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A B S T R A C T

Background: Bone metastasis remains one of the biggest challenges in the treatment of prostate 
cancer, and other solid tumors such as breast, lung, and colon. Modeling a complex microenvi
ronment in-vitro such as the bone niche, requires interrogation of cell-cell interactions, specific 
extracellular matrix proteins, and a high calcium environment.
Methods: Here, we present a fast and cost-effective system in which commercially available, non- 
adhesive cell culture vessels are coated with amorphous calcium phosphate (ACP) as a surrogate 
for bone matrix. We also present modified protocols for subculturing cells and collecting nucleic 
acids and protein in high-calcium samples.
Results: We find that prostate epithelial cell lines show increased adhesion and proliferation when 
cultured in these amorphous calcium surfaces, accompanied by independence from androgen 
starvation. We observe gene expression changes on ACP surfaces in early adenocarcinoma cell 
lines which match alterations relevant to prostate cancer progression.
Conclusions: Incorporating biologically relevant in-vitro systems that address the microenviron
ment milieu of the metastatic site is essential for accurately modeling cancer progression. In the 
case of bone metastasis, calcium availability, uptake, and downstream signaling are of paramount 
importance for the survival of the cancer cell and should be considered in the development of pre- 
clinical models.
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1. Background

Prostate cancer remains a challenge in healthcare in the United States since it is the most commonly diagnosed malignancy in men, 
with about three hundred thousand new cases estimated in the United States for 2024. Of these patients, about eleven percent are 
expected to succumb to the disease [1], with about ninety percent of patients diagnosed with late-stage prostate cancer presenting 
bone metastases [2]. Importantly, patients diagnosed with localized prostate cancer can present with circulating tumor cells [3–5] that 
can invade other tissues and develop subclinical micro-metastases. Unfortunately, the organotropic mechanisms that mediate prostate 
cancer colonization to the bone are poorly understood. In the bone microenvironment, prostate metastatic foci are associated with the 
hematopoietic stem cell niche [6,7] and can remain dormant for extended periods. In this context, the endosteal layer of quiescent 
osteoblasts induces the dormant phenotype via several mechanisms [8,9]. Relevant to the present study, this bone microenvironment 
is the primary repository of calcium, which is incorporated and mobilized from the osteoid matrix to respond to systemic demand 
(reviewed in [10,11]). Factors like race [12], age [13,14], and concomitant morbidities like diabetes [15–18] negatively impact this 
bone calcium homeostasis resulting in osteopenia (loss of calcified bone mineral density) and osteoporosis (loss of mineral density that 
results in decreased bone strength). Adding complexity to these phenotypes, the standard of care for prostate cancer also negatively 
impacts bone matrix integrity. Specifically, androgen deprivation therapy (ADT: chemical castration, testosterone blockade) interferes 
with osteoblast homeostasis resulting in loss of mineral density [19,20]. These events could create a perfect storm of a microenvi
ronment rich in bioavailable calcium which could influence cell proliferation (reviewed in Ref. [21]), and abnormal cell survival and 
apoptosis [22,23]. Critically, previous studies have shown that about fifty percent of patients who fail ADT therapy and develop 
castration-resistant prostate cancer (CRPC) will experience bone metastasis as well [24].

The role of bioavailable calcium in prostate cancer bone metastasis progression and the development of CRPC is poorly understood. 
In this study, we present the development of a cell culture system that incorporates an amorphous calcium phosphate coating to model 
the interactions of prostate cancer cells with this type of microenvironment.

Unfortunately, the COVID-19 pandemic placed an unusual strain on the supply chain of polypropylene-derived plastics necessary 
for research [25,26]. As a result, the production of cell culture specialty vessels like those needed to model the bone microenvironment 
was severely impacted. Spurred by this uncertainty in sourcing material for our studies, we set out to modify an amorphous calcium 
phosphate (ACP) chemical deposition system, originally developed to coat titanium for use on bioimplants [27]. Our system is useful 
for depositing amorphous calcium phosphate on untreated plastic cell culture vessels and glass coverslips. The technique is 
cost-effective, modular, and robust and can generate hundreds of cell culture plates in a few weeks, ensuring continuity of research 
independent of supply issues. Here we describe the advantages and challenges of the system, along with the methods developed for 
culturing prostate cancer cell lines on these surfaces and deriving viable biological samples from them.

Culturing normal (RWPE), adenocarcinoma (LNCaP), and bone metastatic (VCaP, MDAPCa2a) prostate epithelium on these ACP- 
coated vessels, we observed high cell attachment to calcium-rich surfaces and an induction of proliferation. We further identified 
changes in the transcription of genes related to cell proliferation and metastasis progression. Intriguingly, the presence of calcium 
compensated for the absence of testosterone in some cases, providing new insight into an alternative mechanism for the rise of 
castration resistance.

2. Results

2.1. Alkali-treated titanium catalyzes amorphous calcium phosphate aggregate formation and a surface for coating

To develop a cell culture system in which prostate cancer cells interact with a high bioavailable calcium microenvironment, similar 
to the metastatic bone site, we implemented a modified version of the amorphous calcium phosphate (ACP) coating on alkali-treated 
titanium as previously described [27]. We scaled the protocol to activate and coat multiple titanium plates of larger sizes, amenable for 
cell culture in 6 well plates (Fig. 1A). Activating the titanium surfaces in 5 M potassium hydroxide results in mild etching of the plate 
surface, evident under scanning electron microscopy (SEM) (Fig. S1 A-B). Incubation of these activated surfaces in ACP solution results 
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ACP amorphous calcium phosphate
RWPE non-tumorigenic prostate epithelial cells
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KSF chemically defined media that does not contain serum
FNC fibronectin and collagen coating
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R. San Martin et al.                                                                                                                                                                                                   Heliyon 11 (2025) e41929 

2 



in aggregate formation, visible on the supernatant of the solution, as early as 24 h after the start of the coating phase (Fig. 1B). 
Replacing two-thirds of the solution every 24 h allowed for less disturbance of the coating surface and faster nucleation of the new 
solution, resulting in a white, chalky coating after four days of incubation (Fig. 1C), which persists after washing with chemically pure 
water. An evaluation of the coating using SEM confirms an amorphous, filamentous structure similar to that previously reported 
(Fig. 1D) [28,29].

2.2. X-ray diffraction analysis of ACP aggregates

The material deposited onto three ACP-coated glass coverslips, and 500 mg of ACP precipitate, collected from eighteen Petri dishes 
that were coated and then scraped as described in the methods section, were evaluated via X-ray diffraction. The three glass-coated 

Fig. 1. Coating of potassium hydroxide-activated titanium plates with amorphous calcium phosphate (ACP) A. Graphic representation of the 
method for amorphous calcium deposition (ACP) on titanium surfaces and collection of activated ACP solution for plastic coating B. Incubation of 
potassium hydroxide-activated titanium plates with ACP solution for 24 h is enough to elicit nucleation of precipitate in the solution. C. Potassium 
hydroxide-activated titanium plates conserve a metallic sheen (left), while plates exposed to ACP solution for four days are coated with a persistent, 
white, chalky substance (right) D. Scanning electron microscopy shows that ACP-coated titanium plates are coated with a combination of amor
phous globular structures and a fibrillar-like network (scale: 20 μm). Sodium chloride crystals are also observed, interspersed among those structures 
(cuboidal structure). E. ACP coating is persistent on non-treated plastic surfaces. ACP-coated plate (right) shows characteristic white powdered 
deposition compared to control plates incubated in buffer (left). F. X-ray diffraction (XDR) analysis reveals two peaks in the powdered ACP collected 
from petri dishes (purple- “powder”): a weak peak at 31.67 ◦2θ (d = 2.79 Å) and a weaker peak at 45.5 ◦2θ (d = 1.99 Å), while the sample coated on 
glass coverslips (green- “plate #3”) shows profiles of a single weak diffraction line (peak) at 31.90 ◦2θ (d = 2.81 Å). The graph compares the XRD 
profiles of the unknown precipitates to that of apatite.
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coverslips generated similar XRD profiles (Fig. 1E – green); these profiles consisted of a single weak diffraction line (peak) at 31.90 ◦2θ 
(d = 2.81 Å). The powder sample (Fig. 1E – Purple) generated two peaks: a weak peak at 31.67 ◦2θ (d = 2.79 Å) and a weaker peak at 
45.5 ◦2θ (d = 1.99 Å). Fig. 1F compares the XRD profiles of the unknown precipitate to that of hydroxyapatite. Based on the XRD 
analysis, the only crystalline substances in the samples are KCl and NaCl. The bulk of the precipitate appears to consist of an amorphous 

Fig. 2. Epithelial cell culture on ACP-coated, non-adhesive plastic surfaces Cell culture results are shown for Prostate adenocarcinoma cell line 
LNCaP (A), Bone metastatic prostate cancer cell line VCaP (B) and Bone metastatic prostate cancer cell line MDAPCa2a (C) grown on amorphous 
calcium phosphate surfaces. For each cell line: left panels show scanning electron microscopy of cells grown in ACP-titanium coated surfaces, bar 50 
μm. Middle panels show cells cultured on ACP coated-non adhesive plastic for 48 h. Right panels show cell culture yield from full media control, 
testosterone depleted (-DHT), or testosterone supplemented (+DHT) conditions, in either standard tissue culture treated plastic (blue) or ACP coated 
plastic (grey). Unpaired t-test with Welch’s correction * p < 0.05.
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(microcrystalline) substance, similar to amorphous calcium phosphate reported in the literature.

2.3. Activated ACP solution can be used to coat plastic and glass cell culture vessels

Cells grown on titanium surfaces cannot be studied with light microscopy, so to enhance the utility of our ACP coating for a variety 
of downstream experiments, we next devised a way to use the ACP solution to coat plastic vessels. To evaluate how prostate cancer cells 
interact with calcium-coated surfaces, non-cell culture-treated plastic vessels were coated with activated ACP solution immediately 
after the four-day pooling from the titanium coating phase. We used bacterial culture Petri dishes, non-treated six-well plates, or glass 
coverslips to prevent confounding adhesion interactions with treated plastics. Treatment with ACP for four days at 37oC is enough to 
coat both types of plastic (Fig. 1E) or glass (Fig. S1C). This coating is persistent after washing in chemically pure water, with vigorous 
shaking. Based on the collection of ACP precipitate used for the X-ray diffraction studies, and given that the coating appears to be 
homogeneous, we estimate that each 10-cm plate is coated with about 27 mg of ACP or about 0.4 mg/cm2.

As described in the methods, sterilization under ultraviolet light does not affect the ACP structure or coating and is sufficient to 
prevent contamination during cell culture.

Petri dishes coated in ACP were incubated in standard full media formulations used for prostate cancer cell lines (Table S1) to verify 
the stability of the calcium phosphate coating during cell culture. We find that chemically defined media that does not contain serum 
(KSF) can strip a significant amount of ACP from the surfaces. To further evaluate changes in calcium concentration in the media, 
media pooled from four-day incubation on ACP-coated surfaces were submitted to ion chromatography analysis at the Water Quality 
Core Facility of the University of Tennessee, Knoxville. These results (Fig. S1D) confirm the visual observation of ACP stripping in KSF. 
Some increase in calcium concentration occurred on HPC1 media, with the coating still visible under the microscope. The consistency 
of the coating was confirmed by scraping the deposited ACP into a suspension in chemically pure water, followed by drying of the 
precipitated pellet. We confirmed that the deposited ACP among batches is consistent, between 6 and 7 mg of ACP per plate (Fig. S1E).

2.4. Culturing prostate cancer cell lines on ACP-coated surfaces fosters their adhesion, proliferation, and independence from androgen 
depletion

We cultured the adenocarcinoma cell line LNCaP and bone metastatic cell lines VCaP (White-European) and MDAPCa2a (African 
American) on ACP-coated titanium plates and plastics to evaluate the influence of an environment rich in bio-available calcium on 
prostate cancer epithelium.

The adenocarcinoma cell line (LNCaP) attaches readily to the ACP-coated surfaces (Fig. 2A). Cell viability is not affected by 
culturing on ACP surfaces, but the presence of both ACP and testosterone (DHT) supplementation increases proliferation (Fig. 2A, 
right). Strikingly, LNCaP cells cultured in ACP-coated vessels are not sensitive to the absence of testosterone modeled using charcoal- 
dextran-treated serum in the culture media. After four days of culture on tissue culture treated plastic and charcoal-dextran serum 
conditions, we observe a well-documented decrease of LNCaP proliferation, while cells proliferate at the normal rate on ACP-coated 
plastic. The cells do not adhere to the untreated plastic without ACP coating, even in the presence of an equivalent amount of 
additional free calcium in the media, indicating this cell attachment phenotype is a surface coating-dependent effect (Fig. S1G).

The bone metastatic cell line VCaP adheres readily to ACP surfaces. (Fig. 2B). VCaP cells show a prototypical response to the 
absence of testosterone in normal plastic at four days, with a significant proliferation decrease when cultured in media containing 
charcoal dextran-treated serum. This effect is rescued by the addition of testosterone to the media. Similarly, to our observations in 
LNCaP, culturing the VCaP cell line on ACP-coated surfaces bypasses the proliferation arrest that results from the absence of testos
terone (Fig. 2B right).

In contrast to the other cells used in this study, the bone metastatic cell MDAPCa2a cannot adhere to cell culture-treated plastics 
unless coated with a mixture of fibronectin and collagen (FNC coating - Athena biologicals). Growing on this extra-cellular matrix 
protein context and at the 4-day experimental timepoint, MDAPCa2a cells show a small proliferative decrease when cultured in media 
with charcoal dextran-stripped serum. This proliferation decrease, as in VCaP, is rescued by the addition of testosterone. Strikingly, 
MDAPCa2a culture on ACP-coated surfaces (titanium and plastic) does not require FNC coating. Cells adhere to the surface, making 
both the characteristic 3D colonies observed in plastic, with single cells growing in a monolayer as well (Fig. 2C). Further, these cells 
show a similar trend as VCaP regarding the presence and absence of testosterone in plastic (Fig. 2C right). The presence of the ACP 
surface results in a significant increase in the proliferation of MDAPCa2a cells in the presence of complete media. In contrast to VCaP 
cells, however, MDAPCa2a cells show a non-significant decrease in proliferation when cultured in media containing charcoal-dextran- 
treated serum. Interestingly, this effect is not rescued by the addition of testosterone, suggesting that the absence of another steroid- 
like compound present in the serum could affect the proliferation of these cells (Fig. 2C right).

Cells cultured on ACP in charcoal dextran stripped (testosterone depleted) serum show nuclear localization of androgen receptor. 
The number of nuclear AR-positive LNCaP cells cultured on ACP does not change, regardless of the presence of testosterone in the 
media, however, there is a significant increase in AR-positive cells observed in VCaP (Fig. S4A). This AR localization is accompanied by 
differential transcriptional regulation of AR-regulated genes, like PSMA1 and PSMA6, among others (Fig. S4B).

2.5. Culture in ACP-coated surfaces results in an altered transcriptional landscape

To evaluate the transcriptional effect that bioavailable calcium coating has on prostate epithelial cells, we collected RNA from our 
model cell lines (RWPE, LNCaP, VCaP, and MDAPCa2a) cultured under different conditions: cell culture-treated plastic or ACP-coated 
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non-cell culture treated vessels were used in combination with control media, media without testosterone (using charcoal-dextran 
stripped serum), or media supplemented with testosterone (in charcoal-dextran stripped serum). We found that RNA quantity and 
quality remained high when isolated from cells grown on ACP surfaces (Fig. S1F) enabling the generation of RNA-seq libraries from all 
samples.

Two unsupervised analyses were used to compare the transcriptomic output of each of these experimental conditions. First, genes 
that showed a log2 fold change with a cutoff of ± 1 for each condition were analyzed using Metascape to find enriched biological 
pathways and functions [30] (full gene lists and enrichment results are available in Data S1). In agreement with our proliferation data, 
this analysis revealed that three main functional categories are enriched for transcriptional upregulation when non-tumorigenic 
(RWPE) or early adenocarcinoma (LNCaP) cell models are grown in contact with calcium surfaces: Cell cycle progression (Fig. 3A, 
Table S2), oxidative phosphorylation (Fig. 3B–Table S2) and translation/ribosome assembly (Fig. S2). Genes common to these on
tologies and comparisons include CDK1, COMMD3, B2M, CDK7, and COX17.

Further, to assess whether common genes were affected in different cell lines treated in the same conditions, we intersected gene 
lists that showed a significant change (FDR p-adjusted value < 0.001). We find that fifty-two genes upregulated by culturing RWPE on 
calcium-rich surfaces are further upregulated when culture on calcium is supplemented with testosterone (Fig. 3C). Sixty-three genes 
that are upregulated in normal epithelium cultured on calcium are also upregulated in adenocarcinoma cell lines under the same 
condition (Fig. 3D). Genes common to these comparisons include CDK1, PARPBP, ANKRD22, ITGAE, and COX7B. Only fourteen genes 
are common among the normal epithelium-bone metastatic cell line comparison (Fig. 3E–Table S3). Full gene expression profiles of 
these and other prostate cancer progression related genes are shown in heatmaps in Fig. S3.

Finally, we evaluated whether transcription of genes whose expression increased in the context of our experimental bioavailable 

Fig. 3. Congruent changes in transcription are observed in prostate non-tumorigenic epithelium and adenocarcinoma cells cultured on ACP sur
faces. A. Culturing the non-tumorigenic cell line RWPE (left) and the early adenocarcinoma cell line LNCaP (right) on calcium-coated surfaces 
induces transcription of genes related to cell cycle progression when compared to culture in normal plastic (Full gene list in Table S2). B. Culturing 
RWPE and LNCaP on calcium-coated surfaces induces transcription of genes related to oxidative phosphorylation (Full gene list in Table S2). C. The 
addition of testosterone to RWPE culture on calcium-coated surfaces further enhances transcription of a cohort of 52 genes. D. Comparison of 
transcriptionally upregulated genes common between normal epithelium (RWPE), adenocarcinoma (LNCaP) and (E) bone metastatic cell (VCaP) 
line, shows common hubs of genes that are upregulated in calcium-rich culture conditions (Gene lists: Table S3, expression profile heat
maps: Fig. S3).
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calcium model also increased in patients by analyzing available prostate data from The Cancer Genome Atlas (GDC TCGA PRAD). This 
cohort includes data from six hundred and twenty-three patients (81 % tumor samples, 19 % normal samples). Using data from patients 
with a reported Gleason score, we find that CDK1 and DEPDC1B high expression is upregulated in tumor samples (Fig. S5A) and 
correlates with biochemical recurrence (Fig. S5B). The expression of these genes also correlates with a higher Gleason Score and is 
concurrent with each other as the Gleason Score increases (FigS5 C-D).

3. Discussion

Advanced prostate cancer metastasizes preferentially to the bone [31]. Importantly, at the time of diagnosis, about a quarter of all 
prostate cancer patients already present with tumor-circulating cells (reviewed by [5,32]), that might arrive at the bone niche through 
circulation, remaining in a dormant state under the influence of osteoblast-secreted signals [8,33].

Previous studies have characterized a reactive, fracture repair-like endosteum associated with trabecular prostate cancer metastasis 
[34] and the important role of bone calcium in the context of cancer [35]. These two separate observations can be intimately related 
since the processes of bone remodeling, via deposition of new osteoid by osteoblasts or bone matrix degradation mediated by oste
oclasts, play an important role in the release of bioavailable calcium (reviewed by [36]).

The present work established a cell culture system with a solid-phase bioavailable calcium coating to model a receptive bone 
microenvironment. In this context, bioavailable calcium is defined as A) calcium that is compatible with body fluids and is present in 
native tissues in solid form, B) fosters biological activity by mediating adhesion and proliferation, and C) a matrix that can be degraded 
by cells and release calcium ions [37]. Specifically, amorphous calcium phosphate (ACP) coatings are biologically relevant since they 
foster new bone formation by osteoblasts, inducing faster mineralization and osteogenic induction [28]. ACP also enhances 
MSC-mediated reconstruction of bone defects and engraftment [38] and increases titanium implant biocompatibility and bonding 
strength, even in the presence of coating resorption [39].

Further, it has been proposed that ACP acts as a potential intermediate in the precipitation of hydroxyapatite in vitro [40,41]. While 
there is controversy about the presence of non-crystalline phase apatite and amorphous calcium phosphate in bone [42], several 
studies have characterized disordered calcium phosphate deposition. Amorphous calcium compounds are predominant in new seg
ments of ray bones in zebrafish [43], where they act as precursors of the mature bone’s carbonated hydroxyapatite. Further, a detailed 
transformation mechanism of amorphous calcium phosphate particles into apatite-like crystals has also been described within the 
confined domains of a fibrous nanocomposite resembling the collagen matrix in the developing bone [44]. Conflicting studies that 
characterized the absence of amorphous calcium phosphate content in bone [45] were hindered by a limited sample size of two adult 
cadaveric donors since ACP deposition is more prevalent in young vertebrates [46].

Our ACP coating, modified from established protocols based on alkaline-treated titanium catalysis [27], allows the coating of large 
surface-area cell culture vessels onto otherwise non-adhesive plastic. This is a critical advantage to commercially available materials 
currently limited to small well formats. The method requires simple equipment (ovens, shakers, mixers) and cost-effective reagents 
that are broadly available, making it accessible. This ACP formulation creates a resilient solid phase in otherwise non-adhesive cell 
culture plastics, stabilized by serum-containing media. We recommend caution using this system in non-serum-containing experi
ments, since chemical-defined media results in calcium release from the matrix into the liquid phase of the culture. These higher 
calcium levels could be toxic for non-prostate epithelial cell lines. While the system is limited to in-vitro modeling and represents only 
one physical phase of calcium present in the bone, it lends itself to modifications such as the incorporation of secondary coating with 
extracellular matrix proteins or the development of co-culture bone cells (osteoblasts, osteoclasts), making it a modular solution to 
query the complex bone microenvironment.

All prostate epithelial-derived cells used in this study showed a high binding affinity to the ACP-coated surfaces, and enhanced 
proliferation, even when cultured in media supplemented with charcoal-dextran stripped serum, as a model for androgen depletion. 
These results are critical since androgen deprivation therapy (ADT) remains the standard for localized prostate cancer therapeutic care. 
As the tumor recedes after the initial interventions, residual disease can proliferate again, eliciting sequential patient exposure to ADT 
[47]. Unfortunately, some patients develop tolerance to treatment and evolve into a castration-resistant phenotype (CRPC) (reviewed 
by [48], and [49]). Our results carry the dangerous implication that interaction with bioavailable calcium is sufficient to elicit 
androgen independence, which could mediate, in part, the rise of castration resistance. Hormonal ablation has a well-characterized 
side effect of bone loss, with a substantial increase in bone fractures in patients with recurrent ADT exposures [47,50]. Further, 
factors related to worsening bone health are the primary indicators of poor prognosis associated with bone metastasis [51–53]. We 
propose that subclinical fractures resulting from therapy exposure activate the bioavailable calcium pool in the metastatic niche, and, 
through undefined mechanisms, allow retention of the androgen receptor inside the nucleus, even in the absence of testosterone, 
helping the progression into CRPC. Further, our observations are concordant with recent findings showing that treatment of 
AR-positive prostate epithelium with soluble calcium increased androgen-mediated cell proliferation and the expression of 
androgen-regulated genes [54].

In agreement with our enhanced proliferation observations, ACP-coated culture elicits transcriptomic induction related to cell cycle 
progression, oxidative phosphorylation, and transcriptional elongation in both non-tumorigenic and early-adenocarcinoma prostatic 
epithelial cell lines (RWPE and LNCaP, respectively). Further evaluation of these genes against the Cancer Genome Atlas dataset for 
prostate cancer (PRAD) revealed that CDK1 and DEPDC1B expression is concomitant, correlating with a higher incidence of 
biochemical recurrence and increased Gleason score, which in turn signals a potentially poor prognosis.
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4. Conclusions

Recent understanding of the importance of bone health in preventing metastatic progression and improving patient outcomes has 
given rise to combination therapies that foster bone homeostasis [20,55,56]. However, molecular changes during prostate cancer 
progression and the subsequent rise of treatment resistance should influence therapy choice [57]. The ACP-coating system developed 
in this study is cost-effective and scalable and a simple way to incorporate bioavailable calcium in studies that require modeling the 
osteogenic bone niche. Finally, our results revealed that an environment rich in calcium is enough to rescue prostate epithelial cells 
from androgen removal in vitro. Our findings highlight the importance of including calcium as a confounder to Androgen Receptor 
biology in the study of castration-resistant prostate cancer and a critical need to incorporate biologically relevant models that mimic 
the reactive bone microenvironment in the study of prostate cancer metastasis.

5. Methods

5.1. Titanium plates

Titanium Foil, 0.89 mm thick, 99.7 % metal basis (Alfa Aesar, AA10399GW) was cut into 2 × 2 cm plates, using an OMAX2626 
JetMachining Center. A small triangular tab was included in the upper left corner of the design to facilitate identification and 
orientation of the activated/exposed surface during coating.

5.2. ACP coating

5.2.1. Titanium plates
Coating of titanium surfaces was performed according to Ref. [27] with modifications. Briefly, activation of the titanium surface 

was achieved by incubating four titanium plates (16 cm2 total surface area) in 500 ml of potassium hydroxide, at 37oC, inside a tightly 
closed, 1-L, polypropylene bottle (Nalgene, 75007300), for 24 h.

After surface activation, bearing in mind to keep hydroxide-exposed surfaces up, plates were washed in three changes of milliQ 
water, 20 ml each, for 5 min under orbital shaking. Plates were then transferred, in pairs, to clean, 1-L, polypropylene bottles for ACP 
deposition.

The ACP solution was prepared in 1-L batches. Using eight hundred milliliters of MilliQ water under constant magnetic stirring as 
the solvent, each reagent was added in a stepwise manner, allowing it to dissolve fully before adding the next one. (Refer to Table S4 for 
the detailed formulation, as per Kim et al. [27]). Sodium chloride was added first, followed by potassium chloride, magnesium chloride 
(hexahydrate), calcium chloride (dihydrate), sodium bicarbonate and sodium phosphate (dibasic, hydrate). The sudden addition of the 
reagents, or an alteration of the order, caused premature precipitation. After all the reagents were dissolved, the solution was 
transferred to a graduated cylinder and the volume was adjusted to 1 L with MilliQ water. Nine hundred milliliters of freshly made ACP 
solution were added to each of the polypropylene bottles, containing two titanium plates, activated side up (total surface area 8 cm2). 
Bottles were tightly closed and incubated in a 37oC oven for 24 h. After the 24-h incubation, two thirds of the ACP solution was 
collected from the incubation chambers and replaced with freshly made solution. This process was repeated two more times, for a total 
of 4 days incubation. All ACP solution was pooled together (Activated ACP), for usage in the coating of glass and plastic cell culture 
vessels.

After the four-day incubation, titanium plates were removed from the chamber, washed with an excess of milliQ water, for 30 min, 
under orbital shaking, and allowed to air dry for at least one day before sterilization (Fig. 1A). Coating was verified as a white, powder 
deposit, and via SEM of each batch.

5.2.2. Bacterial plates
Activated ACP solution was added to plastic vessels that are non-adhesive to mammalian cells such as plastic petri dishes (Fisher 

brand FB0875713. 15 ml per plate), or non-treated 6 well plates (VWR 10861-554. 5 ml/well) and incubated for four days in a 37oC 
oven. After incubation, ACP solution was aseptically removed and collected for filtering, while plates were washed with an equivalent 
volume of milliQ water, with orbital shaking, for 30 min. Coating was visually verified as a white powder deposit.

Deposited ACP was collected from 10-cm, petri dishes to verify the consistency of the coating. Briefly, 100 μL of chemically pure 
water were added to a plate and the ACP was carefully scraped from the surface using a lifter blade scraper (Celltreat, 229316). The 
100 μL were collected once saturation was reached and new water was added in 100 μL aliquots, repeating the scraping steps until the 
plate surface appeared clean. About 500 μL of ACP suspension were collected in total for each plate. Powdered ACP was washed with 
absolute ethanol by centrifugation at 13000 rpm for 10 min at room temperature to remove moisture, and allowed to air dry before 
measuring the mass collected.

5.2.3. Glass coverslips
Square glass coverslips were flame-sterilized inside the biosafety cabinet, and installed in six well-plates, one coverslip per well. 

Coverslips were washed twice with 5 ml of PBS, and allowed to thermally stabilize inside a 37oC, 5 % CO2 incubator for at least an hour 
prior to usage. For ACP coating, PBS was removed, and substituted with 5 ml of activated ACP, per well. Plates were then incubated in a 
37oC oven for four days. After ACP incubation, plates were washed with three, 10-min incubations in sterile milliQ water (5 ml each).

All ACP-coated vessels were sterilized under ultraviolet light, inside a biosafety cabinet, for 2 h and stored in sterile polypropylene 
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zip lock bags until use.

5.2.4. Activated ACP disposal
Activated ACP precipitates readily and is pervasive on most plastic and glass surfaces. The high nucleation efficiency of ACP could 

have a deleterious effect in the water supply and increase mineral deposition in water lines. For this reason, activated ACP was filtered 
through 0.2-μm membranes (Corning 430769), which significantly reduces the amount of salt aggregates in the solution, before 
disposal.

5.3. X-ray diffraction (XRD) analysis

Deposited ACP was collected from 10-cm, petri dishes as previously described, pooling the ACP from 16 plates. The powder (yield 
97 mg) was allowed to air dry overnight before X-ray diffraction analysis.

X-ray diffractograms were generated using random powder mounts and a Brüker Model D8 with Ni-filtered, Cu Kα radiation. The x- 
ray diffractometer operating parameters were set to 40 kV and 40 mA with a scan range of 10–50◦2θ, and a count rate of 2 s per step. 
XRD analysis was performed on three ACP-coated glass coverslips and on powdered ACP, scrapped from 20 coated petri dishes. Glass 
coverslips were analyzed by placing them directly into the XRD instrument. The powder was suspended in water and the suspension 
deposited on a glass slide (creating a powder mount). After drying, the slide was placed into the XRD instrument and analyzed. Powder 
mounts of the mineral apatite and reagent grade NaCl (halite) were also analyzed as controls.

5.4. Cell culture

A cohort of prostate epithelial cell lines was selected to represent stages of prostate cancer progression: immortalized normal 
epithelium (RWPE), early adenocarcinoma (LNCaP), and bone metastasis (VCaP of Caucasian ancestry and MDAPCa2a, derived from 
an African American patient).

RWPE (Normal epithelium, RRID:CVCL_3791) [58], LNCaP (early adenocarcinoma, RRID:CVCL_1379) [59] and VCaP (bone 
metastatic, RRID:CVCL_2235) [60] were obtained from ATCC (Cat. No CRL-11609, CRL-1740 and CRL-2876, respectively), through 
the Physical Sciences Oncology Network Bioresource Core Facility. All cells were cultured in T75 filtered flasks (Corning 430641U). 
RWPE was cultured in keratinocyte SFM, supplemented with EGF and bovine pituitary extract (Gibco 17005042), and sub cultured by 
incubation for 2 min in 1 ml of 0.25 % Trypsin-0.53 mM EDTA (Gibco, 25200072) at 37oC, followed by neutralization with defined 
trypsin inhibitor (Gibco R007100) to a ratio of 1:20 enzyme to inhibitor. LNCaP media was composed of RPMI (Gibco, 11875119) 
supplemented with 10 % FBS (Corning 35-010-CV), glucose (Corning, 25037CI), HEPES (Gibco, 15630080) and sodium pyruvate 
(Gibco, 11360070) to match the concentrations suggested by ATCC (4.5 g/L glucose, 2.383 g/L HEPES and 0.11 g/L sodium pyruvate). 
Media used for VCaP culture was 10 % FBS, in DMEM: F12 Ham 1:1 basal media.

MDAPCa2a cells (RRID: CVCL_4747)were a kind gift from Dr. Nora Navone (MD Anderson Cancer Center, Houston TX) [61]. Cells 
were cultured in the same type of T75 vessel, coated with FCN coating mix (Athena Biologicals Cat. No. 0407), according to the 
manufacturers’ protocol. Media for MDAPCa2a cells was composed of BRFF-HPC-1 base media (Athena Biologicals Cat. No. 0403), 
supplemented with 20 % FBS.

All cell culture media was supplemented with 1X penicillin/streptomycin (Gibco 15140122). Media formulae as described were 
used for culture in ACP-coated surfaces.

All cell lines tested negative for mycoplasma using a PCR assay (Biovision/Abcam) and were authenticated via STR testing (ATCC).
For trypsinization from ACP-coated petri dishes (10 cm), media was aseptically removed, and the cell monolayer was briefly rinsed 

with 5 ml of 5 mM EDTA solution in HBSS. Cells were then exposed to a brief trypsin wash using 0.25 % trypsin - 0.53 mM EDTA 
(Gibco), supplemented to a final EDTA concentration of 1.3 mM. Cells were further incubated in another aliquot of EDTA- 
supplemented trypsin for 2 min in a 37oC, 5 % CO2 incubator. After incubation, with trypsin still on the plate, plates were vortexed 
for 15–20 s, using a Vortex Genie equipped with a flat surface adaptor (setting No.3). Enzymatic dissociation was then neutralized by 
adding 7 ml of full media, followed by centrifugation (5 min, 800×g). Viability and cell number was evaluated via trypan blue 
exclusion using a CytoSMART cell counter. This protocol was used for both subculture, and RNA-protein sample collection.

5.4.1. In-vitro androgen treatment
For supplementation of androgen in our cell culture experiments, a batch of BRFF-HPC-1 base media (Athena Biologicals) was 

purchased, custom-made to a final concentration of 0.5 μg/ml of dihydrotestosterone and used as stock solution. Complete media for 
LNCaP, VCaP and MDAPCa2a was prepared as previously described, substituting FBS with an equivalent volume of HyClone charcoal/ 
dextran treated FBS (Cytiva/HyClone Cat.No. SH30068.03). 2.9 ml of modified BRFF-HPC-1 media was added per 50 ml of total media 
for a final DHT concentration of 100 mM (media formulation referred to as “DHT +”). An equivalent volume of BMZERO media 
(Athena Biologicals Cat. No. 0401) was used to supplement negative control media (media formulation referred to as “DHT -”). Media 
containing normal FBS is referred to as “DHT Control”.

Given that the RWPE cell line grows in serum-free media, for these cell lines the only supplementation necessary was modified 
BRFF-HPC-1 media or BMZERO control, as previously described.

5.4.2. Cell culture on titanium plates: sample preparation for electron microscopy studies
Five hundred thousand cells (VCaP, LNCaP) were seeded per sterile ACP-coated titanium plates, housed in non-treated 6 well 
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plates, using 5 ml of cell-specific media. Cells were cultured for 4 days, with a change of media at 48 h. Cells were fixed in-situ by 
removing 2 ml of media and adding 3 ml of 8 % paraformaldehyde (Alpha Aesar, 473479M), for a final concentration of 4 %, and 
incubated for 20 min at room temperature. After fixation, the media/fixative was removed and plates were washed three times in 5 ml 
of sterile PBS, under orbital shaking. Plates were then dehydrated in a series of graded ethanol (three washes each of 70 %, 95 %, 100 
%), and allowed to air dry.

5.5. RNA purification and RNA-seq

RNA was purified from five million-cell pellets, using the Rneasy Plus kit (Qiagen, 74034), according to the manufacturer’s in
structions, using the RLT lysis buffer supplementation with β-mercaptoethanol, as suggested. Samples were homogenized using 
QiaShredder columns (Qiagen, 79656), before genomic DNA removal and purification steps. RNA quality was assessed using a 
NanoDrop spectrophotometer.

RNA-seq was performed by Genewiz (South Plainfield, NJ) using PolyA selection for mRNA species.

5.6. RNA-seq data processing. Differential expression analysis and gene ontology

RNA-seq data was processed according to previously reported pipelines. Briefly, fastq files were processed with BBDuk tool 
(https://github.com/kbaseapps/BBTools), trimming adapters (ktrim = r k = 23 mink = 11 hdist = 1), and low quality reads (lower 
than 28: “qtrim = r trimq = 28”). The reads were then aligned to the reference genome hg19 using STAR aligner (https://github.com/ 
alexdobin/STAR) with (‘–outFilterScoreMinOverLread’ and ‘–outFilterMatchNminOverLread’ parameters set to 0.2). Mapped reads 
were arranged via their genomic coordinates and feature counts generated with HTSeq-Counts (https://github.com/simon-anders/ 
htseq).

Differential gene expression analysis between experimental conditions was evaluated using DESeq2 (https://bioconductor.org/ 
packages/release/bioc/html/DESeq2.html) and genes defined as up/down regulated for each of the comparisons, were considered 
for gene ontology analysis based on a log2 fold change higher/lower than a factor of 1. Gene lists were analyzed using Metascape [30]. 
Full gene lists and enrichment results are available in Data S1. Gene ontology results were analyzed for commonalities among com
parisons. Finally, batch adjusted counts for genes of interest were log2 normalized with a pseudo count of 1. Gene expression was 
plotted as a heatmap per sample/condition using the Seaborn python package (https://seaborn.pydata.org/).

5.7. Protein collection and western blot

Pellets containing five million cells were collected by centrifugation at 1000g for 5 min. After removing the supernatant, pellets 
were lysed in 300 μl of RIPA buffer (Thermo Scientific 89900) containing protease/phosphatase inhibitors and EDTA (GenDepot, 
P3100001 and P3200001), incubating on ice, for 10 min 0.75 U of micrococcal nuclease (Thermo Scientific ENO0181) were added to 
each sample, and calcium chloride was added to a final concentration of 1 mM. Samples were then incubated for 15 min at 37oC, 15 
min at 68oC, and on ice for 10 min, and stored at − 20oC for a maximum of two weeks.

For Western blot, samples were thawed on ice and centrifuged at 14,000×g for 5 min at room temperature. The supernatant was 
transferred to a clean tube and the pellet was resuspended in 40 μl of 1X NuPAGE LDS sample buffer (Invitrogen NP0007) supple
mented with DTT according to the manufacturers’ protocol. Two hundred microliters of supernatant were concentrated by acetone 
precipitation, adding 800 μl of ice-cold acetone and incubating at − 20oC for 2 h. Protein was collected by centrifugation at 14,000×g 
for 10 min at room temperature. The supernatant was discarded, and the pellet resuspended in 1X NuPage LDS buffer before 
electrophoresis.

All protein samples (membrane pellets, raw supernatant and acetone precipitated), were denatured at 70oC for 10 min, allowed to 
cool to room temperature and resolved using Bolt MES-SDS running buffer on NuPAGE 4–12 % Bolt Bis-Tris mini protein gels 
(Invitrogen, NW04127BOX) and further transferred to methanol-activated PVDF membranes (MilliporeSigma™ Immobilon™-FL 
PVDF, IPFL00010) using an Invitrogen Bolt Mini Module and Bolt Transfer Buffer (Invitrogen, BT0006). Transfer was conducted at 
room temperature, for 1 h, at 20 V.

Membranes were blocked with Intercept-TBS Blocking Buffer (LiCor 927–66003), for 1 h at room temperature and exposed to 15 ml 
of a primary antibody solution (Rabbit polyclonal to GAPDH, Abcam ab9485), prepared at a 1:2500 ratio (15 ml) on Intercept-TBS 
antibody diluent (LiCor 329–66003), overnight at 4 ◦C, with horizontal shaking. After three washes with TBST, membranes were 
then exposed to IRDye 680CW Goat anti Rabbit antibody (LiCor, 92668071, 1:20,000), for 1hr, prepared in the LiCor diluent, sup
plemented with 0.01 % SDS, in the dark with gentle shaking. After three washes with TBST (in the dark), membranes were imaged 
using an Odyssey CRx infrared scanner (LiCor).

We found that protein was not present in the acetone precipitated supernatant but that protein detection instead required solu
bilizing the membranous pellet, where the protein had aggregated due to the presence of excess calcium (Fig. S1H).

5.8. Scanning electron microscopy

ACP-coated titanium plates were imaged using a Hitachi TM3030 scanning electron microscope at an accelerating voltage of 15 kV, 
a working distance between 6800 and 7000 μm, at a magnification of x5000.
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5.9. Evaluation of calcium leaching

Two ACP-coated petri dishes from at least three different ACP coating batches were incubated with 15 ml of full RWPE, LNCaP and 
VCaP media for four days, at 37oC, 5 % CO2. After incubation, media was aseptically collected, pooled, filtered through 0.2-μm PVDF 
filters (low protein binding) and stored at − 20oC. Samples were diluted 1:10 with chemically pure water before analysis.

Calcium leaching was measured at the University of Tennessee Water Quality Core Facility using ion chromatography (IC) using a 
Thermo-Scientific®/Dionex® ICS-1100 (cations) system with background suppression for low detection limits.

5.10. Immunocytochemistry

Cells (LNCaP and VCaP) were seeded on ACP-coated plates. In both cases, 6 well plates were seeded under control conditions 
(normal serum) and testosterone starvation (charcoal-dextran stripped serum), as described in the main text methods section. Media 
was replaced after overnight incubation. Cells were then cultured for four days, with a media replacement on the third day. All data 
represents two independent experiments, performed in cells from two different passage numbers.

Cells were fixed by adding 2 ml of 8 % paraformaldehyde (Thermo Scientific Chemicals 0473479M) to each well, incubating at 
room temperature for 20 min. Fixative was removed and the wells were then washed under gentle agitation three times, for 5 min each 
time, using PBS.

Staining was performed directly on the plastic surface. Cells were blocked and permeabilized at room temperature by incubation in 
PBS containing 10 % goat serum, and 0.5 % Triton, for 1 h. Wells were washed as previously described to remove the blocking buffer, 
before primary antibody incubation (Androgen Receptor: Bioss BSD0118E Rabbit Polyclonal 1:100 in 50 % blocking buffer/PBS, 500 
μl per well). Primary antibody incubation was carried out overnight in refrigeration.

Wells were then washed as previously described before incubation in 500 μl of secondary antibody (Goat anti-Rabbit IgG (H + L) 
Cross-Adsorbed ReadyProbes™, Alexa Fluor 594 R37117), prepared according to the manufacturer’s instructions, for 30 min.

After removal of the secondary antibody and washing, each well was briefly exposed to 500 μl of Vectashield Plus Antifade 
Mounting Medium with DAPI (Vector Labs H-2000), ensuring that all the cell monolayer was exposed to the non-hardening media, 
removing the excess by aspiration. Plates were preserved in refrigeration until imaging.

For this analysis, tiled images, representing two independent experiments, were captured at 10X magnification using an EVOS 
M7000 epifluorescence microscope. These tiles, a composite of 50 images on average represent 50 % of the total effective cell culture 
area, excluding the edges of the wells. Cell count per tile was determined using the Analyze Particles function in Image J on the DAPI 
channel and normalized per area of capture to determine the number of cells per square centimeter. Tiles for the DAPI and Texas Red 
single channels were analyzed using the JACOP plugin in Image J (v2.1.4), with calculations for Mander’s Coefficients for red color 
overlapping blue, indicating nuclear AR.

5.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism Software (v.10.3.1).
Calcium leaching and cell adhesion to ACP were analyzed using an unpaired t-test. Amorphous calcium phosphate coating effi

ciency among runs was tested using one-way ANOVA with Tukey’s multiple comparisons.
AR localization in cells cultured on ACP in the absence of testosterone and TCGA data analysis related to expression of genes of 

interest relationship to Gleason Score were evaluated using one-way ANOVA, Kruskal-Wallis for multiple comparisons; TCGA data 
analysis regarding sample type and biochemical recurrence was analyzed using the Mann-Whitney test.
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