru-
vite crystal growth follows a classical mechanism whereby 
new layers nucleate on crystal surfaces and advance by the 
incorporation of solute molecules at steps50. Indeed, a snap-
shot of a (101) surface during growth in supersaturated solu-
tion (Figure 6A) shows the presence of layers emanating from 

the bottom left (outside the frame of imaging) with heights 
equivalent to a single unit cell (h = 0.58 nm). After a period 
of growth in the presence of 0.3 μg mL-1 HMP, we observe a 
sequence of topographical changes in snapshots from Movie 
S3 showing an initial decrease in step density with 2-dimen-
sional islands more visible (Figure 6B). This is then followed 
by a return to a higher step density, but with steps advancing 
from the bottom right that are comprised of corrugated edges 
(Figure 6C). According to classical  

 

 

Figure 5. (A) Percent inhibition of struvite growth in the presence of 
phosphate inhibitors measured by microfluidics to assess differences in 
all three principal directions of growth: [101] (or �⃗� direction), [010] and 
[012] (or 𝑏 direction), and [001] (or 𝑐 direction). Indexed crystal facets 
are shown in Figure S11 of the SI. Growth rates were measured at a fixed 
flow rate (24 mL h-1) of solution (pH 8.6) with a composition of 2.5 mM 
MgCl2ꞏH2O: 2.5 mM NH4H2PO4: x μg mL−1 inhibitor (x = 20 for TMP, 
PP, and TP; x = 1 for HMP, PA, and P45). Error bars equal one standard 
deviation obtained from measurements of 30 or more crystals in a single 
batch. (B and C) Optical micrographs extracted from Movie S2 at times 
0 and 35 min showing the same struvite crystal in the absence (B) and 
presence (C) of 1 μg mL−1 PA. Scale bars equal 10 μm.  

 
nucleation theory, the free energy of the system is governed 
by the solution supersaturation and the free energy of the step 
edge51–54. At the conditions used for in situ AFM, the concen-
tration of HMP is too small to lower supersaturation via its 
sequestration of free Mg2+ ions (i.e. Mg2+:HMP > 500 in 
growth media). This suggests adsorbed HMP on struvite sur-
faces may alter the step edge energy; however, it is also pos-
sible that HMP alters the kinetics of layer advancement owing 
to specific interactions with growth sites. Traditionally the 
mechanism of inhibition is identified by monitoring changes 
in step velocity as a function of inhibitor concentration where 
the resulting shape of the velocity profile indicates either kink 
blocking or step pinning55–57. The dramatic changes in struvite 
surface topography (Figure 6A–D) make it difficult to track 
step velocity and identify the mechanism of HMP inhibition; 
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although, the presence of corrugated steps is consistent with 
step pinning.  

Prolonged exposure of struvite surfaces to growth media 
containing HMP leads to roughening and the disappearance of 
visible layers (Figure 6D). Measurement of the root-mean 
squared (RMS) roughness for a fixed surface area during con-
tinuous scanning yields values of 0.43 nm for layered surfaces 
(Figure 7A) and 1.57 nm for rough interfaces exposed to HMP 
(Figure 7B). The rough features correspond to protrusions 
with step heights ranging from 0.5 to 7 nm, which are much 
larger than those of single steps (Figure 7C). The topography 
of crystal surfaces exposed to equivalent concentrations of 
P45 and PA also show similar  

 

Figure 6. Time-resolved in situ AFM deflection mode images at a fixed 
scan area of a struvite (101) surface. Images are extracted from Movie S3 
during growth in a solution containing 2.5 mM MgCl2ꞏH2O: 2.5 mM 
NH4H2PO4: 0.3 μg mL−1 HMP. (A) First image of the struvite surface with 
evenly spaced steps that propagate across the surface. This image was 
obtained immediately after introducing HMP (time t = 0 min) following 
an initial period of growth in the same solution without inhibitor. (B) Im-
age at t = 10 min showing wider terraces (i.e., reduced step density) and 
2-dimensional islands. (C) Image at t = 17 min showing a higher density 
of steps with corrugated edges. (D) Image at t = 32 min showing a rough-
ened surface where distinct layers are no longer discernible. Inset: higher 
magnification image of the region within the dashed box showing nano-
particle protrusions (scale bar = 100 nm). 

 
characteristics wherein the layers are indiscernible owing to a 
high coverage of surface protrusions (Figure S12A and B, re-
spectively). The exact origin of surface roughness is un-
known. Dynamic light scattering (DLS) of growth solutions 
show no trace of particulates, which does not exclude the pos-
sibility that particles exist in low concentrations that fall be-
low the detection limit of DLS. In situ chemical force micros-
copy (CFM) measurements were performed according to a 
previous study58 using growth solutions with and without 
HMP to record approach and retraction curves of an AFM sil-
icon nitride tip impinged upon control (pristine) and rough 
crystal surfaces, respectively. CFM tip deflection profiles of 
the former (Figure 7D) exhibit a typical curve for hard sur-
faces where an attractive tip-crystal interaction yields an ad-
hesion (or unbinding) force of 2.3 ± 0.5 nN. Conversely, the 
profile of the surface exposed to HMP is characteristic of ma-
terials lacking strong tip-surface interactions. Likewise, the 

profile for rough surfaces resembles those reported for soft 
materials, such as polymers59, whereas CFM profiles for even 
softer gel-like surfaces exhibit two signature features that are 
absent in Figure 7D: a nonlinear approach curve (yield stress) 
with hysteresis upon retraction58.  

Ex situ X-ray photon spectroscopy (XPS) measurements 
of rough surfaces extracted from growth solutions reveal 
peaks of Mg and P with no apparent difference in composition 
(Mg/P  1) relative to control crystals with layered crystalline 
surfaces; thus, the exact structure of rough protrusions is dif-
ficult to establish. Kato et al.60 showed similar rough features 
on hydroxyapatite, Ca5(PO4)3(OH), plates treated with PolyP 
solutions and suggested these features may be surface-ad-
sorbed PolyPs bound with Ca2+ ions. Moreover, it is interest-
ing to point out that previous studies have demonstrated the 
presence of particles in  

 

Figure 7. Effect of HMP on struvite surface topography. Three-dimen-
sional height-mode images of struvite surfaces exposed to growth solu-
tions (A) without inhibitor (control) and (B) with 3 μg mL−1 HMP. (C) 
Representative height profiles of surfaces in panels A and B showing vic-
inal and rough surfaces, respectively. (D) CFM approach (blue) and re-
traction (red) curves as a function of distance z from substrates for the 
control (bottom) and HMP-exposed (top) samples.  

 
solutions comprised of PolyPs and cationic species (e.g. Mg2+ 
ions). Similar types of particulates containing PolyPs and in-
organic divalent cations have also been observed in nature, 
such as granules in mitochondria, while synthetic analogues 
can be prepared in alkaline solutions with excess cations61–

64 for use in applications of bone regeneration65 and cartilage 
repair64, among others. 

CFM measurements are highly suggestive that rough-
ened interfaces have a different structure than a pristine crys-
tal surface. More definitive proof that these layers are a soft 
material is derived from AFM images in contact mode (harder 
engage) where areas under continuous scanning (or rastering) 
of the AFM tip are markedly different than those of surround-
ing (non-imaged) regions. Indeed, enlarged scanning areas of 
a rough struvite (101) surface after a period of in situ imaging 
shows a notable difference between the scanned and surround-
ing regions (Figure 8A). Continuous imaging of a fixed area 
of a crystal substrate with periodic enlargements of the scan-
ning area reveal a monotonic increase in the height of the im-
aged region (Figure 8B); thus, continued growth occurs in ar-
eas of tip rastering while growth in regions unperturbed by the 
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movement of the tip is suppressed. Confirmation of fully in-
hibited growth in non-imaged regions is difficult to extract 
from AFM owing to the lack of a reference point (i.e. constant 
baseline); however, microfluidics experiments under identical 
conditions confirmed that struvite growth is completely sup-
pressed. Thus, we posit that the AFM tip temporarily disrupts 
or removes rough features to allow growth in the [101] direc-
tion, normal to the plane of imaging, which is reflected by the 
temporal increase in the height profile (Figure 8B). While the 
exact structure of the rough features cannot be discerned from 
these measurements, we hypothesize they are amorphous in 
nature, which is qualitatively consistent with their facile re-
moval as a result of AFM tip rastering, unlike layered crystal 
surfaces (control) that are unaffected by imaging with harder 
engage. Moreover, the observation that rough features fully 
suppress struvite surface growth is another indication that 
their structure is distinct relative to the underlying crystal lat-
tice. 

 

 

Figure 8. Three-dimensional growth of rough interfaces. (A) AFM de-
flection mode image of an enlarged scan area of a crystal surface during 
in situ measurements in a solution containing 3 μg mL-1 HMP showing 
(I) an imaged area after 30 min of continuous scanning in contact mode 
and (II) the surrounding (non-scanned) region. (B) Time-resolved height 
profiles across the dashed line in image A. (C–F) Images showing the 
evolution of rough protrusions at times 0 and 60 min during continuous 
imaging in contact mode in the presence of (C and D) 0.3 μg mL-1 and (E 
and F) 3 μg mL-1 of HMP. Scale bars equal 100 nm unless otherwise 
noted. 

Interestingly, the regions where growth occurs in the 
presence of HMP as a result of AFM tip movement reveal 
changes in both the size and morphology of rough features 
(Figure 8C–F). This phenomenon was observed over a broad 
range of HMP concentrations (0.3 – 3 μg mL-1). The rough 

protrusions are initially globular in shape (Figure 8C and E), 
but after 60 min of imaging the average size of protrusions 
increases (Figure 8D and F). Time-resolved AFM images also 
indicate changes in feature shape, such as the anisotropic mor-
phology observed at lower HMP concentration where features 
seemingly align in the [012] direction (Figure 8D). In sur-
rounding regions not under continuous scanning, there is no 
apparent change in surface topography (Figure S13), which is 
consistent with microfluidics showing fully arrested growth in 
all crystallographic directions. At concentrations below 0.3 μg 
mL-1 HMP, we do not observe roughened interfaces and stru-
vite surface growth is inhibited through a classical route in-
volving HMP-crystal interactions. Indeed, AFM measure-
ments of (101) step advancement in growth solutions contain-
ing 0.25 μg mL-1 HMP result in step corrugation and reduced 
step velocity (Figure S14), suggesting a critical level of HMP 
(around HMP/Mg ~ 0.02 %) triggering the onset of surface 
roughness and growth succession. AFM studies with moder-
ately-effective inhibitors (PP, TMP, and TP) at concentrations 
as high as 10 μg mL-1 do not result in surface roughening (Fig-
ure S15). For modifiers that induce surface roughening (i.e. 
HMP, P45, and PA), we observe that layered growth of stru-
vite surfaces is recovered by exposing crystals with roughened 
interfaces to fresh growth solutions in the absence of inhibitor 
(see Figure S16). Thus, inhibition by this unique mechanism 
is a reversible phenomenon. 
 

CONCLUSION 
In summary, we evaluated six commercially available PolyPs 
as potential inhibitors of struvite scale formation. Bulk crys-
tallization assays were performed under two different operat-
ing conditions. Stirring was used to assess the extent of crys-
tallization where the compounds tested were classified into 
three categories based on their efficacy as crystallization in-
hibitors: ineffective (i.e. PP, TMP, and TP), moderately effec-
tive (i.e. HMP and P45), and highly effective (i.e. PA). Similar 
studies were performed under quiescent conditions in which 
it was observed that the efficacy of HMP and P45 was similar 
to that of PA. Under these conditions, all three PolyPs fully 
suppress struvite nucleation. Among these potent inhibitors, 
PA facilitates the precipitation of amorphous solids while the 
other two inhibitors stabilize highly supersaturated solutions.  

On the basis of these observations, systematic in situ 
measurements were conducted using highly effective inhibi-
tors that did not promote precipitation. The efficacy of HMP 
and P45 did not diminish in microfluidics studies, indicating 
that low flow rates do not impede their effect, as was observed 
under more severe conditions of stirring. Indeed, time-re-
solved measurements of struvite crystal growth by microflu-
idics revealed that all three potent inhibitors of nucleation also 
act as efficient inhibitors of crystal growth. An interesting ob-
servation when comparing the list of PolyPs examined in this 
study (Figure 1A) is the impact of structure and size of the 
inhibitor. For example, three phosphates arranged in a linear 
chain (TP) are slightly more effective than their arrangement 
in a ring (TMP); however, when the size of the ring is in-
creased from 3 to 6 phosphates (HMP) the efficacy is dramat-
ically enhanced. Moreover, when comparing HMP to another 
ring bearing 6 phosphates (PA), but with a carbon backbone, 
the efficacy of the latter is more robust over all of the condi-
tions tested (i.e. quiescent, stirred, and flow). These findings 
highlight a ubiquitous observation among numerous crystal 
growth inhibitors, which is that subtle variations in molecule 
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structure and composition can lead to marked differences in 
their efficacy. 

The mechanism by which HMP, P45, and PA inhibit stru-
vite surface growth via the generation of a roughened inter-
face is unique, but not well understood. Although the compo-
sition of the layer is comprised of stoichiometric magnesium 
and phosphorus, the physical properties of the layer are dis-
tinctly different from those of crystalline struvite. The absence 
of a tip-substrate pull-off profile in CFM measurements and 
the ability of the tip to perturb the roughened layer during in 
situ AFM imaging are two aspects not observed during similar 
measurements on layered (or pristine) struvite crystal sur-
faces. We hypothesize that the layers may be comprised of 
disordered (or amorphous) material facilitated by interactions 
with PolyPs; however, the exact composition and structure of 
the roughened features remains elusive. Irrespective of their 
physicochemical properties, the roughened interface is highly 
effective in suppressing struvite crystal growth. One unique 
aspect of PolyPs is their affinity to suppress the growth of all 
principal crystallographic surfaces: [101] (or �⃗�  direction), 
[010] and [012] (or 𝑏 direction), and [001] (or 𝑐 direction). 
This enables PolyPs to completely suppress crystallization in 
all directions at relatively low concentrations. To our 
knowledge, few growth inhibitors reported in literature ex-
hibit such broad affinity for crystal surfaces. It is far more 
common to observe an inhibitor that targets one or two sur-
faces, leading to inhibition of bulk crystal growth in the range 
of 60 – 80%. Macromolecules tend to be more effective and 
can inhibit crystal growth in the 80 – 100% range; however, it 
is rare to observe modifiers with an efficiency leading to full 
suppression.  

It is also uncommon to observe (macro)molecules capa-
ble of fully suppressing crystal nucleation. The exact mecha-
nism by which HMP, P45, and PA achieve this is a subject of 
ongoing investigation. A more frequent observation in litera-
ture is an inhibitors ability to perturb the rate of nucleation, 
leading to fewer, albeit larger, crystals. These cases typically 
involve the use of high inhibitor concentration. For the PolyPs 
examined in this study, HMP and P45 yield only a few ob-
servable crystals in bulk assays at low inhibitor concentration. 
Under conditions of stirring, HMP and P45 are less effective 
nucleation inhibitors in comparison to PA, which fully inhib-
its nucleation under all conditions tested in this study. The sto-
chastic nature of nucleation, in accordance with classical nu-
cleation theory, would seemingly imply that this process is 
unlikely to be fully suppressed. Exceptions would apply to in-
hibitors that function as sequestering agents capable of remov-
ing ions (e.g. free Mg2+) from solution, thus lowering super-
saturation to levels that fall within the limit of metastability 
where nucleation is prevented. In this study, the amount of 
PolyP required to inhibit nucleation is orders of magnitude 
smaller than the solute; therefore, sequestration is not a factor 
contributing to the observed effect. Another possible explana-
tion may be a deviation from classical nucleation owing to the 
formation of pre-nucleation clusters wherein inhibitor-cluster 
interactions may be responsible for the full suppression of nu-
cleation. To our knowledge, this nonclassical pathway has not 
been confirmed and remains a subject for future investigation. 

Despite their unknown mechanism(s) of action, our dis-
covery of the dual modes by which PolyPs inhibit both nucle-
ation and crystal growth reveal a level of efficiency for mod-
ifiers of struvite that is rarely observed across a broad range 
of inorganic and organic crystallization. Indeed, in situ for-
mation of amorphous surface coating is a unique mechanism 

that deviates from the classical inhibitory mechanism and fa-
cilitates complete suppression of layered growth. This holds a 
potentially broader applicability to other minerals that involve 
various cationic species in the formation environment. 
 
EXPERIMENTAL SECTION 
Materials. The following reagents were purchased from 
Sigma Aldrich (St. Louis, MO, USA): magnesium chloride 
hexahydrate (BioXtra, 99.0%), ammonium dihydrogen 
phosphate (99.999% trace metals basis), sodium hydroxide 
(98.0%), trisodium trimetaphosphate (≥ 95%), sodium tri-
phosphate pentabasic (≥ 98%), sodium pyrophosphate tetra-
basic (≥ 95%), sodium hexametaphosphate (96 %), sodium 
phosphate glass (type 45), sodium chloride (BioXtra, ≥ 
99.5%), and sodium hydroxide solution (1.0 N). Phytic acid 
dipotassium salt was purchased from Boc Sciences. Filter pa-
pers were purchased from Whatman. Deionized water used in 
all experiments was purified with an Aqua Solutions RODI 
water purification system (18.2 MΩ). All reagents were used 
as received without further purification. 

Bulk Crystallization. Batch crystallization was per-
formed by adding stock solutions into a 20-mL glass vial in 
the following order: DI water, NaCl(aq), and aliquots of 50 mM 
NH4H2PO4,(aq), 50 mM MgCl2

.6H2O(aq), and 1000 μg mL-1 in-
hibitor solutions. The final growth solutions with a total vol-
ume of 10 mL had a composition of 7 mM MgCl2

.6H2O:7 mM 
NH4H2PO4:150 mM NaCl:x  μg mL-1 inhibitor, and the pH of 
the growth solution was adjusted to pH 8.6 by the addition of 
appropriate volumes of 1 M NaOH solution. The sample vials 
were first stirred for 15 minutes at 1200 rpm using a magnetic 
stir bar and were then left undisturbed at 22 (±1) °C for 72 h. 
The final crystals were observed in the solution by optical mi-
croscopy using a Leica DMi8 instrument. Crystals were than 
collected by vacuum filtration and dried in air overnight be-
fore further analysis. Crystals were analyzed with a Siemens 
D5000 X-ray diffractometer (XRD) using a CuKα source (40 
kV, 30 mA) and were confirmed using struvite XRD reference 
patterns provided by the database of the RRUFF project with 
ID: R050540.1. Ex situ microscopy measurements were ob-
tained by using FEI 235 dual-beam focused ion beam scan-
ning electron microscopy (SEM). SEM samples were coated 
with 15-20 nm gold to reduce electron beam charging.  

Kinetic measurements of struvite formation were per-
formed by tracking the pH of the bulk crystallization solution 
under constant stirring at 600 rpm. The pH of growth solutions 
was measured at 30 sec intervals using an Orion 3-Star Plus 
pH benchtop meter equipped with a ROSS Ultra electrode 
(8102BNUWP).  

In situ Characterization of Growth. A microfluidics 
device was used to examine struvite growth at macroscopic 
length scale. The device (poly-di-methyl-siloxane (PDMS) on 
glass) used for these experiments followed the same set up and 
fabrication protocol as reported in previous work50,66. This 
system was monitored under continuous supply of a growth 
solution using a semi-automatic inverted light microscope 
(Leica DMi8 equipped with PL Fluotar 5x, 10x, 20x, and N 
Plan L 50x objectives). 

Struvite seed crystals were prepared in a 20 mL vial con-
taining a solution of composition 7 mM MgCl2

.6H2O:7 mM 
NH4H2PO4: 150 mM NaCl (pH 8.5). The order of reagent ad-
dition was identical to the procedure described above, using 
continuous stirring (600 rpm). The solution was mixed with a 
stir bar for a short time (ca. 30 sec) to minimize nucleation, 



 

 

9

followed by its immediate transfer (by syringe) to the growth 
chamber of the microfluidics device.  

Growth solutions for microfluidics studies containing x 
μg mL-1 inhibitor were prepared with molar concentrations of 
2.5 mM MgCl2

.6H2O:2.5 mM NH4H2PO4. An appropriate vol-
ume of 1 M NaOH was added to adjust solution pH to 8.6. The 
growth solution was delivered to the microchannel at flow 
rates of 24 mL h-1 using a dual syringe pump (Chemyx, Fusion 
4000) and two syringes (plastic BD syringe, 30 mL) with an 
in-line mixing configuration. Solution 1 contained magne-
sium chloride mixed with ammonium dihydrogen phosphate, 
and Solution 2 contained sodium hydroxide and inhibitor. 
Combinations of the two solutions resulted in a final concen-
tration of 2.5 mM of each component, the desired inhibitor 
concentration and a pH of 8.6 after exiting a mixing chamber 
placed prior to the entrance of the growth chamber. For in situ 
time-resolved studies, images were acquired every 5 min at 
multiple positions along the microfluidics channel. Optical 
micrographs of crystals were analyzed using ImageJ (NIH) for 
the average length along the �⃗�, �⃗�,  and 𝑐  directions. The 
growth rate was measured by linear regression of crystal 
length versus time data. The efficacy of struvite growth inhib-
itors was quantitatively assessed through calculation of the 
percent inhibition, defined as: 

                          x 1 100%  (2) 

where 𝑟  and 𝑟  are the growth rates in the ab-
sence and presence of inhibitor, respectively. 

In situ atomic force microscopy (AFM) was performed 
to examine the temporal changes in topographical features on 
struvite crystal surfaces. Struvite crystals were prepared by di-
rectly placing an AFM specimen disk (Ted Pella) into a bulk 
crystallization vial overnight. The sample was removed from 
the vial and dried in air immediately before use. All AFM 
measurements were performed in a Cypher ES instrument 
(Asylum Research, Santa Barbara, CA) using silicon nitride 
probes with gold reflex coating and a spring constant of 0.15 
N/m (Olympus, TR800PSA). The liquid cell (ES-CELL-
GAS) contained two ports for inlet and outlet flow to maintain 
constant supersaturation during AFM measurements. Solu-
tions used for AFM experiments were the same as the solu-
tions used for the microfluidics experiments. The growth so-
lution was delivered to the liquid cell using an in-line mixing 
configuration where the two solute solutions were combined 
immediately before being introduced into the cell (similar to 
the microfluidics configuration). Combinations of the two so-
lutions resulted in a final concentration of 2.5 mM of each 
component, the desired inhibitor concentration and a pH of 
8.6 after exiting a mixing chamber placed prior to the entrance 
of the AFM liquid cell. Freshly prepared growth solutions 
were used for each experiment (within one hour of their prep-
aration). Continuous imaging was performed at ambient tem-
perature in contact mode with a scan rate of 0.5 – 10 Hz at 256 
lines per scan. 

Chemical Force Microscopy We used the Cypher ES 
instrument to measure the unbinding force between an AFM 
tip and struvite crystal surfaces. All measurements were car-
ried out using non-functionalized silicon nitride probes with 
gold reflective coating and a spring constant of 0.08 N m-1 
(Olympus, PNP-TR). The cantilever was calibrated in air to 
verify the spring constant using an algorithm provided by the 
vendor. Force measurements were performed on struvite sur-
faces in the absence and presence of inhibitors (HMP, P45, 

and PA) under identical conditions as in situ AFM growth ex-
periments. We first imaged struvite crystal surfaces in contact 
mode to locate regions for CFM measurements. We selected 
a tip speed of 1.98 μm s−1 and trigger points of 1.00 V. Surface 
areas of 2 × 2 μm2 were analyzed to gather more than 50 data 
points for statistical analysis. 
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