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Phosphorus (P) is a limiting macronutrient that regulates plant growth and development based on the
bioavailability of its inorganic form, i.e., orthophosphate (Pi). P plays a critical role in cell development,
and it is a key component of ATP, DNA, lipids, and cell signaling machinery. Without the exogenous
application of P fertilizers, the yield of crops will not meet the ever-growing demand in today's world.
However, due to the non-renewable nature of natural P reserves and simultaneous rapid human
population growth, food crops must be ultimately produced more than ever by using a lower P fertilizer
input. Hence, the strategy of preparing nano-fertilizers was conceptualized and demonstrated with great
success. For example, nano-diammonium phosphate (n-DAP) performed far better than the commercial
granular DAP (c-DAP). However, nano-fertilizers, including n-DAP, cannot be produced on a large scale
using the available processing methods. Herein, a novel processing strategy, namely cryo-milling, is
demonstrated to prepare n-DAP on a kg-scale without altering DAP's bonding structure. Cryo-milling
involves milling at liquid N, temperatures and therefore helps in brittle fracture of coarser DAP particles

into n-DAP particles. Cryo-milled n-DAP, with particle size ~5000 times smaller but specific surface area
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Accepted 19th June 2021 ~14 000 times greater than that of c-DAP, enhanced the growth of monocot (wheat) and dicot (tomato)
plants due to improved bioavailability of Pi even for a far lower input than c-DAP. Phenotypic
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observations such as higher leaf biomass, longer shoots, shorter roots, and

rsc.li/nanoscale-advances pigmentation manifested the extraordinary efficacy of cryo-milled n-DAP for 75% lower input than c-DAP.
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Introduction

Exogenous fertilizers, especially limiting nutrients such as
phosphorus (P), have been identified as one of the critical
measures to sustain food security globally." Plants secure their
nutrition by absorbing the water-soluble inorganic phosphorus
(Pi), the bioavailable form of P, through their roots. Pi's role in
plant metabolism encompasses enzyme catalysis, signal trans-
duction, energy transfer, macromolecular biosynthesis, etc. In
contrast to some other mineral nutrients, Pi is highly immobile
in the soil and often limits the agricultural output.>* Therefore,
any deficiency in Pi's bioavailability forces superfluous
consumption of P fertilizers,* which are mainly produced from
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non-renewable rock phosphate reserves. Moreover, the
production of P fertilizers not only results in enormous quan-
tities of radioactive phosphogypsum but also cadmium (Cd)
contaminated final products.>” Therefore, if the current
production and use of P fertilizers are continued, the major
caveats would be (i) rapid depletion of non-renewable global
rock phosphate reserves,® (ii) irreparable soil health which is
detrimental for sustainable agriculture, and (iii) extreme envi-
ronmental pollution.

Limited P availability is detrimental to plant health, and
unfortunately, P is deficient in ~55% of the global cropland
soils.” Moreover, the major drawback associated with
commercial P fertilizers is their poor bio-availability.® A large
amount (up to 80%) of the total agricultural P input is wasted
due to its fixation in the soil in non-bioavailable inorganic and
organic forms and runoff, making only a fraction of it available
for absorption by plant roots for nutrition purposes.'® There-
fore, modern and effective approaches are required regarding
mineral fertilization in cropping systems.'*™ The poor
bioavailability of solid P fertilizers is mainly attributed to the
large size (and therefore shallow specific surface area) of the
constituent particles. Consequently, the concept of nano-
fertilizers (NFs) was conceived and applied because the
reduced particle size in NFs enormously increases the specific

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface area of the constituent particles and thereby enhances
the fertilizer's absorption efficiency by roots even for a far lower
fertilizer input. In this context, excellent results on both
micro-"*** and macro-nutrients'*®* (as NFs) have been pub-
lished. NF incited growth-promoting effects in various food
crops.”®?* It is observed from the published results that NFs are
typically made by using wet chemical methods, which are
limited to lab-scale production and involve harmful chemicals.
In contrast, mechanical milling, a physical process, could be
touted as an efficient and alternative method of preparing NFs
from fertilizers containing coarse particles. Here lies the moti-
vation behind this work, which is not only to demonstrate
a novel, easy, effective, and environmentally benign physical
method, namely cryo-milling, to prepare nano-diammonium
phosphate (n-DAP) from commercial DAP (c-DAP) but also to
elucidate the enhanced efficacy of n-DAP on the growth of
monocot (wheat) and dicot (tomato) plants even for a far lower
input than c-DAP.

Experimental section
Processing and basic characterization of n-DAP

A Union Process (Model 1S-USA) cryo-mill was used to prepare
n-DAP from c-DAP (Gromor, Coromandel Fertilizers, India),
with an average particle size of ~2 mm (Fig. 1). 1 kg c-DAP was
processed in the milling jar with the aid of stainless steel (SS)
balls (5 kg in weight). After filling the milling jar with c-DAP and
SS balls, the jar was fixed in its designated slot on the mill. Then
the jar was pre-cooled using liquid N, and the milling was
carried out at a temperature of 86 kelvin for 3 h at a milling
speed of 300 rpm. The obtained n-DAP was characterized with
respect to its morphology, surface composition, particle size
distribution, and specific surface area using a Field Emission
Scanning Electron Microscope (FESEM) (Ultra55 Carl Zeiss)
operated at 5 kV and Fourier Transform Infrared Spectroscopy
(FTIR) (Bruker Tensor) using broad IR radiation in reflection
geometry, the Dynamic Light Scattering (DLS) technique (Nano
sizer nano-s, Malvern), and Brunauer-Emmett-Teller (BET)
method using N, adsorption (Gemini model (11-2370) surface
analyzer, Micromeritics).

Plant growth experimentation

Seeds of Triticum aestivum (wheat) of Solanum lycopersicum cv.
Arka Vikas (tomato) were germinated on doubled distilled (dd)
water moistened blotting paper under skotomorphogenic
Further

conditions. details of germination and media

Fig. 1 Photograph of commercial diammonium phosphate (c-DAP)
granules. Bar depicts 5 mm.
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composition are given in ESI Fig. S1 and Table S1.7 On the 4™
day of seed germination, seedlings with similar-sized radicles
were transferred to each pot and then allowed to grow under
controlled conditions. Standard protocols were followed in
supplementing both solid and liquid growth media. During all
the above experiments, the positions of pots were continuously
changed to avoid any position effect.

In the ‘supplementation by mixing’ method, graded quan-
tities [(10% to 100% of the field recommended dosage, 100% =
68.255 mg DAP in this study)]” of P fertilizers (c-DAP and n-
DAP), as given in Table S2,T were directly mixed with the solid
media. In the ‘pot bottom’ method, different doses of P fertil-
izers (as given in Table S27) were first dissolved in 250 mL of
manually prepared 1x P free modified Murashige and Skoog
(MS) media in separate reagent bottles. In the ‘foliar spray’
method, different doses of the fertilizers (Table S2t) were first
dissolved in 20 mL of dd water and then sprayed every 3™ day,
starting from the day of seedling transfer, during the plant
growth experimentation. In these methods, either 50 mL solu-
tion of manually prepared Ix P free media or solution with
graded doses (in the pot bottom method) was supplied from the
pot base every 3™ day for two weeks for both wheat and tomato
seedlings. Positive (68.255 mg of KH,PO,) and negative control
(no P input, ie., 0 P) pots were also prepared for comparison
purposes.

In hydroponics experiments, 1 L manually prepared P free 1x
modified MS media was transferred to each pot. Then different
amounts (25 uM to 200 puM, Table S37) of P-fertilizer were mixed
in the respectively labelled pots. A self-made Styrofoam floater
containing fifteen holes ~1.5 cm in diameter lined below with
a plastic wire mesh of ~2 mm wide holes was placed tightly over
the media in each pot. In each hole, a germinated wheat seed-
ling was placed with the roots dipped in the liquid growth
media below and allowed to grow. Cleaned clay balls were
placed in the holes to prevent algal growth in the media. The
setup was aerated for 10 seconds twice a day for proper redis-
tribution of the nutrients. On every 3™ day, the pots were
replenished with manually prepared P free 1x modified MS
media to maintain the 1 L mark during the experimentation.

To generate statistics and to check reproducibility, all
experiments were conducted in duplicate with 15 seedlings per
pot and repeated at least twice. During the experimentation,
both wheat and tomato seedlings were exposed daily to 16 h of
light and 8 h of darkness at 24 °C. Luminance in the plant
culture room was maintained at 150-200 pumol m~> s~ ' along
with 60-65% relative humidity. Growing seedlings were closely
observed for the plant growth rate and the onset of any
phenotypic changes.

Morphological assays

To estimate the physical parameters of plants, seedlings were
scanned along with a reference of 1 cm using a laser printer.
The scanned images were then analyzed for the shoot or/and
root lengths using Image] software.”* Similarly, the surface
area of the first true leaf of tomato seedlings and the surface
area of the shoot of wheat seedlings were determined. To
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determine the fresh weight, each shoot and the respective root
of freshly harvested seedlings were separately weighed.

Biochemical and physiological assays

The estimation of total soluble Pi,>*>*

anthocyanin®*® and total
carbohydrate®”~** for both shoots and/or roots, separately, was
performed in accordance with the standardized published
protocols for each assay. In tomato, 500 mg fresh tissue from
phenotypically distinguished yet same-age-old seedlings for
each test type was subjected to total soluble Pi content assay.
Similarly, fresh leaves and/or roots of wheat seedlings with
a total weight of 500 mg were utilized for the total soluble Pi
assay. Anthocyanin estimation for both tomato and wheat was
performed from shoot samples with 250 mg of fresh tissue for
each treatment. Studies on elevated sugar content in plants
under low Pi have been reported.*® Under such conditions of Pi
deprivation, an increase in phloem loading of sugar from the
shoot to the root occurs in Arabidopsis.>* Thus, for both wheat
and tomato seedlings, the total carbohydrate content assay was
performed using 100 mg of the fresh shoot and root tissues.
Each assay was performed at least in triplicate and replicated
twice. The photosynthetic efficiency was measured after sub-
jecting seedlings to 20 min of dark adaptation using a JUNIOR-
PAM fluorometer (Walz, Germany). F, (initial) and F,,, (maximal)
fluorescence was measured from fully developed leaves of at
least ten seedlings that were grown for 14 days. The resulting F,/
Fy, value was determined by WinControl 3.26 software.

Statistical analysis

The recorded data in all experiments were subjected to a two-
way ANOVA test (Sidak's multiple comparisons) using Graph-
Pad Prism version 8.0 and converted into statistically significant
bar graphs. All experiments were repeated at least twice, unless
otherwise specified.

Results and discussion
Different characteristics of n-DAP

Cryo-milling involves high energy milling of powders at liquid
N, temperature, which embrittles the powder particles and
thereby facilitates easy brittle fracture of coarse c-DAP particles
into n-DAP particles, plausibly without altering the bonding
structure in DAP. Using this method, we successfully prepared 1
kg of n-DAP in a single milling process step. In comparison to
the larger size of conventional DAP (Fig. 1), the FESEM image of
n-DAP (i.e., after cryo-milling) clearly shows that the particle size
has considerably decreased (Fig. 2). However, from the FESEM
image, no particular shape could be attributed to the n-DAP
particles. Also, the n-DAP particles appear to have agglomer-
ated, and therefore to quantify the reduced particle size, DLS
was carried out. DLS data showed that the average particle size
of n-DAP is ~378 nm, which is ~5000 times smaller than that of
c-DAP particles (Fig. 1 and S27). Furthermore, a BET specific
surface area of 24.62 m* g~' (which is ~14 000 times greater
than that of c-DAP) was measured for n-DAP manifesting the
reduction in particle size after cryo-milling. The reduced
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Fig. 2 Nano-diammonium phosphate (n-DAP) as seen using a Field
Emission Scanning Electron Microscope (FESEM). Bar represents 1 um.

Tablel Comparison of the different infra-red (IR) band positions in c-
DAP and n-DAP

IR band ¢-DAP (cm ™) n-DAP (ecm ™)
PO~ 522.8 525.1
551 552
948.2 950.1
1044.1 1047.9
OH 1193.4 1193.8
894.5 897
P-NH 3174.9 3181.5
NH," 2999.5 3000.6
1451 1453
1714 1713

particle size and increased specific surface area make n-DAP
physically more available than c-DAP to any interacting
surrounding media.

FTIR spectra of ¢-DAP and n-DAP were also compared to
examine the chemical stability of n-DAP (Table 1).*>** From the
spectra, the characteristic infra-red (IR) bands of PO,*~, OH,
NH," and P-NH are easily discernible (Fig. S31). More impor-
tantly, there is little change in the IR band positions after cryo-
milling, indicating that composition-wise there is negligible
change in the case of n-DAP.

Plant growth characteristics

Tomato seedling growth in solid media (supplemented by
mixing). The shoots of n-DAP treated seedlings were found to be
significantly longer than their respective c-DAP counterparts at
each concentration, with a maximum increase of 34.57%
recorded at 25% (quarter-strength) dosage of supplementation
(Fig. 3A and B). The supplementation of n-DAP at half-strength
(50%) or higher dosage produced seedlings with at least 51.48%
heavier shoots than the full-strength c-DAP supplemented
seedlings (Fig. 3C). We, however, could not salvage the intact
roots from the perlite mix; hence a root morphological
comparison could not be performed. We also noticed that the
first true leaf on n-DAP treated seedlings had larger surface area

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Phenotypes of 15 day-old tomato seedlings grown in sand
and perlite mixture with the supplementation of n-DAP and c-DAP at
a dosage regime of 10%, 25%, 50%, and 100% recommended dosage
of P. Changes in (B) shoot length, (C) shoot fresh weight, (D) chloro-
phyll fluorescence (14 DAT), (E) shoot total soluble Pi content, (F) root
total soluble Pi content, and (G) shoot anthocyanin content of c-DAP
and n-DAP supplemented tomato seedlings with respect to the
controls are represented in graphs. Error bars indicate standard devi-
ation [(n = 30 for B and C), (n = 10 for D), (n = 15 for E-G)] and bar
colours indicate the type of P used for the treatment.

over their respective c-DAP counterparts. Even quarter-strength
n-DAP treated seedlings had 13.11% more surface area than the
full-strength c-DAP treated seedlings (Fig. S4At). Furthermore,
we observed that n-DAP supplemented seedlings, starting from
the quarter-strength dosage, had ~9% higher F,/F,, values over
the full-strength c-DAP controls (Fig. 3D). The shoot samples of
25% n-DAP grown seedlings even had 12.28% higher total
soluble Pi content than the 100% c-DAP treated seedlings.
Similarly, the Pi content of 50% n-DAP seedlings had
a tremendous 93.38% increase over their c-DAP counterparts
(Fig. 3E). Similarly, both quarter-strength and half-strength n-
DAP supplementation resulted in 23.47% and 27.63% higher
root total soluble Pi over their respective c-DAP supplemented
counterparts (Fig. 3F). We next tested the inverse effect of Pi
content and anthocyanin accumulation in shoot tissues.** The
n-DAP supplemented seedlings accumulated at least 28.28%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lower anthocyanin than their respective c-DAP treated coun-
terparts (Fig. 3G). Furthermore, the shoot total carbohydrate
content in n-DAP treated seedlings was significantly lower than
their respective c-DAP controls (Fig. S4Bft). However, such
difference in total carbohydrate content of the roots for the two
sets of seedlings remained statistically insignificant (Fig. S4C¥).
These observations collectively indicated that augmentation
of n-DAP even at quarter-strength (25%) field recommended
dosage resulted in equivalent effectiveness, if not better, when
compared to the tomato seedlings supplemented with the full-
strength (100%) c-DAP. It is known that early soil P fertilization,
especially when done in the proximity of seeds, helps to over-
come the low soil P availability and promotes early seedling
growth.*® The more uniform distribution of n-DAP over the
granular ¢-DAP in the solid growth mixture plausibly resulted in
an increased physical availability of Pi per unit area for growing
tomato roots. Such uniform availability of n-DAP in the media
led to enhanced Pi uptake by roots from the rhizosphere, which
in turn helped these seedlings grow faster by accumulating
more Pi than their c-DAP counterparts in the present study.'”*¢
Tomato seedling growth in solid media (exogenous supple-
mentation). To determine and optimize the best method of n-
DAP application, we further tested two other supplementation
methods, namely the ‘pot bottom supplementation’ method
and ‘foliar spray’ method. For this we conducted the assays only
at quarter-strength, and full-strength field recommended doses.
This is because equivalent or better performance was observed
when tomato seedlings were grown by mixing with at least 25%
n-DAP dosage as compared to those supplemented with 100%
dose of c-DAP (Fig. 3). In the ‘pot bottom supplementation’
method, we observed near stagnancy in the length among the n-
DAP and c-DAP supplemented seedlings (Fig. 4A and B). The n-
DAP treatment resulted in marginally heavier fresh shoots yet
lacked statistical significance (Fig. 4C). Unlike the previously
observed results from the ‘supplementation by mixing’ method
(Fig. 3), in both foliar spray and pot bottom supplementation
methods, the total soluble Pi contents in the n-DAP supple-
mented shoots barely outperformed their c-DAP counterparts at
the quarter-strength dosage. In these two additional methods,
the shoot Pi levels remained significantly lower (Fig. 4D) than
the levels observed in the tomato seedlings grown with the
‘supplementation by mixing’ method (Fig. 3E). Nonetheless, in
comparison to the ‘foliar spray’ method, the ‘pot bottom
supplementation’ method had higher total soluble Pi content of
shoot (Fig. 4D). The anthocyanin contents of n-DAP shoots
under both conditions were lower than those of their c-DAP
counterparts. Nonetheless, among the two methods, the ‘pot
bottom’ supply treatment shoots resulted in lower anthocyanin
content over the ‘foliar spray’ treated shoots (Fig. 4E).
Altogether, the plant morphological changes of n-DAP
against their c-DAP counterparts remained insignificant in
these additionally tested methods. One of the reasons for this
observation could be the overall lower Pi uptake when seedlings
were grown using these two methods in comparison to the
enhanced Pi acquisition efficiency observed in their counter-
parts grown with the ‘supplementation by mixing’ method.
However, based on the tested biochemical markers, n-DAP

Nanoscale Adv, 2021, 3, 4834-4842 | 4837
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Fig. 4 (A) Phenotypes of two-week-old tomato seedlings grown in
a sand and perlite mixture with the supplementation of n-DAP and c-
DAP at a dosage regime of 25% and 100% recommended dosage of P
via foliar spray and pot bottom supply. Changes in (B) shoot length, (C)
shoot fresh weight, (D) shoot total soluble Pi content, and (E) shoot
anthocyanin content of c-DAP and n-DAP supplemented tomato
seedlings on 14 DAT with respect to the controls are represented in
graphs. Error bars indicate standard deviation (n = 20) and bar colours
indicate the type of P used for the treatment.

supplemented seedlings (pot bottom supplementation method)
scored over their c-DAP counterparts. Such differences might be
explained by the plausible time interval between fertilizer
supplementation and actual Pi availability to plants. The ‘pot
bottom supplementation’ method requires a prolonged period
for the solubilized n-DAP/c-DAP to reach the plant roots
through the solid growth media compared to P being mixed
with the growth media, as in the first tested (supplementation
by mixing) method. Furthermore, the rate and efficiency of the
source to sink transport of Pi by foliar spray would be lower than
that supplied to the root. This may be because leaf cells
reportedly express Pht2;1 for leaf Pi loading, which is a low-
affinity Pi transporter.”” In contrast, high-affinity Pi trans-
porters, the primary facilitator of Pi uptake in plants, are pref-
erably localised in the roots.*® This might explain the relatively
higher shoot total soluble Pi content of ‘pot bottom supple-
mented’ seedlings over ‘foliar sprayed’ seedlings. Among the
three tested supplementation approaches, the first method (by
mixing) clearly scored over the remaining two procedures for
the application of n-DAP. The better performance of tomato
seedlings in this method could be directly linked to the uniform
availability of Pi in the close proximity of roots. Such an easy
access to the unlimited Pi would result in enhanced Pi uptake
efficiency, as evidenced by higher total soluble Pi accumulation
in the tested tissues, leading to better growth and higher
performance of those seedlings.
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Wheat seedling growth in solid media (supplemented by
mixing). Next, we investigated the efficacy of n-DAP over c-DAP
in a monocotyledonous species, wheat. Similar to tomato,
wheat seedlings supplemented with n-DAP, except for the
quarter-strength dosage, for 14 days, resulted in longer shoots
than their c-DAP counterparts (Fig. 5B). The fresh weight of n-
DAP wheat shoots marginally increased over their c-DAP coun-
terparts but lacked statistical significance (Fig. S5A%). Similarly,
the n-DAP supplementation produced seedlings with signifi-
cantly shorter roots when compared to their respective c-DAP
supplemented counterparts (Fig. 5C). Due to the relatively
larger difference observed in the root length, as opposed to the
shoot length, between n-DAP and c-DAP treated seedlings, we
observed more root weight differences, than that of shoot
weight, in wheat seedlings. n-DAP supplemented seedlings had
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Fig. 5 (A) Phenotypes of two-week-old wheat seedlings grown in
a sand and perlite mixture with the supplementation of n-DAP and c-
DAP at a dosage regime of 10%, 25%, 50% and 100% recommended
dosage of P. Changes in the (B) shoot length, (C) root length, (D) root
fresh weight, (E) shoot total soluble Pi content, (F) root total soluble Pi
content, and (G) shoot anthocyanin content upon supplementation of
c-DAP and n-DAP to growing tomato seedlings on 14 DAT with
respect to the controls are given in graphs. Error bars indicate standard
deviation [(n = 30 for B-D), (n = 15 for E-G)] and bar colours indicate
the type of P used for the treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reduced root weight (by at least 12.59%) over their c-DAP
counterparts (Fig. 5D). For the chlorophyll fluorescence, near
static F,/F, values were obtained in all wheat seedlings sup-
plemented with either c-DAP or n-DAP at all graded concen-
trations (Fig. S5Bf). Nevertheless, n-DAP supplementation
produced shoots with a maximum of 21.68% (at half-strength)
more surface area than the respective c-DAP counterparts
(Fig. S5CY).

The subsequent biochemical assays showed that n-DAP
grown seedlings accumulated higher total soluble Pi content
in shoots than their c-DAP counterparts. The shoots of 50% n-
DAP treated seedlings had equivalent Pi content to those sup-
plemented with 100% c-DAP (Fig. 5E). Similarly, n-DAP sup-
plemented seedlings had at least 10.5% higher root Pi content
over their c-DAP counterparts (Fig. 5E and F). Apart from the
lowest tested concentration (i.e., 10%), n-DAP treated seedlings
also exhibited a significant decrease in shoot anthocyanin
content, at least 10.33% lower in both quarter-strength and half-
strength n-DAP seedlings over the full-strength c-DAP control
seedlings (Fig. 5G). This indicates plausible better fitness of the
n-DAP supplemented seedlings as they are better prepared to
combat any oxidative stress as compared to their c-DAP
controls. In both shoot and root samples, we further recorded
statistically significant reduction in the total carbohydrate
content in n-DAP treated seedlings over their c-DAP counter-
parts, albeit only at the full-strength doses (Fig. S5D and Ef).*

The observations made in Fig. 5, mainly the biochemical
aspects, indicated the superiority of n-DAP over ¢-DAP. The half-
strength n-DAP grown wheat seedlings performed on par with
the full-strength c-DAP supplied seedlings. The variation in the
degree of responses such as increase in the size of seedlings and
Pi accumulation between wheat and tomato seedlings might be
explained by the differences in the size of mature wheat and
tomato seeds. Additionally, it can be attributed to their different
growth dynamics. It is known that seed phosphorus content
affects plant growth.*® Mature wheat seeds possess prominent
endosperm that stores a large quantity of inorganic phosphate
as phytate.** Relying on this endospermic stored Pi might help
the seedlings to grow with minimal influence from external Pi
sources during the juvenile stages. This might explain the
relatively smaller differences in wheat seedlings' shoot
morphology when graded doses of n-DAP and c-DAP were sup-
plemented. Tomato produces smaller seeds which have
minimal endospermic tissue contributing to much less nutri-
ents, thereby plausibly forcing the growing seedlings to rely
more on external nutrients for the growth and development.
Therefore, such anatomical differences potentially resulted in
a more sensitive phenotypic response to the availability of
external Pi per unit area in the rhizosphere of tomato seedlings
while the wheat seedlings became relatively less susceptible to
such changes. The presence of a profuse rooting system of
wheat seedlings, as opposed to that of tomato seedlings, can be
another trait for such a difference in the results obtained with
the two species when subjected to similar growth conditions.

Wheat seedling growth in liquid media (hydroponics). Due
to the lack of a relatively more robust growth response by wheat
seedlings in solid growth media with n-DAP, we further tested
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Fig. 6 (A) Phenotypes of two-week-old wheat seedlings grown via
hydroponics with the supplementation of n-DAP and c-DAP at
a dosage regime of 25 uM, 50 uM, 100 uM and 200 uM. Changes in the
(B) shoot fresh weight, (C) root fresh weight, (D) shoot total soluble Pi
content, (E) root total soluble Pi content, and (F) shoot anthocyanin
content are graphically represented. Error bars indicate standard
deviation [(n = 30 for B and C), (n = 15 for D—F)] and bar colours
indicate the type of P used for the treatment.

their growth under a hydroponics system (Fig. 6A). Morpho-
logically, the wheat seedlings did not show any significant
difference in their shoot length over their c-DAP supplemented
counterparts apart from the full-strength dose, at which
a significant increase of 13.73% shoot length was recorded in n-
DAP grown seedlings (Fig. S6Af). Only at the full-strength
dosage did n-DAP seedlings produce significantly heavier
fresh shoots, by 46.42%, than their c-DAP counterparts (Fig. 6B).
Like the shoot, the root lengths of n-DAP treated seedlings,
except at full-strength dosage, were nearly equivalent to those of
their respective ¢-DAP counterparts (Fig. S6B7). Although the
root fresh weight of n-DAP grown seedlings gradually decreased
(beginning at 50 uM strength) with respect to their c-DAP
treated counterparts, such incremental changes remained
statistically insignificant (Fig. 6C). Likewise, only the full-
strength n-DAP supplied seedlings showed a significant
increase in their shoot surface area with 38.81% over the full-
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strength c¢-DAP supplemented seedlings (Fig. S6Ct). The chlo-
rophyll fluorescence (F,/F,,) also did not vary much and
exhibited negligible variation among the n-DAP and c-DAP
treated seedlings (Fig. S6DT).

In contrast to the morpho-physiological characteristics, the
n-DAP treated seedlings outperformed their c-DAP treated

) ®

Soil

© D)

Soil

c-DAP ——» o

Fig. 7 A plausible model depicting the superiority of n-DAP over c-
DAP upon supplementation to growing seedlings in solid growth
media. (A and B) c-DAP supplemented to tomato seedlings remain
relatively inaccessible to the taproot system. Due to the increased
surface area of n-DAP upon supplementation, the P fertilizer acces-
sibility per unit area of the root surface significantly increases, thus,
leading to enhanced growth. (C and D) In wheat seedlings, the robust
fibrous rooting system can tap more of the sparsely distributed c-DAP
than the roots of tomato seedlings. Additionally, mature wheat grains
store a large amount of minerals, including a high quantity of Pi in the
form of phytate. Since the seed Pi content affects seedling growth, the
presence of a phytate-rich grain along with a robust fibrous root
system contributes to smaller morphological differences between the
c-DAP and n-DAP supplemented wheat seedlings.
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counterparts biochemically. It was observed that the shoot of
half-strength n-DAP supplemented seedlings not only sur-
passed its c-DAP counterpart by 39.05% in total soluble Pi
content but almost matched that of the full-strength c-DAP
treated seedlings. Furthermore, the shoot Pi content of seed-
lings grown with 200 pM n-DAP surpassed that of the c-DAP
counterpart by 32.38% (Fig. 6D). Similarly, seedlings supple-
mented with even the lowest dose of n-DAP (25 uM) had 54.31%
more total soluble Pi content in roots over their c-DAP coun-
terparts (Fig. 6E). Overall, the results demonstrated a significant
increment in the nutrient uptake efficiency of n-DAP over the c-
DAP in multiple tested methods. A significant decrease of at
least 24.46% anthocyanin content was observed in n-DAP
seedlings than their c-DAP counterparts (Fig. 6F). Supplemen-
tation of n-DAP caused the total carbohydrate content to decline
from 200 pM to 25 puM in both shoot and root samples than
those supplemented with c-DAP (Fig. S6E and Ff).
Observations from the wheat morphological data and chlo-
rophyll fluorescence indicted uncertainty in correlating the
increased efficiency of n-DAP over c-DAP. We propose that the
increment in the shoot length and fresh weight of the wheat
seedlings grown in hydroponics over the ones grown in solid
growth media might plausibly be due to the enhanced abun-
dance of Pi and other nutrients in the liquid media per unit
surface area per root. The roots of hydroponically grown seed-
lings have unhindered access to the supplemented P-fertilizers
as the growth medium was liquid, while the roots of wheat
seedlings grown in the solid growth media had to navigate
through the solid media to tap and access the P-fertilizers.

Conclusions

We have successfully developed an industrially viable dry
method to generate chemically stable and ~5000 times smaller
n-DAP particles using the cryo-milling process. By testing
multiple methods, we even recommend ‘supplementation by
mixing’ of n-DAP with soil as the most preferred mode of nano-P
fertilizer application. Subsequently, through a series of
morphological, physiological, and biochemical assays, we
provide evidence on the superior agronomic use efficiency of n-
DAP over c-DAP. Improved biomass, pronounced Pi content,
and reduced anthocyanin at the quarter-strength (in tomato)
and half-strength (in wheat) n-DAP supplemented seedlings
support the improved agronomic use efficiency of the developed
nano-P fertilizer. Such a surge in plant total soluble Pi content is
often associated with better Pi uptake efficiency, in this case
primarily from the supplemented n-DAP that outsmarts it
granular counterpart for this trait (Fig. 7). Besides the potential
better agronomy of n-DAP over c-DAP, the use of n-DAP in
reduced quantities while meeting the plants’ optimum P
nutrient requirement is preferred for better soil health and
agricultural sustainability.
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